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ABSTRACT

Triacylglycerols are the predominant molecules okrgy storage in eukaryotes.
Triacylglycerol synthesis is catalyzed by acyl-CdiAcylglycerol acyltransferase (DGAT)
enzymes, DGAT1 and DGAT2. Although the use of roolar tools, including targeted
disruption of either DGAT enzyme, has shed lighttloeir metabolic functions, little is known
about the mechanisms responsible for regulating D@Ativity. Several lines of evidence
from previous studies have suggested that DGATLnbuDGAT2, is subject to regulation by
phosphorylation and that protein kinase A (PKA)-elment pathways are likely involved. In
this study, the role of PKA in regulating DGAT aaty and triacylglycerol synthesis during
lipolysis was investigated. By using 3T3-L1 adigies,in vitro DGAT activity was shown to
increase 2 fold during lipolysis. This data suggeksat PKA might phosphorylate and activate
DGAT1 during lipolysis to promote the recyclingksterification of excessive free fatty acids
into triacylglycerols before they reach toxic levelithin the cell. Additionally, high-
performance liquid chromatography — electrospragizimtion — mass spectrometry/mass
spectrometry was exploited to identify PKA phospthetion sites of DGAT1, and serine-17, -
20 and -25 were identified as potential PKA phosplation sites using this methodology. The
functional importance of these three potential phosylation sites was examined. Mutations
of these sites to alanines (to prevent phosphaoylpbr aspartates (to mimic phosphorylation)
gave rise to enzymes functioning similarly to wijghe DGAT1. These phosphorylation sites
appeared to be functionally silent as they were ineblved in regulating DGAT1 activity,
multimer formation, or enzyme stability. Howeve@iA phosphorylation at these three sites
seemed to play a role in affinity of DGAT1 for itsacylglycerol substrate. These results
indicate the existence of other unidentified, fimually active PKA phosphorylation sites or

phosphorylation sites of other kinases, which avelved in regulating DGAT1.
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1.0 INTRODUCTION

As a result of our society obtaining overly richtation and our preponderance to
sedentary lifestyles, obesity has rapidly becongtohal health issue. In many incidences of
obesity, individuals also develop insulin resisgnehich can lead to type 2 diabetes mellitus.
These conditions in turn predispose to hyperlipidermnd atherosclerotic coronary heart
disease. These associated conditions—obesityinneesistance, and atherosclerosis—are
components of the metabolic syndrome, which isafrthe most prevalent non-communicable
diseases and poses a significant threat to pubbdtth (Zimmetet al, 2001). Therefore, basic
research on the pathophysiological mechanisms lymuigrobesity and obesity-associated
diseases is essential for achieving effective watetions for these diseases.

Triacylglycerols are a class of neutral lipids thepresent the major storage form of
energy in eukaryotic organisms. However, an imi@da between energy intake and
expenditure can lead to excessive accumulationiamfiglycerols in adipose tissue resulting in
obesity. Excessive accumulation of triacylglycerol non-adipose tissues, such as skeletal
muscle, liver, heart, and pancreatic beta cellasgociated with insulin resistance and can lead
to type 2 diabetes mellitus and cardiovascularagiséUnger, 2002; Friedman, 2002).

The final step of triacylglycerol biosynthesis iatalyzed by the microsomal enzyme
acyl-CoA:diacylglycerol acyltransferase (DGAT, EC32.20). Two DGAT enzymes have
been identified (DGAT1 and DGAT2), and studies helearly demonstrated their unique roles
in lipid metabolism (Smitlet al, 2000; Cheret al,, 2002a; Cheset al, 2003; Stonet al, 2004;
Wang et al, 2007). However, the mechanisms by which thesgyrees are regulated are
poorly understood. DGAT1 has the consensus segeefmc two protein kinase A (PKA)
phosphorylation sites that are not present in DGAIF2previous studies, only DGAT1, but not
DGAT2, appeared to be phosphorylated (Stehel., unpublished observations). Using a
candidate kinase approach, PKA has been identifiedone possible kinase that could
phosphorylate DGAT1 and inhibit ii& vitro activity. This preliminary data indicates that
DGAT1, but not DGATZ2, is subject to regulation byggphorylation and that PKA-dependent
pathways are likely involved. We hypothesize tHating lipolysis in adipose tissue, PKA
would phosphorylate and inactivate DGAT1, whichtumn would facilitate the efficient net

release of stored energy by decreasing triacylgbysynthesis.



The objective of my thesis was to examine the tioé# PKA has in regulating DGAT1
activity and triacylglycerol synthesis during ligeis. Additionally, my goal was to identify
PKA phosphorylation sites of DGAT1 by mass spect#ty (MS) and determine their

functional importance.



20 LITERATURE REVIEW

21  Triacylglycerols

Triacylglycerols are a class of neutral lipids ar@ the predominant storage form of
metabolic energy in eukaryotic organisms (Colemiaal, 2003; Hertzeét al, 2008; Yeret al,
2008). Triacylglycerols are composed of threeyfattids attached to a glycerol backbone by
ester bonds. Various triacylglycerols possessewdfft physical and chemical properties,
depending on their fatty acid compositions. Trigycerols containing primarily saturated
long-chain fatty acids tend to be solid at bodygerature, and those containing unsaturated or
short-chain fatty acids tend to be liquid. Triggtyterols are highly reduced molecules and can
be stored in large quantities as they are anhydrdie highly reduced hydrocarbon tail of the
fatty acid makes triacylglycerols an efficient fugiorage that can be readily oxidized to
produce large quantities of ATP. Moreover, theyMeydrophobic nature of the hydrocarbon
tail precludes concomitant storage of excess watkich in turn minimizes mass and spatial
requirements of the organism. The relatively gtrgi chain-like structure of the fatty acid
further facilitates the dense packing of many males into each cell, maximizing the
efficiency of energy storage. Therefore, triacytgirols store 6-fold more energy than the same
amount of hydrated glycogen (Yet al, 2008). In plants, triacylglycerols are partanly
abundant in oil-rich seeds and fruits, developingraspores and pollen grains (Murphy and
Vance, 1999; Xuet al, 2008). Triacylglycerols in microorganisms anegent in a small
number of cytosolic lipid droplets that also contaterol esters (Murphy and Vance, 1999). In
mammals, adipose tissue serves as the major esapge depot in the body and provides
thermal insulation for organisms (Ye al, 2008). A typical adipocyte from adipose tissue
contains one or a few large cytoplasmic triacylghpt-rich lipid droplets that accounts for
nearly the entire volume of the cell (Murphy andnd, 1999). Energy stored in the form of
triacylglycerols can be utilized through lipolysitie process by which triacylglycerols are
hydrolyzed to glycerol and fatty acids. Releasattlyfacids and glycerol enter the circulation
and are utilized by tissues that require energyriacylglycerols are also abundant in
mammalian hepatocytes and enterocytes. In additorenergy storage, in mammalian
enterocytes and hepatocytes, triacylglycerols camsymthesized, assembled and secreted into



the circulation as chylomicrons from the intestorevery low-density-lipoproteins from the
liver, which distribute dietary and endogenousiyntegsized fatty acids to peripheral tissues
(Colemanet al, 2003; Yenet al, 2008). Furthermore, triacylglycerol biosyntiseserves to
protect cells from the potentially membrane-damggiffects of excessive fluxes of fatty acids
and acyl-CoAs, because their incorporation intactriglycerols converts them to a non-toxic
compound that can be safely stored (Coleetaad., 2003).

Although triacylglycerols play a variety of criticaoles for normal physiology of
eukaryotic organisms, an imbalance between enemtpke and expenditure can lead to
excessive accumulation of triacylglycerols in adpdissue resulting in obesity. Excessive
accumulation of triacylglycerols in non-adiposestiss, such as skeletal muscle, liver, heart,
and pancreatic beta cells, is associated with imsabkistance and can lead to type 2 diabetes
mellitus, which in turn predispose to hyperlipidanaind atherosclerotic coronary heart disease
(Unger, 2002; Friedman, 2002).

2.2  Triacylglycerol Biosynthesisand DGAT Enzymes

Triacylglycerol biosynthesis occurs mainly via taoyl-CoA dependent pathways: the
Kennedy (or glycerol phosphate) pathway and theaaoylglycerol pathway (Lehnest al,
1996; Yenet al, 2008) (Figure 2.1). The glycerol phosphate wath which functions in most
cell types, represents tlie novoroute to triacylglycerol formation. On the othanil, the
monoacylglycerol pathway accounts for the majooityriacylglycerol synthesis (~80%) in the
small intestine, where most dietary triacylglyceroare absorbed as fatty acids and
monoacylglycerols that require re-assembly to yglgcerols (Buhmaret al, 2002). The final
step of both pathways is catalyzed by DGAT enzymB&AT catalyzes the formation of an
ester bond between a long chain fatty acyl-CoA #medfree hydroxyl group of sn-1,2 (2,3)-
diacylglycerol, but not sn-1,3-diacylglycerol, geaeng triacylglycerol (Lehneet al, 1993)
(Figure 2.2). It is important to note that the ayiglycerol synthesized from the
monoacylglycerol pathway and the glycerol phosphptghway are not metabolically
equivalent, because the former is directed to yhiggcerol synthesis only whereas the latter
may be utilized to synthesize either triacylglydenophospholipids (Charlest al, 2007). The

DGAT reaction is believed to occur mainly at thel@pasmic reticulum (ER), and newly



synthesized triacylglycerols are thought to be desed either into cytosolic lipid droplets for
storage or triacylglycerol-rich lipoproteins forcsetion into the circulation (Yeat al, 2008).

In addition to the two acyl-CoA dependent pathwaf/sriacylglycerol biosynthesis, an acyl-

CoA independent pathway has been reported in meomd intestine, in which a fatty acyl

moiety from one diacylglycerol can be transferredat second diacylglycerol to synthesize

triacylglycerol in a reaction catalyzed by diacylggrol transacylase (Buhmatal, 2002).

Glycerol Phosphate Pathway

Glyceroi-3-Phosphate

FA CoA —
\J
Lysophosphatidate

FA CoA ——
Y
Phosphatidate

Pathway
FA CoA s

Monoacyiglycerol ;b' Diacyiglycerol —»——»

FA CoA e

\J
Triacylglycerol

Figure 2.1 Metabolic Pathways of Triacylglycerol Biosynthesis.

Triacylglycerol biosynthesis occurs via two predoamt pathways: the Kennedy (or glycerol
phosphate) pathway and the monoacylglycerol pathwB@AT1 and DGAT2 catalyze the
final step of triacylglycerol synthesis. GPAT: gérol-phosphate acyltransferase; AGPAT:
acylglycerol-phosphate acyltransferase; PAP: phaiigib acid phosphohydrolase; MGAT:
acyl-CoA:monoacylglycerol acyltransferase. Thegdian is taken from Yeat al. (2008).



2.3  Digtinct Gene Families of DGAT Enzymes

Two distinct DGAT genes have now been identifidatl andDgat2, which share no
sequence homology. The gene encoding DGAT1 watiiigel by its sequence similarity to
acyl-CoA:cholesterol acyltransferase (ACAT) enzymeghich catalyze cholesterol ester
biosynthesis (Changt al., 1993; Casest al, 1998). Both DGAT1 and ACAT enzymes belong
to a large family of membrane-bound O-acyltrandesa(Figure 2.3), which catalyzes the
covalent joining of fatty acyl moieties onto thedngxyl or thiol groups of lipid and protein
acceptors (Kadowalet al, 1996; Zhaiet al, 2004; Yanget al, 2008). The gene encoding
DGAT2 was identified by its homology to a DGAT igd from the fungusMortierella
rammanianaCase<t al, 2001; Lardizabagt al, 2001). DGATZ2 belongs to a seven-member
gene family including monoacylglycerol acyl-CoA #cgnsferase-1, -2 and -3 and wax
synthases (Cases al, 2001; Yeret al, 2002; Cacet al, 2003; Chengt al, 2003; Yeret al,
2003; Turkishet al, 2005) (Figure 2.3).

1,2-Diacylgiycerol |i| i Fatty Acyl CoA Triacylglycerol
c—c—c” con C—Cc— ¢
I \ l | I I
o O OH S CoA (l) (IJ (:l)
l!:=0 (I>=0 k»-u‘.!.‘.'=l.'.) éH =0 C=0 C=0

Figure 2.2 DGAT Catalyzed Reaction.

DGAT enzymes catalyze the formation of an esteékalye between a fatty acyl-CoA and the
free hydroxyl group of diacylglycerol, generatimiactylglycerol. The diagram is modified
from Yenet al (2008).



Sterol O-acyltransferase 1 (Yeast)
Sterol O-acyltransferase 2 (Yeast)

Hedgehog acyltransferase-like
— MBOAT2

] ——— MBOAT1

Ghrelin O-acyltransferase

- Wax synthase-related protein (Arabidopsis)
Protein-cysteine N-palmitoyltransferase
ACAT1 (Drosophila Porcupine)
ACAT2

DGAT1

MGAT2
MGAT1

MGAT3
DGAT2

Wax synthase 2

Wax synthase 1 (Multifunctional O-acyltransferase)

DC3

Figure 2.3 Dendrograms of the DGAT Gene Families.

The ACAT/DGAT1 gene family belongs to a superfamitf membrane-bound O-
acyltransferases (MBOAT). Selected members are anuranzymes unless indicated.
MBOAT1 and MBOAT?2 are members whose activities an&nown. DGAT2 belongs to a
seven-member gene family including monoacylglycaml-CoA acyltransferase (MGAT)-1, -
2 and -3 and wax synthases. DGAT candidate 3 (D€fgys to a family member whose
activity is unknown.The diagrams are taken from Yenal. (2008).




24  Structural and Functional Aspectsof DGAT Enzymes

Due to the difficulties in purifying DGAT enzymes homogeneity, little is known
about the molecular aspects of their structuresfanctions. Murine and humdbdgatl genes
encode a protein that is ~500 amino acids in leragtt shares 15-25% sequence identity,
mostly in the C-termini, with ACAT enzymes (Cas#sal, 1998). A highly conserved motif
present in DGAT1 and ACAT enzymes (FYXDWWN; aminoids 371-377 of murine
DGAT1) has been implicated in binding the substfatey acyl-CoA. Mutagenesis of this
conserved domain in ACATL1 resulted in decreasegraatic activity and affinity for acyl-
CoA (Guoet al, 2001). However, there is no experimental ewdedemonstrating the
involvement of this domain in substrate binding @GAT1. In contrast, two independent
studies indicated that the fatty acyl-CoA bindingg snay lie at the N-terminus of DGAT1,
since a fragment containing approximately the fi@ amino acids of DGATL1 from the plant
Brassica napusand mouse directly bind fatty acyl-CoA (Weseladteal, 2006; Silotoet al,
2008). Toward the C-terminal region, DGAT1 hasutapve diacylglycerol-binding motif that
is highly conserved across species and also prasewmarious protein kinase C isoforms
(Timmerset al, 2008; Talhariaet al, 2009). Protein kinase C binds to diacylglyceéhwbugh
this motif. DGAT1 is speculated to utilize thisrdain to interact with one of its substrates,
diacylglycerol. However, experimental evidence destrating the involvement of this domain
in diacylglycerol binding is lacking.

Recently, McFieet al. (2010)mapped the membrane topology of murine DGAT1 and
demonstrated that it has three transmembrane demmth the N-terminus exposed to the
cytosol. The C- terminal region of DGAT1, whichcaants for approximately 50% of the
protein, was shown to be present in the ER lumfihighly conserved histidine residue (H426
for murine DGAT1) in DGAT1 and ACAT enzymes, whidficFie’s model suggested is
present in the ER lumen, was determined to comppe# of the active site of DGATL.
Mutagenesis of H426 to alanine resulted in the detagoss of enzymatic activity of DGAT1.
Despite the sequence homology between DGAT1 and A@Azymes, the putative active
histidine residues in ACAT1 (H460) and ACAT2 (H434ere suggested to be partially
imbedded within the cytoplasmic side of the lipithyer (Lin et al, 2003).

Like ACAT enzymes, DGAT1 exists as a homotetran@drgnget al., 2001), and the N-

terminal domain of each subunit may be respondinieegulating dimer/tetramer formation



(Chenget al, 2001; McFieet al, 2010).

Murine and humaigat2 genes encode a protein that is ~350-400 amina acigngth
and shares 40-45% sequence identity with its fam#ynbers throughout the entire lengths of
the proteins (Casest al, 2001; Lardizabakt al, 2001). The highly conserved sequence,
“HPHG?”, is present in all DGAT2 family members aigl likely part of the active site of
DGAT2 (Stoneet al, 2006). Mutagenesis of this sequence in muriG@@AD2 resulted in
significant reduction ofn vitro DGAT activity. Additionally, DGAT2 contains a ceensus
sequence (FLXLXXXn, where Xn is a honpolar aminaator a putative neutral lipid binding
domain that is present in proteins that bind tonetabolize neutral lipids (Store al, 2006).
DGAT2 may utilize this domain to bind diacylglycéroMutations in this region of murine
DGAT2 also markedly reduceid vitro DGAT activity. Stoneet al also demonstrated that
DGAT?2 is an integral membrane protein with two siaembrane domains and that both the N-

and C- termini are exposed to the cytosol.

25 Enzymology and Cdlular Biology of DGAT Enzymes

Although both DGAT1 and DGATZ2 have broad substisgiecificities and utilize the
same long-chain fatty acyl-CoAs (Casstsal, 2001), DGAT1, but not DGAT2, possesses
additionalacyltransferase activitiéga vitro (Yen et al, 2005). DGATL1 is a potent acyl-CoA:
retinol acyltransferase (ARAT), which catalyzes #lyathesis of retinyl esters from retinol and
fatty acyl-CoA substrates. Several studies furtheggest that DGAT1 may function as an
ARAT in vivo, especially when the intracellular concentratidruoesterified retinols is high
(Yen et al, 2005; Wongsirirojet al, 2008; Yamaguchet al, 2008). In addition, DGAT1
exhibits in vitro acyl-CoA:monoacylglycerol acyltransferase activityhich catalyzes the
esterification of monoacylglycerol with a fatty &SoA to produce diacylglycerol (Yeet al,
2005). The importance of the MGAT activity for DGATunction has not been determined.
DGAT1 also displaysn vitro activity of wax monoester and wax diester synthasehich
catalyze the synthesis of wax esters from fattgladts and fatty acyl-CoAs (Yest al, 2005).

On the other hand, DGAT2 overexpression in rat twepa cells resulted in
substantially higher triacylglycerol accumulatiohat DGAT1 overexpression did, with

considerably larger lipid droplets (Stoe¢ al, 2004). These findings are consistent with



findings of the two enzymes in yeast. Dgal, thasyéhomologue of DGAT2, contributes
predominantly to triacylglycerol synthesis and ag® in yeast (Oelkemst al, 2002; Stonest
al., 2004). In contrast, the DGAT1 homologues insyeArel and Are2, serve primarily as
sterol esterification enzymes (Yaeg al, 1996) and play only a minor role in triacylglycke
synthesis (Oelkerst al, 2002; Stonet al, 2004).

Studies of microsomes from rat adipocytes or livezgealed that DGAT activity
(DGAT1 and DGAT2) was present in the ER (Wilgramal, 1963; Colemaret al, 1976;
Anderssoret al, 1994; Rusinokt al, 1994; Lehneet al, 1996). Studies using tobacco plant
cells overexpressing tung tree DGAT1 and DGAT2 pinfed them to distinct, non-
overlapping regions of the ER, suggesting differsmbcellular localization of DGAT1 and
DGAT2 (Shockeyet al, 2006).

Recently, DGAT2, but not DGAT1 has been shown teoesite with lipid droplets
(Kuerschneet al, 2008; Stonet al, 2009). DGAT2 may be directly embedded on théase
of lipid droplets and makes them another site fiacylglycerol synthesis. Murine DGAT2 has
a long hydrophobic region spanning amino acids Bsthat comprises either a single extended
transmembrane domain or two transmembrane dom&tmdet al, 2006). The former
conformation could allow the enzyme to bind dirgd¢d the lipid droplet surface (Stomee¢ al,
2009). Indeed, a fraction of DGAT2 overexpressedCiOS-7 cells co-purified with lipid
droplets and was not due to ER contamination (Kamersret al, 2008). Other studies have
provided additional evidence for DGAT2 being lozall to lipid droplets. DGATZ2 in the
fungus Mortierella ramannianawas purified from the lipid body fraction (Lardlza et al,
2001), and Dgal activity in yeast is enriched jmdidroplet fractions (Sorgest al, 2002). A
more likely explanation is that DGAT?2 is presenthe ER bilayer and is in close proximity to
the lipid droplets (Stonet al, 2009). Various proteomic analyses of isolatpid Idroplets did
not identify DGAT2 as a droplet component (\&ual, 2000; Basaemlet al, 2004; Fujimoto
et al, 2004; Liuet al, 2004; Umlautt al, 2004; Belleret al, 2006; Cermellet al, 2006; Sato
et al, 2006; Turroet al, 2006; Wanet al, 2007). Despite the uncertainty of the exact
localization of DGAT2, the association of DGAT2 hkvitlipid droplets corroborates the
dedicated role of DGAT?2 in bulk triacylglycerol gimesis and storage, while the ER-resident
DGAT1 may be more important for synthesis of trigbycerols destined for secretion

(Kuerschnert al, 2008). This is consistent with previous finding McArdle RH7777 cells
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showing that overexpression of DGATL1 did not leadatsignificant increase in intracellular
triacylglycerol level, while DGAT2 overexpressiorsulted in formation of large cytosolic
lipid droplets (Stonet al, 2004).

The membrane topology of DGAT2 suggests that thieeasite of DGAT2 resides on
the cytosolic side of the ER, therefore, contrisutaly to the overt (cytosolic) activity (Stone
et al, 2006), which synthesizes triacylglycerols desfirfor deposition into cytosolic lipid
droplets (Watermaret al, 2002). In contrast, DGAT1 accounts for both rovend latent
(luminal) activities (Stonet al., 2006; Yenret al, 2008), the latter of which may contribute to
synthesis of triacylglycerols for incorporationanipoproteins and secretion into the circulation
(Watermanet al, 2002). The topology of DGAT1 indicates that Hetive site of DGATL1 is
present in the ER lumen (McFet al, 2010), suggesting a role for DGATL1 in lipoprotei
assembly and secretion. In support of this, oyaession of DGATL1 in rat hepatoma McArdle
RH7777 cells stimulated VLDL secretion (Liaegal, 2004). Additionally, overexpression of
DGAT1 in mice resulted in increased latent DGAT\BL in liver microsomes, which in turn
caused a corresponding increase in the rate of V&&dretion (Yamazaldt al, 2005).

In addition to its association with the ER anddipiroplets, DGAT2 also interacts with
mitochondria (Stonet al, 2009). Immunofluorescence studies demonstriidDGAT2 co-
localizes with mitochondria, and biochemical frapation revealed the abundant presence of
DGAT2 in mitochondria-associated membranes (MAMyealized domains of the ER that
co-isolate and physically interact with mitochodriMAM is enriched in activities of lipid
biosynthetic enzymes, such as ACAT, DGAT, and phasgylserine synthase-1 and -2 (@i
al., 1993; Rusinolet al, 1994; Stoneet al, 2009). A mitochondrial targeting signal was
identified in murine DGAT2 between amino acids 6 &6. It is presumed that instead of
being present directly in mitochondrial membrane§AT2 may be present in the MAM
compartment and interact with mitochondria via mgochondrial targeting sequence. It is
unlikely that DGAT?2 is present at the mitochondrnambrane as DGAT2 has not been found
in the mitochondrial proteomes from human and mdisseles (Moothat al., 2003; Tayloret
al., 2003; Johnsost al, 2007). Although DGAT1 does not associate wiitoamondria, it is
also present in MAM (Stoneet al, unpublished observations), which sediments with
mitochondria (at 10,000 g) (Vance, 1989). Mitochondria and MAM together agéerred to
as the crude mitochondrial fraction.
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The reason for the interaction of DGAT2 with mitoodria is not clear. This
arrangement may promote the transfer of energyeanblange of substrates for triacylglycerol
synthesis (Stoneet al, 2009), because energy for activating fatty acaisnes from
mitochondria, and many enzymes that catalyze tighaerol formation are located in both
mitochondria and ER (Colemat al, 2000, 2004; Stonet al.,, 2009).

2.6  Physological Functionsof DGAT Enzymes

Our understanding of the physiological functionsD&AT enzymes in triacylglycerol
metabolism stems largely from gene targeting stuigienice, which in turn reveal how the two
DGAT enzymes serve fundamentally different rolesnammalian energy metabolism (Smith
et al, 2000; Cheret al, 2002a; Stonet al, 2004). Both DGAT1 and DGAT2 are ubiquitously
expressed, with the highest levels of expressionndoin tissues that are active in
triacylglycerol synthesis, such as white adipossug, liver, small intestine, and mammary
gland (Yuet al, 2004; Yeret al, 2008). Consequently, beyond their roles inesyst energy
metabolism, DGAT enzymes also have been hypothee$trbave a tissue-specific function in

several physiologic processes in these tissues.

2.6.1 Functionsof DGAT Enzymesin Lipid and Energy Metabolism In vivo

Targeted disruption dDgatl produced mice that are viable and have less aglipass
(~50% reduction). DGAT1-deficienDgatI’") mice are leaner than wild-type mice and are
resistant to diet-induced obesity through a medmarnnvolving increased energy expenditure
(Smith et al, 2000). Although the mechanism is not entirdBac, several factors have been
suggested to play a rol®@gatl”’~ mice exhibited increased physical activity (Sndittal, 2000;
Chenet al, 2002a) and thermogenesis (Cletral, 2003), the latter may be attributable to the
increased expression of uncoupling protein 1, aonmagdiator of nonshivering thermogenesis.
Furthermore, increased sensitivity to leptin, anpacyte-derived hormone that enhances
energy expenditure, was observedigatl’~ mice (Cheret al, 2002a). Triacylglycerol levels
in nonadipose tissues such as liver and skeletaclmwere moderately reduced Dyatl’
mice and plasma triacylglycerol levels were norig&hith et al, 2000). DgatlI’~ mice also

had improved glucose tolerance as they have inedemsulin sensitivity (Chest al, 2002a;
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Chenet al, 2003). AdultDgatl”’™ mice appeared to have dry fur and hair loss, whiely be
associated with DGAT1’s pleiotropic acyltransferas#ivities (Yenet al, 2008). Since wax
diesters are a major species of fur lipids in réslethe abolished wax diester synthase activity
of DGAT1 may underlie the missing fur lipids Pgatl’~ mice (Cheret al, 2002b). Certain
retinyl esters have been shown to promote hair graiBazzanoet al, 1993). Therefore,
disrupted ARAT activity of DGAT1 may result in deased production of retinyl esters, which
in turn may lead to the abnormal development of inaDgat1”’~ mice.

Unlike DGAT1, DGAT? is essential for life. DGAT2eficient Ogat2’) mice die in
the early postnatal period, with newborn pups simgi only 6-8 hours after birth (Storee al.,
2004). At least two mechanisms contribute to tleairly mortality. One mechanism is the
marked reduction in substrates for energy metatnoli¥he carcass triacylglycerol content of
DgatZ’~mice was reduced by ~90%, and triacylglycerols wezarly undetectable iBgat2”’-
livers. The plasma levels of triacylglycerols,eratty acids, and glucose were reduced by 70-
90%. DgatZ’ mice also exhibited severe skin abnormalities vifttreased transepidermal
water loss, which led to rapid dehydration and patstl lethality. The skin abnormalities were
attributable to the deficiency of an essentialyfattid, linoleic acid irDgatZ’"mice. Linoleic
acid is required for the synthesis of acylceramidbjch is required for maintaining the
permeability barrier of the skin.

2.6.2 Functionsof DGAT Enzymesin Adipose Tissue

Adipose tissue is the predominant energy storagetden the body, and DGAT
enzymes are believed to play an important roleiacylglycerol synthesis for energy storage
(Yu et al, 2004, Yeret al, 2008). High levels of DGAT activity have beeuhd in isolated
rat adipocytes (Colemast al, 1976) and in differentiated 3T3-L1 adipocyte®l@nanet al,
1978; Casest al, 1998; Casest al, 2001).

In addition to its synthetic function for energpstge, DGAT1 may also attenuate the
deleterious effects of excessive fatty acids arar tmetabolites in non-adipose tissues by
incorporating them into innocuous triacylglycerols adipose tissue. For example,
overexpression of DGAT1 in white adipose tissue magtect against lipotoxicity in non-
adipose tissues (Chat al, 2002c). In response to a high-fat diet, &Rt1 transgenic mice
(C57BL/6 genetic background) overexpressing DGAA Wwhite adipose tissue had increased
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triacylglycerol deposition in white adipose tisar@ became more obese than wild-type mice.
However, triacylglycerol levels were normal in nagipose tissues in association with normal
glucose metabolism. In contrast, when fed a hajldfet, no increased triacylglycerol content
in white adipose tissue or obesity was observeaniother line of aPBgatl transgenic mice
(FVB genetic background) overexpressing DGAT1. <aguently, these mice developed
hyperglycemia, hyperinsulinemia, and hepatic swatan association with dramatically

elevated plasma free fatty acid levels (Ckeal, 2005).
2.6.3 Functionsof DGAT Enzymesin Lipoprotein Metabolism

2.6.3.1 Functions of DGAT Enzymesin thelntestine

Dietary triacylglycerols cannot be absorbed intabt. the intestine, the absorption of
dietary triacylglycerols involves their initial hgalysis in the intestinal lumen to free fatty acids
and monoacylglycerol, which can cross from thetguntestinal epithelial cells, subsequent re-
synthesis in enterocytes, and final incorporatidnnewly synthesized triacylglycerols into
nascent chylomicrons for secretion into the cirtata(Yu et al, 2004). Although DGAT1 is
highly expressed in the intestine, it appears tonba-essential for dietary triacylglycerol
absorption and chylomicron assembgatl’~ enterocytes can still synthesize triacylglycerol-
rich, chylomicron-sized particles (Buhmat al, 2002; Yuet al, 2004). However, post-
absorptive plasma chylomicron levels were reduiteddgatl”’™ mice after a high-fat diet
challenge, and lipid droplets accumulated Dwatl’™ enterocytes when the mice were
chronically fed a high fat diet. All these resuttsggest thaDgatl”’~ mice process dietary
triacylglycerols through enterocytes into circubatiat a decreased but more sustained rate, but
the precise role of DGAT1 in this process remaimsnown.

In the intestine, DGAT2 expression was observeahiite, but was very low in humans
(Caseset al, 2001). Because there are no afgatZ’~ mice (Stoneet al, 2004), no data can

be obtained regarding the role of DGAT2 in dieti@igcylglycerol absorption in the intestine.

2.6.3.2 Functions of DGAT Enzymesin theLiver
In the liver, DGAT enzymes are actively involvedtie production of triacylglycerols,

which may be channeled into cytosolic lipid dropleir be incorporated into nascent
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apolipoprotein-B (apoB)-containing, triacylglycerrath, very low density lipoproteins (VLDL).
Therefore, DGAT enzymes are believed to have aifgignt impact on the assembly and
secretion of VLDL. Overexpression of human DGANTIrat hepatoma McArdle RH7777 cells
resulted in increased synthesis of triacylglycerotlecreased apoB degradation, and
subsequently, enhanced secretion of triacylglyserothe form of VLDL (Lianget al, 2004).

In two separatan vivo studies, overexpression of DGAT1 in mouse livea adenovirus
increased cytosolic triacylglycerol levels in hejates (Yamazaket al, 2005; Millaret al,
2006). However, only one group observed an inergagriacylglycerol secretion (Yamazahki
al., 2005). In both studies, overexpression of DGAT@eased hepatic triacylglycerol levels,
without augmenting VLDL secretion (Yamazadd al, 2005; Millaret al, 2006). However,
knockdown of DGAT2 in the mouse liver with antiserdigonucleotide lowered the rate of
hepatic triacylglycerol secretion and plasma trigigizerol levels (Yuet al, 2005; Liuet al,
2008). Thus, the existing data suggest that DGAd4 more of a role in VLDL production in
the liver than DGAT2.

2.6.4 Functionsof DGAT Enzymesin Mammary Gland

DGAT1 appears to be required for the developmerthefmammary gland in mice (Smigh
al., 2000). Instead of producing milk low in fat,nfele DgatI’™~ mice failed to lactate
completely. Neutral lipid-staining droplets werarly absent in the apical regions of epithelial
cells and in the ductal lumens of mammary glandmfbgatl’-females. DGAT1 deficiency
is believed to cause impaired mammary epithelialifgration and functional differentiation,

which in turn result in impaired mammary gland depenent (Casest al, 2004).

2.7  Regulation of DGAT Enzymes

Although gene targeting studies have shed lightheir metabolic functions, very little
is known about the mechanisms responsible for atigigd DGAT enzymes. Since DGAT
enzymes function at a branch point in the glycerdlbiosynthetic pathway, one might expect
these enzymes to be regulated as the diacylglyosed by DGAT for triacylglycerol synthesis

could potentially be used for phospholipid bioswsils. Previous studies have demonstrated
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that DGAT enzymes may divert the flux of diacylgdyal from phospholipid synthesis toward
triacylglycerol synthesis (Bagnags al., 2003).

In mice, DGAT2 mRNA expression appears to be mudrensensitive to dietary
conditions than DGAT1 (Meegalkt al, 2002). DGAT2 mRNA levels were reduced in white
adipose tissue and liver upon a 24 hour fast, aaased with refeeding. In contrast, DGAT1
did not exhibit such a pattern of change of mRNyels. These findings suggest that DGAT1
might instead be regulated by post-transcriptionathanisms rather than by changes in gene
expression. In addition, in both 3T3-L1 fibrobksind adipocytes, overexpression of DGAT1
by a recombinant adenovirus construct led to aokdihcrease in DGAT1 mRNA levels (Yat
al., 2002a). However, nearly no increase in DGATivagtwas observed in fibroblasts and
only a 2 fold increase was present in adipocytesioborating the possibility of extensive
posttranscriptional regulation of DGAT1.

Early studies in rat hepatocytes and white adipissue have provided evidence
indicating thatin vitro DGAT activity could be regulated post-transcripatly via a
phosphorylation-dephosphorylation mechanism. DGafivity appeared to be lower in rat
liver microsomes isolated in the presence of 50 fludride, a phosphatase inhibitor, than in
control microsomes isolated without fluoride (Haags et al, 1981). Furthermore, DGAT
activity in both rat hepatocytes and white adiptissue could be inactivated by a cytosolic
factor in the presence of ATP and magnesium, camditpromoting protein phosphorylation
(Haagsmaret al, 1982; Rodriguert al, 1992). The inactivated DGAT could be reactidate
by incubation with partially purified protein phdsgase(s) from rat liver, and inactivated again
with further addition of ATP and magnesium in thhegence of the cytosolic fraction. These
results suggest the existence of a protein kinasponsible for regulating DGAT activity.
Partial purification of an inhibitory factor fromdgose tissue suggested that it could be a
tyrosine kinase, since it was inhibited by tyroskirase inhibitors and was insensitive to
serine/threonine kinase inhibitors (Latial, 1996). Both human and mouse DGAT1, but not
DGATZ2, contain a single conserved sequence fosigeophosphorylation (Oelkees al, 1998;
Case=t al, 2001). However, when this site was mutatedum&in DGAT1 and expressed in
3T3-L1 adipocytes, no significant effect an vitro DGAT activity or overall cellular
triacylglycerol accumulation was observed (Yu et 2002a). Therefore, it appears unlikely

that tyrosine phosphorylation at this site requdad$&AT1 activity. However, the authors of
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this study did not determine if the DGAT activitl/tbe tyrosine mutant could still be inhibited
with cytosol in the presence of ATP and magnesium.

There has been some confusion with respect to atgnl of DGAT activity by
phosphorylation as different laboratories have ighield conflicting results regarding regulation
by 3'-5'-cyclic adenosine monophosphate (CAMP)culration of isolated rat hepatocytes with
CAMP decreased their DGAT activity, suggesting taion by cAMP-dependent pathways
involving PKA (Haagsmaset al, 1981; Lehneet al, 1996). However, in another study in rat
adipose tissue, the inhibitory effect of CAMP on BGactivity was not observed, indicating
that some other kinases other than PKA may be wedbin the regulation of DGAT (Rodriguez
et al, 1992; Lehneet al, 1996). More interestingly, stimulatory effedt@GAMP on DGAT
activity was observed in hamster fibroblasts intcetawith cAMP (Maziereet al, 1986;
Lehneret al, 1996). Most of these earlier studies are diffito interpret since we now know
there are two DGAT enzymes, both of which contauesal putative phosphorylation sites,
and therefore, these previous studies would ndindiish which DGAT was patrticularly
modified in particular experiments. DGAT1, but m@BAT2, has the consensus sequence for
two PKA phosphorylation sites (T15 and S244), sstigg that DGAT1 could be subject to
regulation by cAMP-dependent pathways (Figure 2.4).

28  Préiminary Data

All preliminary experiments were performed by mypstvisor, Dr. Scot Stone in the
laboratory of Dr. R.V. Farese (Gladstone InstitateCardiovascular Disease, San Francisco,
CA).

2.8.1 Invitro Phosphorylation of DGAT1

To determine if DGAT1 and/or DGATZ2 were subjeciptwosphorylation, rat hepatoma
McArdle RH7777 cells overexpressing FLAG-tagged DGAor DGAT2 were radiolabeled
with [*?Plinorganic phosphate. After immunoprecipitatidnDiSAT1 and DGAT?2 from the
cells, phosphorylation was assessed by SDS-PAGEaatwtadiography. Only DGAT1, and
not DGAT2, appeared to be phosphorylated (FiguB. 2. Several bands labeled witffH]
inorganic phosphateere observed that corresponded to DGATL, suggettet DGAT1 may
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have multiple phosphorylation sites. The effectpbbsphorylation on DGAT1 activity was
then determined. Microsomes and cytosol were pegpdrom McArdle RH7777 cells
overexpressing DGAT1In vitro DGAT activity in microsomes was markedly inhibitbg a
cytosolic factor in the presence of magnesium aid AFigure 2.6). When incubated with
alkaline phosphatase, DGATL1 activity was increasedold, compared to the untreated control

sample (Figure 2.7).
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Figure 2.4 Predicted Phosphorylation Sites of DGAT Enzymesfor Various Kinases.
DGAT1, but not DGATZ2, has the consensus patterKJ{R)-X-[S/T] for PKA phosphorylation
site at threonine-15 and serine-244.
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Figure 2.5 DGAT1, but not DGAT2 is Phosphorylated.

McArdle RH7777 cells overexpressing FLAG-tagged DGAor DGAT2 were incubated with
0.5 mCi F?Pi] for 4h. DGAT1 and DGAT2 were then immunoprégited, separated by SDS
PAGE and transferred to polyvinylidene difluoridembranes. Membranes were exposed to
film to detect phosphorylation, followed by immunhatting for DGAT1 and DGAT2 using a
monoclonal anti-FLAG antibody. McArdle RH7777 esellransfected with the expression
vector lacking an insert were used as a contrdl.represents the monomer of DGAT1, 2x
represents the dimer of DGAT1. This experiment easied out by Dr. Scot Stone.
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Figure 2.6 I nactivation of DGAT 1 under Conditions Promoting Protein Phosphorylation.
Microsomes and cytosol were prepared from McArdi€7IR77 cells overexpressing DGATL.
Microsomes were then pre-incubated under condittwténed above, and DGAT activity was
determined. McArdle RH7777 cells transfected wiltb expression vector lacking an insert
were used as a control. TG: triacylglycerol. Taiperiment was carried out by Dr. Scot
Stone.
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2.8.2 Invitro Phosphorylation of DGAT1 by PKA

Using a candidate kinase approach, PKA was idedtids one possible kinase that
could regulate DGAT1. Partially purified DGAT1 wasubated with Mg, [y*?P]JATP, and
either PKA, AMP-activated protein kinase (AMPK) @Gasein kinase 2. Phosphorylation was
detected by SDS-PAGE and autoradiography. A prateiresponding to DGAT1 was directly
phosphorylated by PKA, and phosphorylation was enéed by #KA inhibitor peptide, PKI
(Figure 2.8). AMPK and CK2 did not phosphorylat&®T1. In vitro DGAT activity in
microsomes from McArdle RH7777 cells overexpressid@AT1 was inhibited by PKA
(Figure 2.9). Furthermore, treatment of intact COE&ells with either forskolin or dibutyryl-
cAMP, two known PKA activators, inhibitad vitro DGAT activity by ~50% (Figure 2.10).

This preliminary data strongly supports our hypsti¢hat DGAT1, and not DGAT?2, is
subject to regulation by phosphorylation/dephosplation and that PKA-dependant pathways

are likely involved.
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Figure 2.7 Stimulation of DGAT 1 under Conditions Promoting Protein

Dephosphorylation.

Microsomes were prepared from McArdle RH7777 cellsrexpressing DGAT1. Microsomes
were then pre-incubated with or without alkalineogphatase, and DGAT activity was
determined. TG: triacylglycerol. This experimerdsicarried out by Dr. Scot Stone.
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29 Rationaleand Objectives of the Proposed Resear ch

What is the biological significance of inhibiting@AT1 activity by phosphorylation by
PKA? | hypothesize that triacylglycerol synthesrml @&oreakdown are coordinately regulated
processes. The role of PKA-dependent lipolytidypatys has been well studied. In the fasted
state, B-adrenergic stimulation of adipocytes activatesngtyg cyclase, thereby producing
CAMP that activates PKA. PKA phosphorylation ofrimone sensitive lipase (HSL) and
perilipin leads to subsequent activation and ti@oeion of HSL to the lipid droplet, which in
turn promotes hydrolysis of triacylglycerols (Soetal, 2002; Sztalryet al, 2003; Tansegt
al., 2003; Zhanget al, 2003). Additionally, PKA phosphorylation of [dgrin activates
adipose triacylglycerol lipase (ATGL), which is mated through CGI-58, a protein activator
of ATGL (Lasset al, 2006) that interacts with perilipin (Yamaguehial, 2004; Subramanian
et al, 2004). It was reported that phosphorylatiorpefilipin resulted in the dissociation of
CGI-58 from perilipin, which in turn allowed CGI-58 interact with ATGL and activate its
lipase activity (Grannemaat al, 2009).

Control ~
- T1PKA

DGAT1

Figure 2.8 In vitro Phosphorylation of DGAT1 by PKA.

DGAT1 was partially purified from McArdle RH7777 Itee overexpressing DGAT1 and
incubated with M§', [y*’P]JATP, and either PKA, casein kinase 2 (CK2) or AkftRivated
protein kinase (AMPK). Samples were separated$-BAGE, transferred to polyvinylidene
difluoride membrane and exposed to film to detdwigphorylation. PKI is a PKA inhibitor.
PKA underwent auto-phosphorylation. McArdle RH7€&lls transfected with the expression
vector lacking an insert were used as a contrdiis €xperiment was carried out by Dr. Scot
Stone.
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Figure 2.9 Inhibition of In vitro DGAT Activity by PKA.

Microsomes were isolated from McArdle RH7777 cederexpressing DGAT1 and pre-
incubated with various units of PKA at room tempar@ for 30 min. t vitro DGAT activity
was then determined. TG: triacylglycerol. Thipestment was carried out by Dr. Scot Stone.
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Figure 2.10 I nhibition of Endogenous DGAT Activity by PKA Activators.

COS-7 cells were incubated with either 100 forskolin and 10QuM IBMX or 0.5 mM
dibutyryl-cAMP for 20 min.In vitro DGAT activity was then measured in cell lysateBMK:
isobutylmethylxanthine; TG: triacylglycerol. Thexperiment was carried out by Dr. Scot
Stone.
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However, to our knowledge, what happens to thewsagh of triacylglycerol synthesis
in adipose tissue during lipolysis is not cleare Wypothesize that during lipolysis, the rate of
triacylglycerol synthesis in adipose tissue is dased in order to promote the efficient net
release of stored energy. Under fasting conditiphesphorylation of DGAT1 by PKA would
inhibit its enzymatic activity, decreasing triadyicerol synthesis. In contrast, during the fed
state, DGAT1 would be in a dephosphorylated antveadbrm, promoting net triacylglycerol
synthesis and storage. | shall determine the fetgnice of PKA phosphorylation in regulating

DGAT1 and triacylglycerol synthesis.
The specific objectives of thisthesiswere:

1. Determining DGAT activity during lipolysis in 3T34Ladipocytes.
2. Mapping PKA phosphorylation site(s) of DGAT1 anddsting their functional importance.
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30 MATERIALSAND METHODS

3.1 Reagents

Names of reagents and their suppliers are listdé@bie 3.1. Addresses of reagent

suppliers are listed in Table 3.2. Names of pripars used for site-directed mutagenesis of

DGAT1 and their sequences are listed in Table 3.3.
Table3.1: List of Reagentsand Suppliers

General Reagent Supplier
Anti-FLAG M2-Agarose Beads Sigma-Aldrich
Bovine Serum Albumin-essentially fatty acid free gr8a-Aldrich
Brilliant Blue R Sigma-Aldrich
[*“C]Oleoyl-CoA GE Healthcare
Chlorophenylthio-Cyclic AMP Sigma-Aldrich
Cycloheximide Sigma-Aldrich
Diethyl-p-Nitrophenyl Phosphate Sigma-Aldrich
1,2-Dioleoyl-sn-Glycerol Sigma-Aldrich
Disuccinimidyl Suberate Pierce

3X FLAG Peptide Sigma-Aldrich

[*H]Glycerol (1mCi/mL)

American Radiolabeled

Chemicals, Inc.

Polyethylenimine

Polysciences

Protease Inhibitor Tablet (Complete, Mini) Roche
Protein Kinase A (catalytic subunit) Promega
Oleic Acid Sigma-Aldrich
Salmon Sperm DNA Sigma-Aldrich
Bacterial Culture Reagent Supplier
Ampicillin Bio Basic Inc.
Tryptone DIFCO

Yeast Extract EMD
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NZ-Amine A® from Bovine Milk Sigma-Aldrich
Mammalian Cell Culture Reagent Supplier
Antibiotic-Antimyotic (100X) Invitrogen
Dulbecco's Modified Eagle's Medium — High Glucose | Lonza
Dexamethasone Sigma-Aldrich

Fetal Bovine Serum (Canadian Origin)

PAA Laborasiinc.

Horse Serum Invitrogen
Isobutylmethylxanthine Sigma-Aldrich
Insulin (10mg/mL) Sigma-Aldrich
Trypsin (0.05 %,1x, EDTA) Invitrogen
Yeast Culture Reagent Supplier

Galactose Acros Organics
Raffinose Sigma-Aldrich
Yeast Nitrogen Base DIFCO

Table3.2 List of Names and Addresses of Reagent Suppliers

Supplier

Address

Acros Organics

Morris Plains, New Jersey, USA

American Radiolabeled Chemicals, Inc.

St. Louissdduri, USA

Bio Basic Inc.

Markham, Ontario, Canada

Bio-Rad

Hercules, California, USA

Denville Scientific

St. Laurent, Quebec, Canada

DIFCO

Sparks, Michigan, USA

EMD

Madison, Wisconsin, USA

GE Healthcare

Baie d’'Urfe, Quebec, Canada

Invitrogen

Burlington, Ontario, Canada

Lonza

Walkersville, Maryland, USA

Matrix Science

London, UK

PAA Laboratories Inc.

Etobicoke, Ontario, Canada

Pierce

Rockford, lllinois, USA
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Polysciences

Warrington, Pennsylvania, USA

Promega Madison, Wisconsin, USA
Roche Mississauga, Ontario, Canada
Sigma-Aldrich Oakville, Ontario, Canada
Stratagene La Jolla, California, USA
Whatman Piscataway, New Jersey, USA
VWR Mississauga, Ontario, Canada

Table3.3: List of Primers (Invitrogen) for Site-directed M utagenesis of DGAT1

(modifications are under lined)

Primer Name

Primer Sequence

S17A-F 5-AGGACCGGCGCACGGGTTTCCGTCC-3

S17A-R 5-GGACGGAAACCCGTGGECCGGTCCT-3

S25A-F 5-CGTCCAGGGTGGTGOGGGCCCAAGGTAGAAG-3
S25A-R 5-CTTCTACCTTGGGCCCAGACCACCCTGGACG-3

S17/20/25A-F

5-CGCACGGGTTACGTCCAGGGTGGTGTGGGCCCAAGG-3

S17/20/25A-R

5-CCTTGGGCCCAGRACCACCCTGGACGGARACCCGTIGOG-3

T15D-F 5-CGGCGTCGGAGGGAGGCTCGCGGGTTTCC-3
T15D-R 5-GGAAACCCGCGAGCCGTECCTCCGACGCCCG-3
S17D-F 5’-CGTCGGAGGACCGGCGACGGGTTTCCGTCCAG-3’
S17D-R 5’-CTGGACGGAAACCCGGTGCCGGTCCTCCGACG-3
S20D-F 5-GGCTCGCGGGTTGAGTCCAGGGTGGTAGT-3
S20D-R 5-ACTACCACCCTGGACGTAAACCCGCGAGCC-3’
S25D-F 5-CGTCCAGGGTGGTGA GGGCCCAAGGTAGAAG-3’
S25D-R 5-CTTCTACCTTGGGCCCATACCACCCTGGACG-3

S17/20/25D-F

5-ACCGGCGACCGGGTTGACGTCCAGGGTGGTGAGGGLCCC-3

S17/20/25D-R

5-GGGCCCATAACCACCCTGGACGTAACCCGGTAECCGGT-3

S17/20/25A-F
(yeast)

5-GACCGGCEGCGGGTTECGTCCAGGGTGGTGTGGGCCCA-3

S17/20/25A-R
(yeast)

5-TGGGCCCAGAACCACCCTGGACGGAACCCGLCGOLCCGGETE-3
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3.2 Bacteria Strain, Yeast Strain and M edia Prepar ations

E. colDH5a competent cellg§invitrogen) were used as the host to propagaenpids.
XL10-Gold Ultracompeterit. colicells (Stratagene) were used as the host to reeevg low
amounts of mutated plasmids during site-directethgenesis.

Luria-Bertani (LB) and Terrific Broth (TB) liquid edia were used to propagate
bacterial cells. LB was prepared by combining X fyptone, 5 g of yeast extract and 10 g of
NaCl in 1 L of double distilled water. TB was paeed by combining 12 g of tryptone, 24 g of
yeast extract and 4 mL of glycerol in 900 mL of deudistilled water. Both solutions were
sterilized by autoclaving for 20 min at 15 Ib/sg. i After autoclaving, 100 mL of a sterile
solution containing 0.17 M KiPO, and 0.72 M of KHPO,was added to TB. Ampicillin was
added to the medium to a final concentration ofu§0mL when required for the selection and
propagation of bacteria with a vector containingfempicillin-resistant gene. LB agar plates
were made by adding 15 g of agar to 1 L of LB madiuAfter autoclaving, the medium was
cooled and mixed with ampicillin (final concentmti of 50 pg/mL) and poured into petri
dishes. The LB agar plates were stored at 4 °Cus#d.

NZY* broth used for the transformation of XL10-Gold rattompetentcells was
prepared by combining 10 g of NZ-amine, Bfg/east extract, and 5 g NaCl in 1 L of deionized
water. The solution was adjusted to pH 7.5 andligedl by autoclaving as described above.
Prior to use, NZY broth was supplemented with filter-sterilized 12081 MgCl, 12.5 mM
MgSO, and 0.004%w/v) glucose.

Yeast StrainSaccharomyces cerevisi&l246MATa (Sandageet al, 2002) was used
to express murine DGAT1 and various mutants.

Synthetic complete medium lacking uracil (SC-Uradium) was used to select and
propagate yeast cells with a vector containingreeder uracil synthesis. SC-Ura medium was
prepared by dissolving 6.7 g of yeast nitrogen p@geg of each of adenine, arginine, cysteine,
leucine, lysine, threonine and tryptophan, 0.05 gaxh of aspartic acid, histidine, isoleucine,
methionine, phenylalanine, proline, serine, tyresamd valine in 800 mL of deionized water.
This mixture was autoclaved as described abovece@ooled, 200 mL of filter-sterilized 10%
raffinose was added to complete the SC-Ura medi8@-Ura agar plates were made by adding
20 g of agar to 1 L of SC-Ura medium. After autvhg, the medium was cooled and poured

into petri dishes. The SC-Ura agar plates wenedtat 4 °C until used.
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SC-Ura induction medium was used to induce theesgion of wild-type DGAT1 and
various mutants downstream of tGBAL1 promoter inducible by galactose. It was prepa®d
the SC-Ura medium with the exception that 100 mfiledr-sterilized 20% galactose and 100

ml of filter-sterilized 10% raffinose were addedbh@ 800 mL mixture to complete the medium.

3.3 Mammalian Cell Culture

3T3-L1 cells and McArdle RH7777 rat hepatooels stably expressing FLAG-tagged
DGAT1 (Stoneet al, 2004) were kindly provided by Dr. R.V. Faresdad3tone Institute of
Cardiovascular Disease, San Francisco, CA). Huenaloryonic kidney 293T (HEK293T) cells
were gifts from Dr. W. J. Roesler (University ofsRatchewan, Saskatoon, SK). All cells were
maintained at 37 °C with 5% GO McArdle RH 7777 cells were cultured in Dulbecco’
modified Eagle's medium (DMEM) with 10% fetal bogiserum (FBS) and 10% horse serum.
3T3-L1 cells and HEK293T cells were maintained iMEM with 10% FBS. 3T3-L1
cells were induced to differentiate into adipocyigsncubating ~90% confluent pre-adipocytes
in DMEM supplemented with 10% FBS, 10 M dexamethasone, 0.5 mM
isobutylmethylxanthine, and 1@/mL insulin for 72 hr (Brasaemkt al, 1997). Medium was
changed every 24 hr. 72 hr post-induction, théedghtiation medium was withdrawn and the

cells were maintained in DMEM containing 10% FBS.

34  Immunoaffinity Purification of DGAT1
The protocol described refers to cells propagated 100 mm tissue culture plate. All

manipulations were performed at 4 °C.

3.4.1 Subcelular Fractionation

McArdle RH7777 cells stably expressing FLAG-tagd@@AT1 were washed twice
with ice-cold phosphate-buffered saline (PBS), barm@d by scraping, and collected by
centrifugation at 1000 g for 2 min. The cell pellet was resuspended in pD®f ice-cold
PBS containing 50 mM of phosphatase inhibitor, daf protease inhibitors. Cells were lysed
by 15 passages through a 27-gauge needle. Celisdabhd nuclei were pelleted by
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centrifugation at 1000 g for 2 min. The supernatant was centrifuged a@d®xg for 10 min

to pellet crude mitochondrial fraction that contamitochondria and MAM (Storet al., 2009).
The 16,000 g supernatant was subjected to centrifugation af00@0xg for 30 min to pellet
microsomes. Crude mitochondrial fraction and nsoraes were combined and solubilized in
400 uL of PBS containing 0.5% SDS and 0.5% Triton X-10Qhe presence of phosphatase
and protease inhibitors, which is referred to asshiubilization buffer from now on.

3.4.2 Immunoprecipitation of DGAT1

40 uL of anti-FLAG MZ2-agaroseébeads were washed twice with ice-cold PBS and
incubated with the solubilized crude mitochondaald microsomal fractions prepared from
above at 4 °C fo hr (rotating). Agarose beads were pelleted lyrigegation at 16,000 g
for 1 min, and washed 5 times with the solubili@atbuffer. FLAG-tagged DGAT1 was eluted
by incubating agarose beads with 30 pL of the skation buffer containing 3X FLAG
peptide (final concentration of 0.5 pg/pL) at 4% 80 min (rotating). Agarose beads were
pelleted by centrifugation at 16,000gxfor 1 min and the supernatant containing partially
purified DGAT1 was removed.

34.3 Western Blot Analysis

Immunoprecipitated samples (30 pL) were incubatéd 8X SDS loading buffer (7.5
puL) (250 mM Tris-HCI, pH 6.8, 10% SDS, 50% glydert® bromophenol blue, and 2586
mercaptoethanol) at 37 °C for 20 min, followed kparation by SDS-PAGE on a 10%
polyacrylamide gel in the running buffer (25 mM S CI, 192 mM glycine, and 0.1 % (w/v)
SDS) at 160 volts for 1 hr. Samples were incubate87 °C because DGAT1 protein is very
hydrophobic (Stonet al, 2006) and forms aggregates at higher tempegtuReoteins were
transferred to a polyvinylidene difluoride membrafio-Rad) at 350 mA for 2 hr in the
transfer buffer consisting of 62.5 mM boric acidH(8.0). The membrane was subsequently
blocked in 5% milk at room temperature (RT) for lamd probed overnight at 4 °C with a
mouse monoclonal anti-FLAG-M2 antibody (Sigma-Addii 1:5,000). The membrane was
then incubated with a goat-anti-mouse polyclonatibady conjugated to horseradish
peroxidase (Bio-Rad, 1:8,000) for 1 hr at RT. Timembrane bound antibody-protein

complexes were detected using SuperSignal West Ribemiluminescent Substrate
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(Pierce) as described by the manufacturer and egpmsHyblot Cl film (Denville Scientific).

35 MSAnalysisof DGAT1

In order to obtain sufficient quantities of DGATDbrfMS analysis, DGAT1 was
immunoprecipitated from ten 100 mm culture dishésMzArdle RH7777 cells stably
expressing FLAG-tagged DGAT1 as described abovecddures were scaled up accordingly.
The immunoprecipitates containing affinity purifi@fsAT1 were incubated with 100 units of
the catalytic subunit of protein kinase A (PKA)anfinal volume of 50 pL kinase buffer (50
mM Tris-HCI, pH 7.5, 250 mM sucrose, 2.5 mM ATPn® MgCl,, 50 mM NaF) at 30 °C for
30 min. Following separation by SDS-PAGE, protemmsre visualized by staining with a
solution containing 0.2% (w/v) Brilliant blue, 40% (v/v) methanol and 10% (v/v) acetic acid
for 30 min, followed by destaining with 40% (v/v)ethanol and 10% (v/v) acetic acid
overnight. The protein band corresponding to DGAVAs excised from the gel. PKA
phosphorylation sites were then identified by amnaly multiple trypsin digests of affinity
purified DGAT1 with high-performance liquid chromogtaphy (HPLC)—electrospray
ionization (ESI)-MS/MS, which is carried out by thHdS facility of the NRC Plant

Biotechnology Institute (Saskatoon, SK) on a feeskervice basis.

3.6 Site-directed Mutagenesis

N-terminal FLAG-tagged murine DGAT1 in the eukargotexpression vector
pCDNA3.1 (Stoneet al, 2004), or the cDNA encoding N-terminal FLAG-taggDGAT1
cloned into a yeast expression vector pYES2 (lagi#n) (generated by Pam McFie and Greg
Lutz in our laboratory), were used as templates futagenesis reactions. The various
mutations were introduced using the primer pagtedl in Table 3.3 and the QuikChange Il XL
site-directed mutagenesis kit (Stratagene). ThR R{xture was set up as follows (in a total
reaction volume of 50 pL): 50 ng of DNA & of 10X reaction buffer, 0.2 mM dNTPs, 125 ng
each of forward and reverse primergiL50f dimethyl sulfoxide (DMSO), and (1L of PfuUltra
High Fidelity DNA polymerase. The thermal cyclipgrameters used for the PCR were as
follows: initial denaturation at 95°C for 1 min lfmwved by 18 cycles at 95 °C for 50 sec, 60 °C
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for 50 sec, and 68 °C for 6.5 min, with terminat@an68 °C for 7 min. Following PCR, the
product was treated witbpnl endonuclease, and transformed into XL10-Goldaclhmpetent
cells as described by the manufacturer. Plasmidh DWs isolated from transformants as
described by Sambroait al (1989). All constructs were sequenced to veh#y presence of
the intended mutations by the sequencing facilitthe NRC Plant Biotechnology Institute
(Saskatoon, SK).

3.7 Expression of DGAT1

3.71 Mammalian Cell Transfection

For each transfection, 60 pL of 0.1% polyethylenienivas gently mixed with a mixture
containing 20 pg of plasmid DNA and 430 pL of 150iNaCl in a 14 mL polypropylene tube
at RT for 10 sec. The transfection mixture wasthmeubated at RT for 10 min and added
drop-wise to a 100 mm tissue culture plate comartiEK293T cells at 70% confluency.
Cells were incubated at 3Z with 5% CQ for 4 hr, and then re-fed with fresh culture mealiu

48 hr post-transfection, cells were harvested aadl fior experiments.

3.7.2 Yeast Transformation

For each transformation, ig of plasmid DNA was added into a 14 mL polypropge
tube containing 10Qug of denatured salmon sperm DNA and 100 of competent yeast
containing approximately £Gells. 600 pL of PEG/LiAc solution (10 mM Tris-H®H 7.5,
40% PEG-3350 solution, 100 mM lithium acetate, 1 EBMTA,) was added to the mixture,
followed by brief vortexing. The transformationxtire was then incubated at 30°C for 30 min
with shaking at 250 rpm, and 7 of DMSO was added after the incubation. Yea#it aeere
heat shocked at 42°C for 15 min and transferreml 1 mL microcentrifuge tube. Cells were
collected by centrifugation at 16,000g¥or 15 sec. The pellet was resuspended in BO0f
1X TE buffer (10 mM Tris-HCI, pH 7.5, and 1 mM EDT,Aand plated on SC-Ura agar plates
to select transformants with a vector containingeae for uracil synthesis. A single colony
was inoculated into 15 mL of SC-Ura medium and grat 30 °C overnight. The overnight

culture was diluted to an QB of 0.4 in 50 mL of SC-Ura induction medium and vgnoat
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30 °C for 24 hr. After induction, yeast were hateel and used for experiments.

3.8  Measurement of In vitro DGAT Activity

3.8.1 Extraction of Total Cellular Membranes

All manipulations were performed at 4 °C.

The protocol described refers to mammalian cetipagated in a 100 mm tissue culture
plate. Cells were washed twice with ice-cold PB&vested by scraping, and collected by
centrifugation at 1000 g for 2 min. The cell pellet was resuspended in fQOof ice-cold
lysis buffer (50 mM Tris-HCI, pH 7.4, 250 mM sucepsand protease inhibitors), and passed
through a 27-gauge needle 15 times to lyse cellell debris and nuclei were removed by
centrifugation at 1000 )y for 2 min. The supernatant was subjected to ifegation at
100,000 xg for 30 min to pellet total cellular membranes. Thembrane pellet was
resuspended in 200 pL of ice-cold lysis buffer.most experiments, 50 mM NaF was included
in the lysis buffer to minimize dephosphorylatiodnDGAT1. In some experiments, cells were
pre-incubated with 0.5 mM chlorophenylthio-3'-5eky adenosine monophosphate (CPT-
cAMP) for 0-120 min before harvesting, to activipelysis.

The protocol described refers to yeast cells prafghin 10 mL of induction medium.
24 hr post-induction, yeast cells were collectedcegtrifugation at 1500 g for 5 min. The
cell pellet was resuspended in 500 pL of steriléewand transferred to a microcentrifuge tube.
Yeast were collected by centrifugation at 16,009 fer 30 sec and resuspended in 500 pL of
ice-cold breaking buffer (50 mM sodium phosphaté, 4, 1 mM EDTA, 5% glycerol, 1 mM
PMSF). Yeast were then lysed by adding an equiainve of acid-washed glass beads (425-
600 um size, Sigma-Aldrich), and bead beating the metutimes for 1 min in a bead beater
(VWR), with 1 min on ice in between beatings. Cellrefuclei, and the beads were pelleted
by centrifugation at 1000 g for 5 min. The supernatant was centrifuged at@@® xg for 30
min to pellet total cellular membranes. The memérnaellet was resuspended in 200 uL of ice-
cold 50mM Tris-HCI (pH 7.4) buffer containing 250Mrsucrose, 50 mM NaF and protease
inhibitors.
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3.8.2 Analysisof Protein Expression Levels

The protein concentration of total cellular memlaeraxtractions was determined using
the Bio-Rad Protein Assay kit (Bio-Rad) as indidatey the manufacturer. Protein samples
were adjusted to a final concentration of 1 pg/pAliquots of protein samples were then

subjected to western blot analysis as describsddtion 3.4.3.

3.8.3 Invitro DGAT Activity Assay

DGAT activity assays were carried out in 16 x 10@ glass test tubes in a total volume
of 200 pL. In brief, these assays measured therpocation of radiolabelled oleoyl-CoA into
triacyglycerol in a 10 min assay using sn-1, 2-gigicyerol and }*CJoleoyl-CoA as substrates.
A typical reaction contained 50-200 pg of protem 100 uL of total cellular membrane
extractions, which was added to 10D of assay mixture (200 mM Tris-HCI, pH 7.5, 40 mM
MgCl,, 25 mg/mL bovine serum albumin (BSA)-essentialytyf acid free, 400 mM 1,2-
dioleoyl-sn-glycerol [in acetone, vehicle concetitia 10% (v/v)], and 50 pM'{fC]oleoyl-CoA
at 18 uCi/uMol). The reaction mixture was inculdatt 37 °C for 10 min, followed by
termination of the reaction with 4 mL of chlorofarmethanol (2:1, v/v). 800 pL of distilled
water was then added, and the mixture was vortexetincubated at RT for 1 hr. After
incubation, the mixture was centrifuged at 100@ for 5 min to separate the organic and
aqueous phases. The aqueous phase was removedpipgtian andthe organic phase
containing lipids was dried under aiDry lipids were resuspended in 75 pL of chloroform:
methanol (2:1, v/v) and applied to a 20 x 20 cmnThayer Chromatography (TLC) plate
(Whatman), which was developed in hexane: diethiyére acetic acid (80: 20: 1, v/iv/v)in
vitro DGAT activity was determined by measuring the npooation of radiolabelled*{C]
oleoyl-CoA into triacylglycerol. Triacylglycerol & visualized by staining lipids with iodine
vapor. The band corresponding to triacylglycerakvgcraped off the plate, and quantified by
scintillation counting as described by Tayétral (1991).

In some experimentsn vitro DGAT activity assays were carried out with various
concentrations 1,2-dioleoyl-sn-glycerol to estdbhsdioleoylglycerol substrate saturation curve
of DGATL.
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3.9 Quantification of Triacylglycerol Synthesis

48 hr post-transfection, HEK293T cells transiergipressing wild-type DGAT1 and
various mutants were washed twice with PBS, andhated for 6 hr with fresh culture medium
containing 10uCi [*H]glycerol and 0.375mM oleic acid complexed to 0.B%A. Cells were
then washed twice with ice-cold PBS, harvesteddogmsng, and collected by centrifugation at
1000 xg for 2 min. Cells were resuspended in 500 pL efdold PBS and disrupted by 15
passages through a 27-gauge needle. Cell deletiawantei were pelleted by centrifugation at
1000 xg for 2 min. Lipids were extracted from 200 pL béttotal cell lysate, and separated by
TLC as described in Section 3.8.3. Triacylglycesghthesis was quantified by measuring the
incorporation of radiolabelled *fi]glycerol into triacylglycerol.  Radioactivity ofthe
triacylglycerol band was determined as describesection 3.8.3.

In some experiments, triacylglycerol levels wereéed®mined in non-radioactive lipid
samples. Lipids were visualized by charring theCTjhlate at 180 °C after immersion in a
solution containing 10% cupric sulfate (w/v) and §¥osphoric acid (v/v). The intensity of

triacylglycerol bands were quantified witlmageJ software.

3.10 Crosslinking Studies

Total cellular membranes were extracted from HEKR2@8Ils transiently expressing
wild-type DGAT1 and various mutants as describe8ection 3.8.1 with the exception that the
lysis buffer was 1X PBS containing protease inbiisit Membrane pellets were resuspended in
200 pL of the lysis buffer, followed by incubatiowith various concentrations of
disuccinimidyl suberate [in DMSO, vehicle concetitna 2% (v/v)] at RT for 1 hr. The
reactions were terminated with 1/10 volume of 1NsTHCI (pH 8.0). Protein samples were
then separated by SDS-PAGE and immunoblotted foADIGas described in Section 3.4.3.

3.11 Determination of Protein Stability

To block protein synthesis, HEK293T cells trandiemxpressing wild-type DGAT1
and various mutants were washed twice with PBSiaadbated with fresh culture medium
containing 10Qug/mL cycloheximide for 0-12 hr. Cells were haressat different time points,

35



followed by extracting total cell lysates as ddsed in Section 3.9. Turnover rate of wild-type

DGAT1 and the mutants was determined by Westerndolalysis as described in Section 3.4.3.
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40 RESULTS

41 The Role of PKA in Regulating DGAT Activity and Triacylglycerol Synthesis
During Lipolysis

Lipolysis is a process by which stored triacylghgte in white adipose tissue are
hydrolyzed to fatty acids and glycerol when bloducgse level decreases. Fatty acids enter the
circulation and go to peripheral organs and tissud®re they are oxidized to produce large
guantities of ATP. Since lipolysis serves to brdalvn stored triacylglycerols, we investigated
what would happen to the triacylglycerol biosynthgtathway during lipolysis, expecting that
triacylglycerol synthesis would be inhibited to prate the efficient net release of stored
energy. To test this, we examined DGAT activityidg lipolysis in 3T3-L1 adipocytes.

3T3-L1 pre-adipocytes were cultured and differaatiainto adipocytes. On day 10 of
differentiation, large cytoplasmic lipid dropletsexe visible. Lipolysis was stimulated by
incubating adipocytes with CPT-cAMP, which is a fiomrolysable cell permeable cAMP
analogue that activates PKA. As described in 8ec#.9, PKA phosphorylates HSL and
perilipin, leading to subsequent activation of H&hd ATGL. It was observed that
triacylglycerol levels decreased as the incubattone of adipocytes with CPT-cAMP
increased, confirming the activation of lipolytiathways by CPT-cAMP (Figure 4.1).

To examine the role of PKA in regulating DGAT adfvin adipose tissue during
lipolysis, in vitro DGAT activity in total cellular membranes was measl. Total cellular
membranes from adipocytes treated with 0.5 mM CRWMHe were pre-incubated with 1GM
of lipase inhibitor, diethyl-p-nitrophenyl phospbatto minimize degradation of'‘C]
triacylglycerol formed during the DGAT assay, anssayed forin vitro DGAT activity.
Unexpectedly, DGAT activity showed an approximateip-fold increase during lipolysis in
adipocytes (Figure 4.2), which is opposite to oypdthesis, and also contradicts the previous
findings showing thatin vitro DGAT activity in McArdle RH7777 rat hepatoma cells
overexpressing DGAT1 was inhibited by PKA.
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Figure4.1 Activation of Lipolysisby CPT-cAMP.

3T3-L1 adipocytes were harvested at the indicatedbation times with 0.5 mM CPT-cAMP.

Lipids were extracted from total cell lysates apgagated by TLC. Lipids were visualized by
charring the TLC plate after immersion in cupriclfate/phosphoric acid. This is a
representative result from three independent exysris.
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Figure 4.2 Stimulation of DGAT Activity during Lipolysisin Adipocytes.

In vitro DGAT activity assays were performed by measurictgvity of 50 ug of protein from
total cellular membranes extracted from 3T3-L1 adipes incubated with CPT-cAMP for O-
120 min. Pre-adipocytes were used as a contraita Bre mean $.D. for triplicate analyses
from one experiment, which was repeated twice wiithilar results. TG: triacylglycerol.
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4.2  Mapping the PKA Phosphorylation Site(s) of DGAT1 by M ass Spectrometry

4.2.1 Optimized Immunopurification of DGAT1

As stated in Figure 2.4, DGAT1 has the consenstisrpa[R/K](2)-X-[S/T]) for PKA
at threonine-15 and serine-244. Using site-dickgteutagenesis, Stonet al. (unpublished
observations) previously attempted to map whiclhete potential sites were phosphorylated
by PKA. However, DGAT1 mutants with these residoegated to alanine residues were still
phosphorylated by PKA. Other serine and threonmgmdues that were considered to be
“weak” PKA sites were also mutated. These addationutants were also still phosphorylated
by PKA. Since the results from previous site-diedcmutagenesis studies were inconclusive,
we decided to use MS to map potential PKA phosgdhbion sites in an unbiased manner.

To determine phosphorylation sites within DGAT1M$, murine DGAT1 was affinity
purified from McArdle RH7777 rat hepatoma cellstthtably express FLAG-tagged DGATL1.
Although DGAT1 is a hydrophobic membrane proteirattihas never been purified to
homogeneity (Casest al, 1998), Stoneet al. (unpublished observations) have recently
optimized the conditions that allow us to partiafurify DGAT1 in an active state from
McArdle RH7777 rat hepatoma cells. FLAG-tagged DGAwas initially immunoprecipitated
from total cell lysate with anti-FLAG agarose beaasl eluted with an excess of free FLAG
peptide. Prior to incubation with anti-FLAG agardseads, total cell lysate was solubilized
with PBS containing 1% SDS in the presence of phatgse and protease inhibitors. The
immunoprecipitates containing partially purified BGL were separated by SDS-PAGE and
immunoblotted for DGAT1. Only a small amount of BGL protein was detected in the
starting material after incubation with the antiAk antibody, while the majority of DGAT1
had been successfully immunoprecipitated (FiguBA¥. Subsequently, to obtain sufficient
guantities of DGAT1 for MS analysis, DGAT1 was immaprecipitated from total cell lysate
of 10 100 mm dishes of McArdle RH7777 cells stabkpressing FLAG-tagged DGAT1.
Following separation by SDS-PAGE, DGAT1 protein Idobe detected by Coomassie Blue
staining (Figure 4.3B). The protein band corresioog to DGAT1 was excised from the gel,
and digested with trypsin. The resulting peptidese then identified by MS. Our preliminary
MS results suggested that the protein band cortaP®AT1, but also over 200 types of
contaminating proteins that appeared to be moraddnt than DGAT1.
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As mentioned in Section 2.5, DGATL1 is present ider mitochondrial and microsomal
fractions. Therefore, to minimize contaminants, [E-fagged DGATl1 was
immunoprecipitated from membrane factions enricfed DGAT1, which were crude
mitochondria and microsomes prepared by subcellfrlctionation. To further optimize
immunopurification, prior to incubation with antl-RG agarose beads, enriched membrane
fractions were solubilized with PBS containing tdetergents (0.5% SDS and 0.5% Triton X-
100) in the presence of phosphatase and protehsstans. We managed to eliminate most of
the contaminating proteins through the optimizednimopurification and a single band

corresponding to DGAT1 was observed (Figure 4.3C).

4.2.2 ldentification of PKA Phosphorylation Site(s) of DGAT1 by MS

To determine the PKA phosphorylation sites of DGA&ffinity purified DGAT1 from
Section 4.2.1 was incubated with or without 75 suot PKA. Following the kinase reaction,
proteins were separated by SDS-PAGE. The protaimd bcorresponding to DGAT1 was
excised from the gel and digested with trypsine Tésulting peptides were subjected to HPLC-
ESI-MS/MS analysis to identify potential phosphatign sites. The molecular weight of
each peptide was determined by the first MS analyzerom the masses of the peptides, a
peptide map was generated and compared to a psiyiconstructed data base of murine
DGAT1 tryptic fragments, which was incorporatedoirthe data base search engine Mascot
(Matrix Science). Peptides matched for DGAT1 yeeldan overall protein sequence coverage
of 31% (Figure 4.4).

After characterizing DGAT1 using the initial MS d&ywer, each peptide entered
a collision cell where it was fragmented into indival amino acid residues. The phosphate
attached to a peptide was also lost during fragatiemt, which could be identified by a neutral
loss of 98 daltons, which is the molecular weiglit phosphoric acid (-BPQy). As a
representative example of how specific phosphdppasites in DGAT1 were assigned, Figure
4.5 shows the tandem mass spectrum of monophodatemiyeptide TG'RVSVQGGSGPK.
This peptide was fragmented in a manner that onaaracid was removed at a time,
generating a series of peptide fragments with @iffe molecular weights determined by the
second MS analyzer (Figure 4.5A). Peptide fragmevith molecular weights of 1197.87
(pink) and 1139.81 (green) daltons showed the akldgss of 98 daltons respectively, as we
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Figure 4.3 Immunopurification of DGAT 1.

A: Immunoprecipitation of DGAT1. FLAG-tagged DGAT1 expressed in McArdle RH7777
cells was immunoprecipitated from total cell lysatetnmunoprecipitates were separated by
SDS-PAGE and immunoblotted for DGAT1 using a moapal anti-FLAG antibody.
McArdle RH7777 cells transfected with the expressiector lacking an insert were used as a
control. IP: Immunoprecipitation.

B and C: Coomasse Staining of DGAT1 Before and After Optimizing Its
Immunopurification. FLAG-tagged DGAT1 expressed in McArdle RH7777 celss
immunoprecipitated from larger amounts of startimgaterial (cell lysate or crude
mitochondria+microsomes). Immunoprecipitates weszparated by SDS-PAGE and stained
with Coomassie Blue.
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compared them with the corresponding fragments rgéedin silico (Figure 4.5B). No more
neutral loss was observed in any other pair ofidegtagments, suggesting that serine-17 was
the serine that was phosphorylated. Serine-20-2hdvere also identified as potential PKA
phosphorylation sites in a similar manner. In agrent with our findings, another independent
research group also reported the identificatiorseine-17 and -20 as phosphorylation sites
with >99% certainty (Villéret al, 2007).

1 MGDRGGAGSSRRRTGSRVSVQGGSGPKVEEDEVRDAAVSPDLGAGGDAPAPAPAPAHTR
61 DKDGRTSVGDGYWDLRCHRLODSLESSDSGESNYRGILNWGAWILILSNARLELENLIKYGI
121 [EVDPIQVVSLELKDPYSWPAPCVIIASNIFVVAAFQIEKRLAVGALTEQMGLLLHVVNLATIIC
181 FPAAVALLVESITPVGSVFALASYSIMFLKLYSYRDVNEWCRMRRVKAKAVSTGKKVSGAA
241 [AQQAVSYPDNLTYRDLYYFIFAPTLCYELNFPRSPRIRKRFLRRVLEMLFFTQLQVGLIQQW
301 MVPTIQONSMKPFKDMDYSRIERLLKLAVPNHLIWLIFFYWFRHSCLNAVAELLQFGDREFYR
361 DWWNAESVTYFWQNWNIPVHKWCIRHEYKPMLRHGSSKWVARGVELTSAEEHEYLVSVP
421 |[ERMFRLWAFTAMMAQVPLAWIVGRFFQGNYGNAAVWVTLIIGQPVAVLMYVHDYYVLNY
481 DAPVGV

Figure 4.4 M ass Spectrometric Characterization of DGAT1.

Tryptic peptides were subjected to HPLC-ESI-MS/Mfalgsis. Peptides matched for DGAT1
(highlighted) yielded an overall protein sequenceetage of 31%. DGAT1 has the consensus
pattern [R/K](2)-X-[S/T] for PKA phosphorylation tei at threonine-15 and serine-244
(underlined and boldfaced).
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Figure4.5 Mass Spectrometric Analysis of Potential PKA Phosphorylation Sites.

A: MS/M S Spectrum of Peptide TGS"RVSVQGGSGPK of DGAT 1.
B: In Silico Spectrum of Peptide TGS RVSVQGGSGPK of DGATI.

Numbers represent molecular weights of peptidenfiags (e.g. 1238.59 is the molecular

weight of the fragment SRVSVQGGSGPK).
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4.3  Determination of Functional Importance of Potential PK A Phosphorylation Sites

4.3.1 TheRoleof PKA Phosphorylation on DGAT1 Activity and Triacylglycerol

Synthesis

To investigate the role of these three potentiabsphorylation sites in regulating
DGAT1 activity, serine-17, -20, and -25 were mutigie alanine. A triple mutant with all three
sites mutated to alanine residues was also gederddAT1 mutants, as well as wild-type
DGAT1, were transiently expressed in HEK293T ctilt are widely used for transient protein
expression (Ho and Pastan, 2009). Total celluembranes were prepared and incubated with
or without PKA. Proteins were separated by SDS-BA&hd immunoblotted for DGATL1.
Phosphorylation of DGAT1 by PKA led to an increadethe molecular weight of DGATL1,
which in turn caused a mobility shift of wild-tyfi@GAT1. Additionally, mobility shifts were
observed in the single mutants that are still stibje PKA phosphorylation at the other two
unmutated sites. However, the triple mutant diggdalittle mobility shift (Figure 4.6A),
suggesting reduced level of PKA phosphorylationhede results indicate that PKA might
phosphorylate DGAT1 at multiple sites. Furthermave tested the functional importance of
these sites for DGAT activityln vitro DGAT activity assays were performed in the preseasfc
total cellular membranes prepared above. Unexghgt@ vitro DGAT activity of the various
DGAT1 mutants appeared to be similar to that of thiéd-type DGAT1, which was
approximately 12-fold higher than that of untractéd cells, and no inhibition by PKA was
observed in either wild-type DGATL1 or the mutarig(re 4.6B).

We also tested the role of PKA phosphorylation cBAO1 activity in intact cells.
HEK293T cells transiently expressing wild-type DGA®r the triple mutant were incubated
with the PKA activator, CPT-cAMP, for-®0 minutes. Total cellular membranes were isolated
from transfected cells, proteins were separatedSBB-PAGE and then immunoblotted for
DGAT1. Wild-type DGATL1 and the triple-mutant shaveimilar expression levels and CPT-
CAMP treatment did not affect the expression lexfeDGAT1 (Figure 4.7A). In vitro DGAT
activity was then measured. Again, wild-type DGAArd the triple mutant exhibited similar
vitro DGAT activity that was approximately 10 fold highltean that of untransfected cells, and
in vitro DGAT activity did not change as incubation timehwCPT-cAMP increased (Figure
4.7B).
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Figure 4.6 The Effect of PKA Treatment on DGAT Activity in HEK293T Célls.

A: Mobility Shift of DGAT1 After PKA Treatment. FLAG-tagged wild-type DGAT1 and
DGAT1 mutants were transiently expressed in HEK288Ils, total cellular membranes were
incubated with or without 75 units of PKA. Proteiwere separated by SDS-PAGE and
immunoblotted for DGAT1 using a monoclonal anti-REAantibody. Untransfected HEK293T
cells were used as a control. This is a repregeataesult from three independent experiments.
Un: untransfected; WT: wild-type; TM: triple mutant

B: In vitro DGAT Activity of Wild-type DGAT1 and DGAT1 Mutants with or without
PKA Treatment. In vitro DGAT activity assays were performed by measurictiyigy of 50

ug of protein from total cellular membranes prepabdve. Data are mearStD. for triplicate
analyses from one experiment, which was repeatee twith similar results.

TG: triacylglycerol.
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Figure4.7 The Effect of CAMP Treatment on DGAT Activity.

A: Expression of Wild-type DGAT1 and the Triple Mutant with CPT-cCAMP Treatment.
HEK293T cells transiently expressing FLAG-taggeddvtype DGAT1 or the triple mutant
(S17/20/25A) were incubated with 0.5 mM CPT-cAMR @90 minutes. Total cellular
membranes were extracted, proteins were separatesDi$-PAGE and immunoblotted for
DGAT1 using a monoclonal anti-FLAG antibody. Untséected HEK293T cells were used as
control. This is a representative result of threkependent experiments. Un: untransfected.
B: In vitro DGAT Activity of Wild-type DGAT1 and the Triple Mutant with CPT-cAMP
Treatment. In vitro DGAT activity assays were performed by measurictiyviy of 50 ug of
protein from total cellular membranes prepared aboWbata are mean $.D. for triplicate
analyses from one experiment, which was repeatedetwith similar results. TG:
triacylglycerol.
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We further examined the functional importance afstn putative phosphorylation sites
for triacylglycerol synthesis in intact cells. HE83T cells transiently expressing wild-type
DGAT1 or the triple mutant were metabolically lawith 10 pCiiH]glycerol for 6 hours to
determine the amount of newly synthesized triagglgtol. Lipids were extracted from cell
lysates and separated by TLC. Although wild-typ8AT1 and the triple mutant showed an
approximately 2-fold increase in triacylglycerolnlyesis compared to untransfected cells,
similar triacylglycerol synthesis was observed frantd-type DGAT1 and the triple mutant
(Figure 4.8).

Since the inhibitory effect of PKA on DGAT1 actiyiand triacylglycerol synthesis was
initially observed in McArdle RH7777 liver cellsastly expressing DGAT1 (Stonet al,
unpublished observations), we suspected that thee P&KA had on DGAT1 activity and
triacylglycerol synthesis might be cell type depemd Therefore, instead of investigating
functional importance of these PKA sites for DGAAdtivity and triacylglycerol synthesis in
HEK293T cells, wild-type DGAT1 and the triple mutarere transiently expressed in McArdle
RH7777 liver cells. Total cellular membranes wprepared, and western blot analysis was
performed to determine protein expression levelsitif-type DGAT1 and the triple mutant. It
was observed that they both were equally express&ttArdle RH7777 cells (Figure 4.9A).
In vitro DGAT activity assays were carried out in the pneseof total cellular membranes pre-
incubated with or without PKA. Although vitro DGAT activity of wild-type DGAT1 and the
triple mutant was approximately 3-fold higher ththat of untransfected cellsn vitro DGAT
activity showed no difference between wild-type DIdAand the triple mutant in the presence
or absence of PKA (Figure 4.9B).

Since previous studies have demonstrated that DGXisls as a homotetramer (Cheng
et al, 2001), endogenous DGAT1 in mammalian cells cquidentially oligomerize with
recombinant DGAT1 and confound our studies. TleeefDGAT activity of the triple mutant
was also studied in a mutant yeast strain (H1246N)AMat lacked all four genes contributing
to triacylglycerol synthesis in yeast, includingetgene encoding DGAT1 (Sandagsral,
2001). The cDNA encoding FLAG-tagged DGAWAS cloned into a yeast expression vector
PYES2 containing a galactose inducilL1 promoter. A triple mutant construct with all
three putative phosphorylation sites mutated taiaéaresidues was also generated. The yeast
strain H1246MAT was transformed with either construct. ExpressbDGAT1 was induced
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with galactose for 24 hr. Transformants were thyed and total cellular membranes were
extracted. Western blot analysis was carried owxiamine protein expression levels. Wild-
type DGAT1 and the triple mutant were expressediratlar levels (Figure 4.10A).In vitro
DGAT activity assays were performed using cellm@embranes pre-incubated with or without
PKA. It was observed that both wild-type DGAT1 ahd triple mutant were similarly active
when expressed in yeast (Figure 4.10B), and shan@dased DGAT activity compared to
untransfected cells (~7-fold). In addition, theras no apparent difference in DGAT activity

between PKA treated and non-PKA treated samples.
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Figure 4.8 De novo Triacylglycerol Synthesis from Wild-type DGAT1 and the Triple
Mutant in HEK293T Ceélls.

HEK293T cells transiently expressing wild-type DGA®r the triple mutant (S17/20/25A), as
well as untransfected HEK293T cells, were incuthatéth 10 pCi fH]glycerol and 0.375mM
oleic acid complexed to 0.5% BSA for 6 hours. Lgpmere extracted from cell lysates and
separated by TLC. The incorporation of radioattiinto triacylglycerol was quantified by
liquid scintillationcounting and normalized to total cellular membranatein content. Data
are mean +5.D. for triplicate analyses from one experimerjolr was repeated twice with
similar results. Un: untransfected; WT: wild-typEM: triple mutant; TG: triacylglycerol.
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Figure 4.9 The Effect of PKA Treatment on DGAT Activity in McArdle RH7777
Hepatoma Cells.

A: Expression of Wild-type DGAT1 and the Triple Mutant in McArdle RH7777 Liver
Cells. Total cellular membranes were extracted from McArdells transiently expressing
FLAG-tagged wild-type DGAT1 or the triple mutantl(820/25A). Proteins were separated by
SDS-PAGE and immunoblotted for DGAT1 using a moapal anti-FLAG antibody.
Untransfected McArdle cells were used as contrbhis is a representative result from three
independent experiments. Un: untransfected. * Nmeeiic protein band.

B: In vitro DGAT Activity of Wild-type DGAT1 and the Triple-mutant with or without
PKA Treatment. In vitro DGAT activity assays were performed by measurictgyigy of 100

ug of protein from total cellular membranes pre-imated with or without 75 units of PKA.
Data are mean &.D. for triplicate analyses from one experimerjolr was repeated twice
with similar results. TG: triacylglycerol.
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Figure 4.10 The Effect of PKA Treatment on DGAT Activity in the Yeast Strain
H1246M AT a.

A: Expression of Wild-type DGAT1 and the Triple Mutant in the Yeast Strain
H1246MATa. Total cellular membranes were extracted from yealls expressing FLAG-
tagged wild-type DGAT1 or the triple mutant (S1728A). Proteins were separated by SDS-
PAGE and immunoblotted for DGAT1 using a monocloaali-FLAG antibody. Yeast cells
harbouring an empty pYES2 vector were used as &atonThis is a representative result of
three independent experiments.

B: In vitro DGAT Activity of Wild-type DGAT1 and the Triple Mutant with or without
PKA Treatment. In vitro DGAT activity assays were performed by measuritgigy of 200
ug of protein from total cellular membranes pre-imated with or without 75 units of PKA.
Data are mean &.D. for triplicate analyses from one experimenjolr was repeated twice
with similar results. TG: triacylglycerol.
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4.3.2 TheRoleof Phosphorylation on DGAT1 Activity

Since our mutagenesis approach where candidatelpbig¢ation sites were mutated to
alanines was not informative, we chose to gendd&AT1 variants that were “permanently”
phosphorylated. Serine-17, -20, and -25 were muittkdeaspartate, whose negative charge
mimics the phosphorylated state of a protein. ipldrmutant with all three sites mutated to
aspartates was also generated. In addition, thredrb, which had been considered a strong
candidate for phosphorylation site and rendered DGAyperactive when mutated to alanine
(Stoneet al, unpublished observations), was mutated to asjgasts well. DGAT1 mutants as
well as wild-type DGAT1 were transiently expressed HEK293T cells, total cellular
membranes were prepared and proteins were sepdat8®S-PAGE and immunoblotted for
DGAT1. Wild-type DGAT1 and mutants were expresaedimilar levels (Figure 4.11A)In
vitro DGAT activity assays were performed. Again, rgngicant difference in DGAT activity

was observed between wild-type and the aspartatamsuFigure 4.11B).

4.3.3 TheRoleof PKA Phosphorylation on Multimer Formation of DGAT1

All the results suggested that these putative pghasgtation sites were not critical for
DGATL1 activity and triacylglycerol synthesis, indiing that they may be involved in
regulating other aspects of DGAT1. Previous swtigve illustrated that the N-terminal region
of DGAT1 is responsible for DGAT1 to form homodireeand homotetramers (Cheagal,
2001). Dephosphorylation of DGAT1 with phosphatasaeverted homotetramers/dimers of
DGAT1 to monomers (Stonet al, unpublished observations). Therefore, we decidetest
whether these phosphorylation sites residing atNHerminus played a role in regulating
DGAT1 multimer formation. Wild-type DGAT1, the pte alanine mutant, and the triple
aspartate mutant were transiently expressed in WBKZells. Total cellular membranes were
prepared and incubated with various concentratmn®SS, which is a homobifunctional,
membrane permeable, and amine-reactive cross-JifdeeR0 min. Protein samples were then
separated by SDS-PAGE and immunoblotted for DGABbth the triple alanine mutant and
the triple aspartate mutant were still capable aing dimers and tetramers as wild-type
DGAT1 was (Figure 4.12), indicating that these pihasylation sites are not required for

regulating interactions of DGAT1 subunits.
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Figure 4.11 DGAT Activity of Wild-type DGAT1 and Aspartate Mutants in HEK293T
Cdlls.

A: Expression of Wild-type DGAT1 and Aspartate Mutants. Total cellular membranes
were extracted from HEK293T cells transiently espieg FLAG-tagged wild-type DGATL1 or
aspartate mutants. Proteins were separated by 3@&PRand immunoblotted for DGAT1
using a monoclonal anti-FLAG antibody. UntranséelcHEK293T cells were used as a control.
This is a representative result of three independeperiments. Un: untransfected; WT: wild-
type; TM: triple mutant.

B: In vitro DGAT Activity of Wild-type DGAT1 and Aspartate Mutants. In vitro DGAT
activity assays were performed by measuring agtioit50 ug of protein from total cellular
membranes prepared above. Data are mea+for triplicate analyses from one experiment,
which was repeated twice with similar results. TiG@cylglycerol.
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4.3.4 TheRoleof PKA Phosphorylation on DGAT1 Stability

Furthermore, we examined whether these PKA phogtidtmm sites played a role in
regulating protein stability of DGAT1. Wild-type @®AT1 constructs, as well as the triple
alanine mutant and the triple aspartate mutantewransiently expressed in HEK293T cells.
24 hr post-transfection, cells were treated witl® 1/ml cycloheximide to block protein
synthesis (Yuet al, 2002a). To determine the turnover rate of wyjobe DGAT1 and the
mutants, cells were analyzed for the protein leseDGAT1 by Western blot analysis at
various time points after cycloheximide treatmeh® hr post cycloheximide incubation, wild-
type DGATL, as well as both triple mutants, did datplay any alteration of protein level
(Figure 4.13), indicating that DGAT1 is very stab®u et al, 2002a) and these
phosphorylation sites do not have a significarg inlthe control of DGAT1 turnover.

— Tetramer

— Dimer

kDa Monomer

WT ™ (A) TMD]

0 1 2 O 1 2 01 2
Concentration of DSS (mM)

Figure4.12 Cross-linking of Wild-type DGAT1 and Triple Mutantswith DSS.
Flag-taggedvild-type DGATL, the triple alanine mutant (S17/2BA), and the triple aspartate
mutant (S17/20/25D) were transiently expressedEKEB3T cells. Total cellular membranes
were prepared and incubated with various conceéotratof DSS [in DMSO, vehicle
concentration 2% (v/v)] for 20 min at room temparat The reactions were quenched with 1M
Tris, pH 8.0 (1/10 volume of reaction mixture). d@&Bon mixtures were separated by SDS-
PAGE and immunoblotted for DGAT1 using a monocloaati-FLAG antibody. This is a
representative result of two independent experimeWT: wild-type; TM (A): triple alanine
mutant; TM (D): triple aspartate mutant.
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4.35 TheRoleof PKA Phosphorylation on Substrate Affinity of DGAT1

Previous studies have demonstrated that deletiadfitst 65 amino acids at the N-
terminus of ACAT1, which is homologous to DGAT1suéed in decreased affinity for oleoyl-
CoA (Yuet al, 2002b). Although our data suggested that tpassphorylation sites were not
involved in regulating Vmax of DGAT1, they mightuea role in affecting substrate affinity of
DGAT1. Therefore, wild-type DGATL, as well as ttiple alanine mutant, were transiently
expressed in HEK293T cells. Total cellular membrawere preparedn vitro DGAT activity
assays were carried out with various concentratddrdioleoylglycerol substrate to establish a
dioleoylglycerol substrate affinity curve of DGATM\Vild-type DGAT1 and the triple alanine
mutant exhibited similar Vmax in the presence ofthb@ndogenous and exogenous
diacylglycerols (Figure 4.14), which is consisteuith our previous findings. However, wild-
type DGAT1 showed higher activity in the presendéeendogenous diacylglycerols alone,
suggesting that wild-type DGAT1 may have higheinatf towards particular endogenous
diacylglycerol(s). Comparing to the triple alanimeitant, wild-type DGAT1 is still subject to
PKA phosphorylation, which indicates that PKA phosgylation may have a role in increasing
the substrate affinity of DGAT1.

Wild-Type Triple Mutant (&hine) Triple Mutant (Aspartate)
0 4 8 12 0 48 12 0 4 8 12
Incubation time withabgheximide (hr)

Figure4.13 Turnover Rate of Wild-type DGAT1 and Triple Mutants.

FLAG-tagged wild-type DGAT1, as well as the trigdanine mutant (S17/20/25A) and the
triple aspartate mutant (S17/20/25D), were trankiexpressed in HEK293T cells. 24 hr post-
transfection, cells were subjected to cycloheximiteatment for various periods of time
followed by assessment of protein level. This iezpresentative result of two independent
experiments.
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Figure 4.14 Substrate Affinity of Wild-type DGAT1 and the Triple Alanine M utant.

Total cellular membranes were extracted from HEK288lIs transiently expressing wild-type
DGATL1 or the triple alanine mutant (S17/20/25A)n vitro DGAT activity assays were
performed by measuring activity of @ of protein from total cellular membranes withigas
concentrations of dioleoylglycerol. Data are meai®.D. for triplicate analyses from one
experiment, which was repeated once with similaults. TG: triacylglycerol.
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5.0 DISCUSSION

5.1 DGAT1 Recycling Hypothesis

As stated in Section 2.9, the first objective abtthesis was to determine the role of
PKA in regulating DGAT1 activity and triacylglycdreynthesis during lipolysis. It was
hypothesized that triacylglycerol synthesis andikdewn are coordinately regulated processes.
Therefore, during lipolysis, a period of triacylgrol breakdown, the rate of triacylglycerol
synthesis in adipose tissue was expected to decheasder to promote the efficient net release
of stored energy. Unexpectedip, vitro DGAT activity showed a two-fold increase during
lipolysis in adipocytes, which is opposite to owpbthesis. This also contradicts previous
findings that showeth vitro DGAT1 activity of liver or McArdle RH7777 rat hefgana cells
overexpressing DGAT1 could be inhibited by PKA.

However, the increased DGAT activity during lipag/svas consistent with the fatty
acid recycling hypothesis. Studies in both aninaald humans demonstrated that only 30% of
the free fatty acids released from triacylglycdioblysis in white adipose tissue are delivered
to peripheral tissues, such as liver and musclel{&et al, 2003). The other 70% of free fatty
acids re-enter adipocytes and are re-esterifigdidoylglycerols (Figure 5.1). Further studies
demonstrated that such recycling occurs not onlydipose tissuieut also in liver and skeletal
muscle (Prentket al, 2008). In addition, it is important to notetthize percentage of lipolysis-
released free fatty acids thatréxycled back to triacylglycerols is relatively stemt (~70%)
under different metabolic conditions (Reskéfal, 2003; Prentket al, 2008). In response to
the increased supply of fatty acids during lipadydDGAT1 activity could be stimulated to
increase triacylglycerol synthesis to prevent ffatty acids from reaching toxic levels and
producing membrane-damaging effects within the. célloreover, these results are consistent
with the previous findings showing that DGAT2 is mmoresponsible for promoting bulk
synthesis of triacylglycerols, while DGAT1 plays raoof a role in regulating energy
metabolism (Figure 5.1) (Stoee al., 2004).
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Figure5.1 DGAT1 Recycling Hypothesis.

Based on the available evidence, DGATL1 is spealllédebe involved in the recycling of

hydrolyzed triacylglycerols by re-esterifying fatigids, which in turn prevents fatty acids from
reaching toxic levels and producing membrane-dangagffects within the cell. On the other
hand, DGAT2 is more responsible for promoting balnthesis of triacylglycerols. HSL,

hormone-sensitive lipase; ATGL, adipose-tissuelytcgyide lipase; MGL, monoacylglycerol

lipase; TG: triacylglycerol; DG: diacylglycerol; FAatty acid. The diagram is modified from
Yenet al.(2008).
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5.2  Existence of Other Possible PK A Phosphorylation Sites

Since preliminary studies have identified PKA ag @ossible kinase that could inhibit
DGAT1 activity, the major focus of this thesis wis map PKA phosphorylation sites of
DGAT1 and determine their functional importancehmiespect to triacylglycerol synthesis.
The approach was to identify PKA phosphorylatidesby analyzing trypsin digests of affinity
purified DGAT1 by HPLC-ESI-MS/MS. Peptides matchiEd DGAT1 yielded a protein
sequence coverage of 31%. Serine-17, -20 andf-R&AT1 were identified as potential PKA
phosphorylation sites. Although these three gitesiot fit the PKA consensus sequence R/K-
R/K-X-S/T (Taylor et al., 1990), serine-17 was poasly considered as a “weak” PKA site. It
has been demonstrated that the presence of a sussginosphorylation site does not guarantee
that the protein is a substratevivo, and authentic phosphorylation sites do not alveaygorm
to the consensu@Jbersaxet al, 2003). Villénet al (2007) also carried out large-scale
phosphorylation analysis of mouse liver throughamlsination of tandem phosphopeptide
enrichment methods, high performance MS, and opédidatabase search/data filtering
strategies. In agreement with our findings, thisp aeported that serine-17 and -20 of DGAT1
were phosphorylated with >99% certainty.

To determine if serine-17, -20 or -25 had a raoleregulating DGAT1 activity and
triacylglycerol synthesis, we generated DGAT1 mtgaim which these amino acids were
replaced with alanine, and expressed them in mammmand yeast expression systems
respectively.

In HEK293T cells transiently expressing wild-typ&BT1 or various alanine mutants,
wild-type DGAT1 and single mutants displayed mapighift caused by PKA phosphorylation.
However, little shift was observed in the triple tamt with all three PKA sites mutated to
alanines, suggesting reduced level of PKA phospaboy. These results confirm the locations
of putative PKA phosphorylation sites identified M. These data also indicates that DGAT1
likely has multiple phosphorylation sites, which ssipported by the mass spectrometric
identification of one tryptic peptide with both Bex-20 and -25 being phosphorylated. From
our preliminary data, DGAT1 mutants lacking funoab PKA sites were expected to be
resistant to inhibition by PKA, and would have reghDGAT activity and triacylglycerol
synthesis compared to wild-type DGAT1. Howeuervitro DGAT activity of the various
DGAT1 mutants appeared to be similar to that ofwiid-type DGAT1, and no inhibition by
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PKA was observed in either wild-type DGAT1 or thetamts. In HEK293T cells transiently
expressing wild-type DGAT1 or the triple mutant, RGactivity of intact cells could not be
inhibited by treating cells with the PKA activatoGPT-cAMP. Furthermorede novo
triacylglycerol synthesis was measured in intadtschy metabolically labeling cells with
[*H]glycerol, and wild-type DGAT1 and the triple mnotaexhibited similar level of
triacylglycerol synthesis. In McArdle RH7777 raggdatoma cells, where the inhibitory effect
of PKA on DGAT activity and triacylglycerol syntheshad been initially observed (Stoate
al., unpublished data)n vitro DGAT1 activity was not different between wild-tyGAT1
and the triple mutant in the presence or absen&Kaé{. All these results suggested that PKA
phosphorylation at serine-17, -20 and -25 has rpam@mt effect on the ability of DGATL1 to
synthesize triacylglycerols.

All mammalian cells express DGAT1 which may be owomiding our studies.
Therefore, DGAT activity of the triple mutant wats@ studied in a mutant yeast strain
(H1246MATa) that lacked all the enzymes that are capable abhlyzing triacylglycerol
formation. Wild-type DGATL1 and the triple mutamitiglisplayed similar DGAT1 activity, and
no PKA inhibition was observed. These results veemsistent with our findings in HEK293T
cells.

In addition to analyzing mutations mimicking theptlesphorylated state of DGAT1,
mutations of threonine-15, serine-17, -20, and t2aspartate that mimic the phosphorylated
state were also examined in HEK293T cells. As mapt in Section 4.3.2, threonine-15 was
included because it has the consensus sequeneeHBA phosphorylation site and rendered
DGAT1 hyperactive when mutated to alanine. Acaogdio our hypothesis and all the
preliminary data, DGAT1 mutants mimicking the phosgylated state of the protein were
expected to be inhibited, and would have reducedAD@ctivity compared to wild-type
DGAT1. However,in vitro DGAT activity of the various DGAT1 mutants appehte be
similar to that of wild-type DGAT1, which is congsat with the data suggesting that
phosphorylation at serine-17, -20 and -25 has paw@mt effect on DGAT1 activity.

Although all the results differ from our expectatso they are consistent with those from
a recent study by McFiet al. (2010), where a particular N-terminal region betweenino
acids 38-84, but not 2-37 of DGAT1, appeared tqg @aole in regulating DGATL1 activity.
McFie et al. showed that DGAT activity of a DGAT1 mutant lackiagiino acids 2-37 was
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comparable to that of wild-type DGAT1, whereas DGadiivity of the mutant lacking amino
acids 2-84 was ~14 fold higher than that of wildgyDGAT1. We speculate that serine-17, -20,
and -25 are functionally silent in terms of reguigtDGAT1 activity and triacylglycerol, and
PKA might inhibit DGAT1 activity via other unmappetlinctionally active phosphorylation
site(s) between amino acids 38-84. There are sséime/threonine amino acids in this region.
Serine-67 is a potential PKA phosphorylation sgeD&AT1 has a weak consensus sequence at
this amino acid (G-R-B).

We further investigated whether the three putatiiesphorylation sites were involved
in regulating other aspects of DGAT1 other thanvdgt Through cross-linking studies, we
found that these phosphorylation sites were natired for regulating interactions of DGAT1
subunits. Both the triple alanine mutant and tifget aspartate mutant were still capable of
forming dimers and tetramers as wild-type DGAT1 wabese findings are consistent with the
data showing that amino acids 37-84, not 2-37 ofADG are required for DGAT1 tetramer
formation (McFieet al, 2010). McFieet al. also speculated that DGAT1 activity may be
regulated by switching between an active dimer andnactive tetramer as the inability of
DGATL1 to form a tetramer corresponded to a seVfetdlincrease irin vitro enzyme activity.
Taken together, these results indicate that PKA regylate DGAT1 activity by converting it
from an active dimer to an inactive tetramer viat@in phosphorylation at the region between
amino acids 37-84.

Through inhibition ofde novaoprotein synthesis, we also examined whether sdifhe
-20 or -25 played a role in regulating DGATL1 st@pil It was observed that 12 hours after
inhibiting protein synthesis with cycloheximide, lavtype DGAT1, as well as both triple
mutants, did not exhibit any alteration of protkinel as determined by immunoblotting. These
data are consistent with the previous findings shgwhat DGATL1 is very stable (Yat al,
2002), and also suggest that these three sitgsamgnificant factors in the control of DGAT1
turnover.

Lastly, although phosphorylation at the three pwtasites has no effect on DGAT1
activity measured under apparent Vmax conditiorssdleed in Section 3.8.3, it played a role in
regulating the substrate affinity of DGAT1. Wilgse DGAT1 and the triple alanine mutant
exhibited similar Vmax in the presence of both egeimus and exogenous diacylglycerols,

which is in accordance with our previous findingsowever, wild-type DGAT1 showed higher
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activity with endogenous diacylglycerols alone,igading that wild-type DGAT1 had higher
affinity towards endogenous diacylglycerols. Conmgato the triple alanine mutant, wild-type
DGATL1 is still subject to PKA phosphorylation. Ta#ore, PKA phosphorylation plays a role
in increasing the substrate affinity of DGAT1.

5.3  Presenceof Other Protein Kinases that Phosphorylate DGAT1

As mentioned in Section 2.7, preliminary experirsetemonstrated that DGAT1 could
be inactivated by a kinase activity present indy®sol. Although PKA was proposed to be a
strong candidate, we cannot exclude the possibtligt DGAT1 is phosphorylated and
regulated by other protein kinases. As depicteignre 4, DGAT1 has several potential PKC
phosphorylation sites, one AMPK site and one tyr@diinase site. In fact, studies performed
with protein kinase inhibitors suggested that thhibition of DGAT activity was due to
tyrosine kinase activity (Laet al, 1996). Although mutagenesis experiments indatdhat
this potential tyrosine phosphorylation site did appear to have a role in regulating DGAT
activity (Yu et al, 2002), there might be other tyrosine residues #ne phosphorylated and
potentially regulate DGAT activity. Moreover, ABset al. (2005) reported a two-fold increase
of DGAT activity in rat liver associated with a dease in AMPK activity during refeeding
after a fast, prompting speculation that AMPK mighktinvolved in regulating DGATL1 activity
through phosphorylation. In addition, the inagildf PKA to exert effect on DGATL1 activity
through the identified phosphorylation sites intksathat DGAT1 is the target of other protein

kinases.

54  Conclusions

Recent studies have shed light on the metabolictimms of DGAT enzymes, however,
little is known about the mechanisms responsibterégulating DGAT activity. Several lines
of evidence from previous studies indicate that OGAbut not DGAT2, is subject to
regulation by phosphorylation and that protein &m& (PKA)-dependent pathways are likely
involved. In this thesis, we hypothesized thatimyiipolysis in adipose tissue, PKA would
phosphorylate and inactivate DGAT1, which in turowd facilitate the efficient net release of
stored energy by decreasing triacylglycerol synghedn contrast, our experimental results
showed thain vitro DGAT activity increased 2 fold during lipolysis BII3-L1 adipocytes.
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This data suggests that DGAT activity might inceeaduring lipolysis to promote the
recycling/re-esterification of excessive free fadigids into triacylglycerols before they reach
toxic levels within the cell.

To further explore the role of PKA in regulating BG1, PKA phosphorylation sites of
DGAT1 were mapped by HPLC-ESI-MS/MS. Serine-17) &hd -25 were identified as
potential PKA phosphorylation sites. Moreover, ttumctional importance of these three
potential phosphorylation sites was investigat®tiitations of these sites to alanine or aspartate
residues gave rise to enzymes functioning similatty wild-type DGAT1. These
phosphorylation sites did not appear to be involiredegulating DGAT1 activity, multimer
formation, or protein stability. However, PKA @phorylation at these three sites seemed to
play a role in affinity of DGAT1 for its diacylglyrol substrate. These results suggest the
existence of other unidentified, functionally aetivPKA phosphorylation sites or
phosphorylation sites of other kinases, which am®lved in regulating DGAT1 activity and

triacylglycerol synthesis.

55  FutureDirections

Unidentified PKA phosphorylation sites should batoauously mapped and examined
in the same manner as described in this thesis.rthéfmore, to identify potential
phosphorylation sites of other kinases, DGAT1 stidag incubated with mouse liver cytosol,
in the presence of ATP and magnesium, to promaitejor phosphorylation. We should then
map the regions of DGAT1 that are phosphorylateénnunbiased manner by HPLC-ESI-
MS/MS. We should examine the phosphorylation sates$ compile a list of candidate kinases
to test, based on known protein kinase consenspgesees. The roles of candidate kinases in
regulating DGAT1 should then be assessed by sigstdid mutagenesis experiments.
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