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ABSTRACT

Diacylglycerol acyltransferase 1 (DGAT]1) is an integral membrane enzyme
catalyzing the final and committed step in acyl-CoA-dependent triacylglycerol (TAG)
biosynthesis. Previous metabolic control analysis showed that DGATT plays a
substantial role in modulating the flow of carbon into seed oil in Brassica napus. In B.
napus and many other organisms, DGAT] has been used as a biotechnological tool to
boost oil accumulation. Despite its key role in primary metabolism and biotechnological
importance, no detailed structure-function information is available on the enzyme. This
doctoral thesis aimed to shed light on the mechanism of action and regulation of DGAT1
by employing various techniques in molecular biology, and protein and lipid
biochemistry.

The first part of this dissertation involved the development of a purification
protocol for recombinant B. napus DGAT1 (BnaDGAT1) produced in Saccharomyces
cerevisiae. The optimized protocol included solubilization of membrane-bound
BnaDGATT1 in n-dodecyl-B-D-maltopyranoside micelles (DDM), cobalt affinity
chromatography, and size-exclusion chromatography. BnaDGAT1 was eluted mainly as
a dimer from the last chromatographic step. The purified enzyme was well-folded,
intact, and active and utilized acyl-CoAs which represent the major fatty acids in canola-
type B. napus seed oil.

In the second part of this dissertation, the hydrophilic N-terminal domain of
BnaDGAT]1 was identified as the enzyme’s regulatory domain that is not essential for
catalysis. This regulatory domain has an intrinsically disordered region (IDR) and a

folded segment. The IDR exhibited an autoinhibitory function and appeared to facilitate
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positive cooperativity through dimerization. The folded segment has an allosteric site for
acyl-CoA/CoA. Acyl-CoA, a substrate of the enzyme, was found to serve as a
homotropic allosteric activator. On the other hand, CoA was identified as a non-
competitive feedback inhibitor through interaction with the same allosteric site. The
three-dimensional solution structure of the allosteric site and the amino acid residues
interacting with CoA were elucidated, revealing details on this important regulatory
element for allosteric regulation.

In the third part of this dissertation, the purified enzyme in DDM micelles was
lipidated and subjected to detailed kinetic analysis. Purified and lipidated BnaDGAT1
exhibited hyperbolic and sigmoidal responses to increasing concentrations of 1, 2-
diacyl-sn-glycerol and acyl-CoA, respectively. Phosphatidate (PA) was identified as a
feedforward activator of BnaDGAT 1. The presence of PA may have facilitated the
transition of the enzyme into the more active state that is also desensitized to substrate
inhibition. PA may also relieve possible autoinhibition of BnaDGAT1 brought about by
the N-terminal region. Furthermore, BnaDGAT1 was found to be a substrate of the
sucrose non-fermenting kinase 1, which can phosphorylate the enzyme and convert it to
a less active form. Based on these findings, an enzyme model is proposed illustrating the

biochemical regulation of BnaDGAT1 through the aforementioned mechanisms.
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CHAPTER 1
Introduction

Triacylglycerol (TAG) is a lipid composed of three fatty acyl chains esterified to a
glycerol backbone. TAG serves as a reservoir of reduced carbon for energy supply,
membrane biogenesis, and cell signaling. In oleaginous plants, TAG is mainly deposited
in seeds where it is later mobilized to fuel germination and early seedling growth. Plant
TAG is highly enriched in vegetable oil which is an essential agricultural commodity
serving as a main source of dietary lipid for man. Over the past years, the global demand
for vegetable oil has been increasing rapidly due to the growing population and the
increased use of seed oil for food, feed and industrial applications such as biofuel
(Metzger and Bornsheuer, 2006; Durrett et al., 2008).

Oilseed rape (mostly Brassica napus), accounts for about 12% of global vegetable
oil production (Woodfield et al., 2015). Oilseed rape, which is low in erucic acid
(22:1A"*) and glucosinolates, was developed in Canada and is known as canola
(McVetty et al., 2016). Canola constitutes a multi-billion dollar industry in Canada.
Over the last several decades, the seed oil content of Canadian canola has been increased
incrementally through breeding (Rahman et al., 2013; Weselake et al., 2009). It is
estimated that a one percent absolute increase in canola seed oil content would add
$90M annually to the seed oil extraction and processing industry in Canada (Canola
Council of Canada). Within the last two decades, considerable research has been
conducted on increasing seed oil content in canola and other oil crops using metabolic

engineering (Weselake et al., 2009; Woodfield et al., 2015). In many cases, substantial



increases in seed oil content have been achieved by manipulating only one reaction in
storage lipid biosynthesis.

Considerable investigation has focused on diacylglycerol acyltransferases (DGAT;
EC 2.3.1.20), which catalyze the acyl-coenzyme A (CoA)-dependent acylation of 1,2-
diacyl-sn-glycerol (DAG) to produce TAG (Lung and Weselake, 2006; Liu et al., 2012).
DGATI1 and DGAT2 are membrane-bound isoenzymes that essentially share no
homology (Liu et al., 2012). The DGAT-catalyzed reaction was shown to substantially
influence the level of oil accumulation during seed maturation in B. napus (Weselake et
al., 2008; Taylor et al., 2009). In addition to increasing seed oil content, seed-specific
over-expression of DGATI in B. napus resulted in increased transcript production and
microsomal DGAT activity during seed development (Weselake et al., 2008; Taylor et
al., 2009).

Although DGAT activity has been studied for several decades using microsomes
prepared from various TAG-forming tissues, the mode of action and regulation of
DGAT enzymes remains poorly understood. In general, membrane-bound DGAT
enzymes have been recalcitrant to purification to homogeneity in active form due to their
hydrophobic nature and possible low abundance in natural tissue sources. Although
there are early reports on the solubilization and partial purification and characterization
of DGAT activity from mammalian and plant sources, these studies were likely based on
mixtures of different DGAT isoenzymes (e.g. Polokoff and Bell, 1980; Kwanyuen and
Wilson, 1986; Kwanyuen and Wilson, 1990; Andersson et al., 1994; Little et al., 1994;
Valencia-Turcotte and Rodriguez-Sotres, 2001). DGATI belongs to the membrane-

bound-O-acyltransferase family (Liu et al., 2012). The complementary DNA (cDNA)



encoding murine (Mus musculus) DGAT1 was first identified based on its limited
homology to the cDNA encoding acyl-CoA:cholesterol acyltransferase 1 (ACAT1)
(Cases et al., 1998). Closely following the cloning of the first mammalian DGAT1I, the
first plant DGATI genes were cloned and functionally characterized from Arabidopsis
thaliana (hereafter Arabidopsis), Nicotiana tabacum and B. napus (Hobbs et al., 1999,
Routaboul et al., 1999; Zou et al., 1999b, Bouvier-Navé et al., 2000; Nykiforuk et al.,
1999; 2002). Laridizabal et al. (2001) used various chromatographic procedures to
partially purify two forms of fungal (Mortierella ramanniana) DGAT2. This fungus is
now known as Umbelopsis ramanniana (Lardizabal et al., 2008). Two DGAT2
polypeptides were excised from SDS-PAGE gels based on the correlations of their
staining intensity with DGAT activity in the column fractions. The two polypeptides
were partially sequenced and used to develop non-degenerate DNA primers, which were
in turn used to clone the encoding cDNAs. Eventually, numerous cDNAs encoding
DGATI1 or DGAT2 were cloned from various sources using genetic methods and the
cDNAs were routinely expressed in recombinant protein-producing systems such as
yeast (Liu et al., 2012). Recently, Cao et al. (2011) described the partial purification of
recombinant tung tree (Vernicia fordii) DGATI in inactive form. In this case, a bacterial
expression system was used to produce the recombinant enzyme.

Since DGATT has been identified as a key enzyme influencing seed oil
accumulation in B. napus (Weselake et al., 2008), understanding the mode of catalysis
and regulation of this isoenzyme will provide important molecular insights on how seed
oil accumulation is controlled. Previously, the hydrophilic N-terminal domain of B.

napus DGAT1 was shown to self-associate and interact with acyl-CoA at a non-catalytic



site suggesting that the enzyme may have allosteric properties (Weselake et al., 2006). In
addition, Corylus americana and Zea mays DGAT 1s have recently been shown to
exhibit a sigmoidal response of activity to increasing concentrations of acyl-CoA
(Roesler et al., 2016). More in-depth structure-function information on B. napus DGATI
will provide a basis for developing biotechnological strategies to enhance DGAT1
activity and seed oil accumulation. Moreover, the information obtained for plant
DGAT1 may be applicable for understanding the mammalian homologue, which is
under intensive investigation as a potential drug target for treatment of lipid-related
metabolic disorders (Zammit et al., 2008). Brassica napus DGAT1 exhibited 34-35.2%
sequence identity with Mus musculus and Homo sapiens DGATI.

This doctoral dissertation involves the preparation of highly purified recombinant
BnaC.DGATI.a isoform (Genbank ID: IN224474; hereafter referred to as BnaDGAT1),
and the biochemical and biophysical characterization of the recombinant enzyme. The
project is based on the following hypotheses:

1. Endoplasmic reticulum-bound BnaDGAT]1 produced in Saccharomyces
cerevisiae can be solubilized and highly purified in active form.

2. Kinetic and structural analysis of BnaDGAT1 and truncations of the enzyme will
reveal that the N-terminal hydrophilic domain is involved in allosteric regulation
of the enzyme.

3. Lipidation of purified BnaDGAT1 with phosphatidylcholine (PC) can increase

the activity of the enzyme.



4. The effect of phosphatidate (PA) on the activity of purified and lipidated
BnaDGAT]1 will provide insight into how this Kennedy pathway intermediate
stimulates DGAT activity.

5. Purified BnaDGAT]1 can also be phosphorylated and subsequently down-
regulated through the catalytic action of sucrose non-fermenting-related kinase 1
(SnRK1).

Chapter 2 of this dissertation presents a Literature Review which covers plant
storage lipid biosynthesis, different types of enzyme regulation, purification and
reconstitution of eukaryotic membrane proteins, previous biochemical studies on DGAT
enzymes, and metabolic engineering approaches involving manipulation of the DGAT-
catalyzed reaction to increase the TAG content of biomass. Chapter 3 deals with the
solubilization and preparation of highly purified recombinant BnaDGAT]1 in active
form. In Chapter 4 it is shown that BnaDGAT1 is modulated by the enzyme’s
hydrophilic N-terminal domain in response to CoA/acyl-CoA levels. Other possible
modes of enzyme regulation are examined in Chapter 5. These include activation by
lipidation with PC, feedforward stimulation by PA, and phosphorylation catalyzed by
SnRK1 so as to down-regulate DGAT activity. Chapter 6 is a General Discussion, which
develops further perspective and suggests future directions. Lastly, the Appendices
include descriptions of relevant pilot studies on acyltransferase solubilization and other
investigations requiring additional research. The final Appendix describes my

contributions to other manuscripts and published papers.



CHAPTER 2
Literature Review
2.1. Glycerolipids, including triacylglycerol

Glycerolipids comprise a group of lipids having at least one acyl chain connected
to a glycerol backbone via an ether or ester linkage (Fig. 2.1). They are found in all cell
types in plants and provide important structural and functional roles. Neutral
glycerolipids include mono-, di- and triacylglycerols, which are mainly stored in fruits
and seeds, although they are also present in low amounts in vegetative organs such as
stems and leaves (Stymne and Stobart, 1987). Glyceroglycolipids are derivatives
containing carbohydrate moiety such as monogalactosyl diacylglycerol, digalactosyl
diacylglycerol and sulfoglucolipids. Polar glycerolipids include phospholipids such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine and
betaine lipids. Glyceroglycolipids and polar glycerolipids are important components of
the membrane bilayer (Browse and Somerville, 1991).

Triacylglycerol (TAG) is composed of three fatty acyl chains esterified onto a
glycerol backbone. The three positions in the glycerol backbone are not equivalent and
are distinguished by a stereospecific numbering (s#) system. The carbon atoms in an L-
glycerol in the Fischer projection are designated as sn-1, sn-2, and sn-3 from top to
bottom. TAG serves as an important source of energy having highly reduced acyl chains,
which contain twice the energy density of carbohydrates and proteins and can be stored
in compact form, free from water. In plants, TAGs are mainly stored in seeds and are
later mobilized to provide the energy needed for germination and seedling growth.

During germination and seedling development, TAG provides fatty acids for energy



production and formation of carbohydrates. TAG is also important for fully-grown
plants for normal growth and development. In addition, TAG can also provide
precursors for the biosynthesis membrane lipids and signaling lipids. Lastly, TAG is
important in maintaining lipid homeostasis as it serves as neutralized form of fatty acids,
which can have cytotoxic properties when present in high amounts (Fan et al., 2013; Fan
etal., 2014).

Plant TAGs are important sources of dietary oil and feedstock for various
industrial applications. Over the past several years, the global demand for vegetable oil
has been increasing due to the ballooning population. In addition, plant TAG has been
increasingly used for other non-food applications such as the production of biodiesel or
fatty acid methyl ester, biolubricants, and biopolymers (Metzger and Bornsheuer, 2006;
Durrett et al., 2008). The major sources of vegetable oil include palm (Elaeis
guineensis), coconut (Cocos nucifera), canola (mostly Brassica napus), soybean
(Glycine max) and sunflower (Helianthus annuus). In Canada, canola is the main oil
crop that contributes about $26 billion to the economy (Canada Council of Canada,
2017). Due to the importance of TAG in the food, biofuel and bioproduct industries,
plant TAG biosynthesis has been intensively studied over past several decades using
various oleaginous crops. In addition, research efforts have been directed to understand
the biochemistry of mammalian TAG metabolism, which also received considerable
attention since this pathway is associated with various lipid-related diseases such as

obesity and diabetes (Liu et al., 2012).



Monogalactosyldlacylglycerol

*NMM

Di galactosyldlacyl glycerol

e sy

T 7%

Ollu

o Sulfoquinovosyl dlacylglycerol
\/
Nr—
M \P/Or
o\
Phosphatidylcholine

o

AR

*HN

-
o
N\
3 (o]
Phosphatidylethanolamine /\<H\

\
N\
X o
Phosphatidic acid /\<H\

\/\/\/\/\/\/\/\)j\ /\2 Triacylglycerol

Ol

/\/\/\/\/\/\/\/\/\I(

(0]

Figure 2.1. Structures of major glycerolipids in plants.



2.2. Plant fatty acid and triacyglycerol biosynthesis
2.2.1. Overview

The formation of storage lipid in oleaginous plants involves two major phases,
specifically fatty acid biosynthesis and TAG assembly (Ohlrogge and Jaworski, 1997;
Chapman and Ohlrogge, 2012; Chen et al., 2015). In fatty acid biosynthesis, sugars
produced through photosynthesis are reduced into acyl chains, which are composed of
hydrocarbons. This phase begins through the breakdown of sugars via glycolysis, which
converts glucose into pyruvate. Pyruvate is converted into acetyl-Coenzyme A (CoA) by
the plastidial pyruvate dehydrogenase (PDH) complex. Acetyl-CoA is then converted
into acyl chains by the concerted action of the plastidial acetyl-CoA carboxylase
(ACCase) and fatty acid synthase (FAS). The acyl chain can extend up to 16 or 18
carbons, which can undergo monounsaturation. After synthesis, acyl chains are released
and transported out of the plastid and converted into acyl-CoA. In the acyl-CoA-
dependent TAG assembly, three acyl chains from acyl-CoA are transferred onto a
glycerol backbone. On the other hand, acyl-CoA-independent pathway forms TAG using
acyl donors that do not have a thioester moeity such as PC. In seed oils enriched in
polyunsaturated fatty acids (PUFAs) or unusual fatty acids, such as hydroxy fatty acids,
monounsaturated fatty acids can undergo further desaturation or modification at the level
of PC. Various acyl-editing processes facilitate the movement of modified acyl chains in
PC into TAG.
2.2.2. Fatty acid biosynthesis

Fatty acids are produced in all plant cells and are used for a variety of biochemical

reactions. The rate of fatty acid biosynthesis varies depending on factors such as the type



of plant cell, developmental stage, time of the day, and growth rate (Ohlrogge and
Jaworski, 1997). In plants, fatty acids are synthesized in a separate organelle called
plastids, in contrast to other organisms whereby the site of fatty acid biosynthesis is in
the cytosol. Some fatty acids produced in the plastids are retained for the production of
lipids within this organelle, in a process known as the prokaryotic pathway. Most fatty
acids, however, are exported to the ER and other sites for glycerolipid assembly, which
is a process referred to as the eukaryotic pathway (Roughan and Slack, 1982). Some
glycerolipids produced in the eukaryotic pathway are transported back to the plastids
(Browse et al., 1986).
2.2.2.1. Acetyl-CoA carboxylase

The first enzyme in fatty acid biosynthesis is ACCase, which converts and
activates acetyl-CoA into malonyl-CoA. Malonyl-CoA serves as a two-carbon donor for
the fatty acid synthase (FAS), which synthesizes the fatty acyl chain through a series of
repetitive reactions. ACCase has four components namely biotin carboxylase (BC),
biotin carboxyl carrier protein (BCCP), and a- and B-carboxyltransferases (CTs).
ACCase exists in two forms that differ in their structure namely homomeric ACCase and
heteromeric ACCase. Homomeric ACCase is composed of one large polypeptide (> 200
kDa) that folds to form different functional domains/subunits. This form is localized in
the cytosol and is the predominant enzyme form for fatty acid biosynthesis in the cytosol
of animals, fungi, and plastids of grasses. Homomeric ACCase is also present in the
cytosol of plants and is involved in providing malonyl-CoA for fatty acid elongation,
polyketide biosynthesis, and other specialized reactions (Fatland et al., 2005). On the

other hand, heteromeric ACCase (htACCase) is an enzyme composed of four individual
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proteins that can easily be dissociated (Alban et al., 1994) and is found in prokaryotes,
algae, and plants (Huerlimann and Heimann, 2012). In plants, htACCase catalyzes the
formation of malonyl-CoA for de novo fatty acid biosynthesis in the plastid.

The structural organization of the whole heteromeric ACCase is not yet fully
understood although previous evidence suggests that it is composed of two different
subcomplexes. The first subcomplex is composed of BC and BCCP. The crystal
structures of each Escherichia coli ACCase subcomplex were previously determined.
The E. coil BC-BCCP crystal structure showed a 1:1 stoichiometric ratio composed of
two BC dimers and four BCCP monomers (Broussard et al., 2013). An earlier
proteomics study, however, suggested that BC and BCCP, are present at 1:2 ratio (Lu et
al., 2007 and Ishihama et al., 2008). Both findings indicate the presence of four active
sites or biotinyl sites per BC-BCCP subcomplex. The other subcomplex is composed of
the 2 a-CT and 2 B-CTs, as revealed in the crystal structure of the E. coli subcomplex
(Bilder et al., 2006). The a-CT binds carboxybiotin while the B-CT binds acetyl-CoA,
and the combination of these two components contributes to form one active site of the
enzyme.

The regulation of ACCase has been intensively studied to reveal a myriad of
regulatory mechanisms. Rat (Rattus norvegicus) and yeast (Saccharomyces cerevisiae)
ACCases are feedback inhibited by palmitoyl-CoA, a final product in fatty acid
biosynthesis (Ogiwaraet al., 1978). The gene expression level of yeast ACCase is also
regulated in response to acyl-CoA concentration (Feddersen et al., 2007). In E. coli,
ACCase is inhibited by acyl-ACP having 16-18 carbons (Davis and Cronan, 2001; Heath

and Rock, 1995) and its gene expression is also modulated by long-chain acyl-ACP or
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acyl-CoA (Zhang and Rock, 2009). In plants, the formation of malonyl-CoA and fatty
acids is regulated by light (Nakamura and Yamada, 1979). This observation was later
linked to the inhibition of ACCase by adenosine diphosphate (Eastwell and Stumpf,
1983) and the significant effect of various factors including pH, Mg and adenosine
triphosphate (ATP) on ACCase activity (Nikolau and Hawke, 1983). A study on
plastidial ACCase in B. napus microspore-derived cell suspension cultures reported that
the plant enzyme is feedback inhibited by oleoyl-ACP (Andre et al., 2012). Plant
htACCase is also negatively regulated by a homotrimeric PII protein, which acts as a
sensor of various metabolites such as 2-oxoglutarate, pyruvate and ATP:ADP ratio
(Feria Bourrellier et al., 2010). Plant htACCase is also inhibited by a newly identified
family of proteins called biotin/lipoyl attachment domain containing proteins (Salie et
al., 2016).
2.2.2.2. Fatty acid synthase

The product of the ACCase-catalyzed reaction is malonyl-CoA, which is
subsequently used by the FAS complex as a 2-carbon donor to the growing acyl chain.
FAS is composed of different subunits specifically B-ketoacyl-ACP synthase, 3-
ketoacyl-ACP reductase, B-hydroxyacyl dehydratase and enoyl-ACP reductase. Similar
to E. coli, three B-ketoacyl-ACP synthases (KAS I-III) operate in the plastids. The first
condensation reaction is carried out by KAS III, which uses acetyl-CoA and malonyl-
ACP to form butyryl-ACP. The following series of condensation reactions is catalyzed
by KAS I, which produces palmitoyl-ACP. Finally, the conversion of palmitoyl-ACP to
stearoyl-ACP is catalyzed by KAS II (Jaworski et al., 1993; Tasy et al., 1992; Chen et

al., 2015). The FAS-catalyzed reaction continues until either palmitoyl- and stearoyl-
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ACPs are formed. Another plastidial enzyme, stearoyl-ACP desaturase, can catalyze the
introduction of a cis double bond at position 9 of stearoyl-ACP forming oleoyl-ACP.
Finally, the FAS reaction is terminated by two types of thioesterases, one of which
prefers oleoyl-ACP [fatty acyl-ACP thioesterase A (FATA)] while the other one, FATB,
prefers saturated acyl-ACPs (D6rmann et al., 1995 and Jones et al., 1995).

Although important in fatty acid biosynthesis, the over-production of individual
components of the FAS complex including ACP, KAS III, KASI, FATA and FATB did
not result in a change in the oil content of oil crops (Kinney, 1994). In addition,
reduction (up to 50%) of BC and stearoyl-ACP desaturases through antisense gene
expression did not affect seed oil content (Shintani et al., 1996 and Knutzon et al.,
1992). These results suggest that the reactions catalyzed by FAS complex do not
represent regulatory steps in seed oil accumulation, mainly because the components of
the FAS are likely abundant in the cell (Ohlrogge and Jaworski, 1997).
2.2.2.3. Fatty acid export from the plastid and re-esterification

After synthesis, the acyl-ACPs are hydrolyzed releasing fatty acids, which are then
transported out of the plastid by the fatty acid export 1 (Li et al., 2015). Fatty acid export
1 is localized in the inner plastidial membrane and is involved in transporting fatty acids
into the intermembrane space. The free fatty acids are converted back into acyl-CoA just
outside the plastids by the catalytic action of long chain acyl-CoA synthetases. Long
chain acyl-CoA synthetases are bound to the cytosolic region of the plastid outer
membrane (Andrews and Keegstra, 1983; Schnurr et al., 2002). In the ER, acyl-CoAs

can be transported into the lumen by an ABC transporter (Kim et al., 2013).
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2.2.3. The first three reactions of the Kennedy pathway
2.2.3.1. sn-Glycerol-3-phosphate acyltransferase

The Kennedy pathway (Weiss and Kennedy, 1956) leading to TAG and its
association with membrane metabolism and acyl editing is shown in Figure 2.2. The
first reaction in the Kennedy pathway is catalyzed by membrane-bound sn-glycerol-3-
phosphate acyltransferase (GPAT). This enzyme catalyzes the addition of an acyl chain
from acyl-CoA to sn-glycerol-3-phosphate (G3P) to form lysophosphatidate (LPA).
Plastidial and soluble forms of GPAT use acyl-ACP as a substrate in the Kornberg-
Pricer pathway (Kornberg and Pricer, 1953; Chen et al., 2011). On the other hand, sn-
glycerol-3-phosphate (G3P) used in the Kennedy pathway, is formed from dihydroxy
acetone phosphate via the catalytic action of sn-glycerol-3-phosphate dehydrogenase
(Weselake et al., 2009). In Arabidopsis, 10 GPAT homologues have been identified and
AtGPATI to 8 were found to be uninvolved in the Kennedy pathway (Chen et al., 2011).
Rather, these AtGPAT isoforms represent a family of enzymes in land-plants that are
needed for the biosynthesis of cutin and suberin (Beisson et al., 2007; Li et al., 2007,
Shockey et al., 2015). AtGPAT9, on the other hand, was recently identified to be
involved in production of LPA for use in the biosynthesis of membrane lipids and TAG
(Shockey et al., 2015 and Singer et al., 2016).
2.2.3.2. Lysophosphatidate acyltransferase

The next acylation reaction is catalyzed by membrane-bound lysophosphatidate
acyltransferase (LPAAT), which transfers an acyl chain from acyl-CoA to LPA forming
phosphatidate (PA) (Fig. 2.2). In the Kornberg-Pricer pathway in the plastid, LPAAT

activity utilizes acyl-ACP as the acyl donor (Chen et al., 2011). In certain oilseeds, ER
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LPAAT exhibits substrate preference for specific fatty acids. Coconut LPAAT catalyzes
the preferential addition of a lauryl chain (12:0) to the sn-2 position of the glycerol
backbone (Knutzon et al., 1999). In addition, LPAATS from B. napus and flax (Linum

usitassimum) prefer oleoyl and a-linoleoyl (18:2A%'%*

) acyl chains, respectively
(Bourgis et al., 1999; Sorensen et al., 2005). Other plants producing unusual fatty acids
have also been found to have LPAATSs with high preferences for those fatty acids.
LPAATS normally exhibit preference for unsaturated fatty acids allowing the enzyme to
also play a key role in PC biosynthesis. The sn-2 position of PC is a site for further
action of ER desaturases in the formation of PUFAs.
2.2.3.3. Phosphatidic acid phosphatase

Phosphatidic acid phosphatase (PAP) catalyzes the removal of the 3’-phosphate
group from PA forming 1,2-diacyl-sn-glycerol (DAG) (Fig. 2.2). PAP homologues from
Arabidopsis and B. napus were characterized in PAP-deficient yeast (Mietkewska et al.,
2011). The enzyme was localized in the cytosol as well as in the nucleus upon
supplementation of oleic acid. A plastidial form of PAP also catalyzes DAG formation
(Chen et al., 2015). A double-knockout of the two Arabidopsis PAP genes led to ER
proliferation and increased PC content (Eastmond et al., 2010). Mammalian and yeast
PAP, also referred to as lipins, appear to modulate the flow of substrates between
membrane lipids and TAG (Reue and Dwyer, 2009 and Carman and Han, 2009).
Correspondingly, mammalian, yeast and plant PAP are found to regulate the
biosynthesis of membrane lipids. A recent study in Arabidopsis showed that PAP

modulates the level of PA, which activates CTP:phosphocholine cytidyltransferase

(CCT), a key regulatory enzyme in PC biosynthesis (Craddock et al., 2015).
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membrane, long chain acyl-CoA synthetase (LACS) esterifies fatty acid into acyl-CoA,
which eventually goes to the cytosolic acyl-CoA pool. In the acyl-CoA-dependent TAG
biosynthesis, TAG is formed through the action of diacylglycerol acyltransferase
(DGAT), which uses acyl-CoA to acylate 1,2-diacyl-sn-glycerol (DAG) forming TAG.
DAG can arise either de novo from sn-glycerol-3-phosphate (G3P) or from the
phosphatidylcholine pool (PC pool). In the acyl-CoA-independent TAG biosynthesis,
phospholipid:diacylglycerol acyltransferase (PDAT) can transfer an acyl chain from the
sn-2 of PC to DAG forming TAG and lysophosphatidylcholine (LPC). PC can be
formed from DAG through the action of choline phosphotransferase (CPT). In PC, the
sn-2 acyl chains can be further desaturated by fatty acid desaturases (FAD2 and FAD3).
The acyl-CoA pool can be enriched in polyunsaturated fatty acids (PUFA) through acyl
editing, where the modified acyl chains in PC are exchanged with the acyl-CoA pool.
Acyl-editing can be facilitated by LPCAT and by the combined action of phospholipase
A (PLA) and LACS. Headgroup exchange can also channel DAG backbone with PUFA
from PC by phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT),
phospholipase C (PLC) and phospholipase D (PLD). Other abbreviations: FA, acyl
chain; GPAT, sn-glycerol-3-phosphate acyltransferase; LPA, lysophosphatidate;
LPAAT, lysophosphatidate acyltransferase; MUFA, monounsaturated fatty acids; PA,
phosphatidate; PAP, phosphatidic acid phosphatase; PoC, phosphocholine. This figure is

adapted from the AOCS Lipid Library® website.

17



2.2.4. Diacylglycerol acyltransferase

Diacylglycerol acyltransferases (DGATSs) catalyze the final and committed step in
the acyl-CoA-dependent biosynthesis of TAG biosynthesis via the Kennedy pathway
(Fig. 2.2). These enzymes catalyze the addition of an acyl chain from acyl-CoA onto
DAG to form TAG. To date, three non-homologous DGAT gene families have been
identified and characterized. The first two gene families, DGAT1 and DGAT?2, are
embedded in the membrane lipid bilayer. The third gene family, DGATS3, is a soluble
enzyme with DGAT activity (Lung and Weselake, 2006; Liu et al., 2012). Since DGAT
is the main topic of this thesis, considerably more background information is provided
for this enzyme than the other enzyme involved in TAG assembly.

Cases and colleagues (1998) reported the first DGAT cDNA, which was isolated
from murine expressed sequence tag based on sequence similarity with cDNA encoding
another acyltransferase, acyl-CoA:cholesterol acyltransferase 1 (ACAT1). Plant
DGATI1 cDNAs were subsequently cloned from Arabidopsis (Hobbs et al. 1999; Zou et
al., 1999b; Routaboul et al., 1999) and tobacco (N. tabacum) (Bouvier-Navé et al.,
2000). The phenotype of DGAT1 was first observed in Arabidopsis mutant, AS11,
derived from plants treated with a chemical mutagen, ethyl methane sulfonate (Katavic
etal., 1995). ASI11 exhibited reduced TAG content in seeds leading to abnormally low
TAG to DAG ratio. On the other hand, the study reported normal values for the ratio of
DAG: LPA + PA, suggesting the inability of the mutant to convert DAG into TAG. This
phenotype was later associated with an insertion in the DGAT1 gene of AS11, thereby
inactivating the enzyme (Zou et al., 1999b). The aforementioned study also noted that

despite the inactivation of DGAT1, DGAT activity could still be detected suggesting the
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existence of other enzymes with similar activity. This hypothesis was in agreement with
studies involving DGAT1 knockout mice (Smith et al., 2000). Later studies led to the
identification of the other DGAT gene families. To date, many DGAT1 genes have been
isolated and characterized from animal, plants and fungi (Turchetto-Zolet et al., 2011).
The second DGAT gene family, DGAT2, was first isolated, via protein purification
approach, from the fungus U. ramanniana (Lardizabal et al., 2001). During partial
purification of DGAT2 from U. ramanniana, a certain polypeptide observed during
SDS-PAGE appeared to reflect DGAT activity in column fractions based on the relative
intensity of the band. The polypeptide was excised from the gel, partially sequenced and
the information used to develop degenerative primers for cloning the DGAT?2 gene. The
study also reported the identification of homologous genes in Caenorhabditis elegans
and S. cerevisiae. Subsequent studies identified DGAT2 genes in humans (Homo
sapiens) and mouse (Cases et al., 2001). Plant DGAT2 from plant species, tung tree
(Vernicia fordii) and castor (Ricinus communis), was then identified and partially
characterized (Shockey et al., 2006; Burgal et al., 2008). For several years, the function
of DGAT?2 in plants had been questionable, as deletion of the encoding gene in
Arabidopsis did not affect seed oil content and a similar result was observed when
DGAT?2 was knocked-out in AS11 lines (Zhang et al., 2009a). In addition, the expression
of plant DGAT?2 in yeast H1246 was not able to rescue TAG biosynthesis (Zhang et 1.,
2009 and Weselake et al., 2009). Transient expression of Arabidopsis DGAT2 in
tobacco (Nicotiana benthamiana) leaf, however, resulted to increased oil content (Zhou

et al., 2013), and expression of codon-optimized AtDGAT?2 in yeast H1246 restored
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TAG biosynthesis (Ayme et al., 2014). The latter study showed that the inability of yeast
to produce plant DGAT2 might be due to differences in codon preferences.

The third DGAT gene family, DGAT3, encodes a soluble enzyme localized in the
cytosol. The first member of this family was isolated in Arachis hypogea through protein
purification and gene isolation using degenerate primers based on initial amino acid
sequence (Saha et al., 2006). Subsequent study in Arabidopsis led to the identification of
a DGAT3 homologue, which was found to be involved in recycling 18:2 and 18:3 (a-
linolenic acid; 18:3A%*"12¢:15¢%) fatty acids when TAG mobilization is halted
(Hernandez et al., 2012).

In addition to the aforementioned DGAT gene families, other enzymes were found
to be exhibit DGAT activity. One example is the bifunctional wax synthase/DGAT,
which was first isolated in Acinetobacter (Kalscheuer and Steinbuchel, 2003; Stoveken
et al., 2005) and was also later characterized in Arabidopsis (Li et al., 2008). This
enzyme predominantly catalyzes the formation of wax esters. Defective cuticle ridge is
another soluble enzyme with DGAT activity, although it was reported to be mainly
involved in cutin biosynthesis (Rani et al., 2010; Panikashvili et al., 2009). Another
enzyme with putative DGAT activity is acyl-coenzyme A:monoacylglycerol
acyltransferase 3, belonging to the a gene family which encode enzymes that catalyze
the formation of DAG from MAG and acyl-CoA (Cao et al., 2007). These enzymes,
however, are only present in animals and not in plants and are mainly associated with
dietary fat absorption in the intestine. An unusual Euonymus alatus DGAT was also
found to utilize acetyl-CoA rather than oleoyl-CoA as acyl donor to form 3-acetyl-1,2-

diacyl-sn-glycerol, which has lower viscosity than normal oil (Durrett et al., 2010).
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One major way of regulating enzyme activity is by controlling the spatial and
temporal gene expression, and this can vary greatly depending on the organism. In
mammals, DGATI mRNA is highly expressed in the small intestine, liver, adipose
tissue, and mammary gland, which all produce substantial amounts of TAG (Yen et al.,
2008). In humans, the highest DGATI expression is found in small intestine, testis and
adipose tissues (Cases et al., 1998). Most tissues producing TAG were also found to
express DGAT?2, with the liver, adipose tissues and mammary gland producing the
highest amounts in humans (Cases et al., 2001).

In Arabidopsis, DGATI is expressed in leaves, roots, flowers, siliques,
germinating seeds and seedlings (Zou et al., 1999b). Subsequent studies found that the
highest expression is found in embryos at the cotyledonary stage (Hobbs et al., 1999; Lu
et al., 2003). The expression level in the embryo was further shown to be dynamic,
which increases continuously until late developmental stage and plummets at a late
maturation stage (Li et al., 2010b). The latter study further found that the embryo
expression level of Arabidopsis DGAT?2 increases during its development but at much
lower level relative to DGAT1I, but higher than the levels in roots, stems and leaves. The
gene expression level of each DGAT gene family can differ depending on the species.
For oilseeds, in general, DGATI or DGAT2 expression tends to correlate with the rate of
oil accumulation during seed development, with DGAT1 transcript being consistently
present (Liu et al., 2012). In Arabidopsis and soybean, DGAT?2 seems to have low
expression level compared to DGAT1, which seems to encode the major DGAT

facilitating oil deposition (Li et al., 2010b). A different scenario is observed in tung tree
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and castor, wherein DGAT?2 transcripts in developing seeds are present at higher levels
than DGATI (Kroon et al., 2006; Shockey et al., 2006).

Peanut DGAT3 is predominantly expressed in seeds at early stages of development
(8 to 24 days after flowering), and the level decreases at late stages (Saha et al., 2006). A
more recent study reported that peanut DGAT3 has three isoforms and 4hDGAT3-3 is
expressed in other plant tissues, with highest expression in leaf and flowers (Chi et al.,
2014). Arabidopsis defective cuticle ridge is expressed in various tissues such as roots,
cotyledons, stems, leaves, pollen grains and seeds (Panikashvili et al., 2009).

DGAT]1 belongs to a superfamily of membrane-bound O-acyltransferases
(MBOAT), which are polytopic membrane enzymes catalyzing the transfer of acyl
group from acyl-CoA onto a hydroxyl or thiol functional group of lipids and proteins
(Hofmann, 2000). MBOATS are predicted to have a pair of conserved histidine and
asparagine/aspartic acid serving as active site residues (Chang et al., 2011). Human
MBOATS can be grouped based on the acyl acceptor molecule. The first subgroup
acylates the hydroxyl group of cholesterol or DAG and includes ACAT1, ACAT2 and
DGATI. The second group acylates a residue of a protein or peptide, which includes
porcupine, sonic hedgehog, ghrelin and yeast Gup1. The third group acylates
phospholipids such as GUP1 and the lysophopholipid acyltransferases (Chang et al.,
2011).

ACAT, which transfers an acyl group from acyl-CoA to cholesterol, was the first
MBOAT member discovered through kinetic analysis of rat liver lysate (Mukherjee et
al., 1958). The ACATI gene was identified in 1993 through expression in Chinese

hamster cell devoid of ACAT activity (Chang et al., 1993). Based on ACAT1 sequence,
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ACAT2 and DGAT1 genes were subsequently isolated and characterized (Yu et al., 1996;
Cases et al., 1998). ACAT]1 is about 20% identical to DGATI and is the most well
studied MBOAT member. It is found in most mammalian cells but not in plants. ACATI
is a tetrameric enzyme having 9 transmembrane segments (Chang et al., 1998). The 7"
transmembrane segment has the active site histidine while the active site asparagine is
localized within a cytosolic loop. Furthermore, the acyl acceptor of ACAT1, cholesterol,
is an allosteric activator of the enzyme (Liu et al., 2005).
2.2.5. Acyl-CoA-independent TAG biosynthesis and acyl-editing

The Kennedy pathway provides a straightforward route towards the formation of
TAG using acyl-CoAs and G3P. In many species, however, TAG assembly is intricately
associated with membrane metabolism (Fig. 2.2). Phospholipid:diacylglycerol
acyltransferase (PDAT) catalyzes the transfer of an acyl chain from the sn-2 position of
PC to DAG forming TAG (Dahlqvist et al., 2000) (Fig. 2.2). In Arabidopsis, six PDAT
gene homologues were identified but only one gene (PDATI) seems to be mainly
responsible for the detected PDAT activity (Stahl et al., 2004). When PDATI was
knocked out, the amount of TAG accumulation was not significantly affected suggesting
that acyl-CoA-dependent TAG synthesis can compensate for the loss of PDAT activity
(Stahl et al., 2004 and Mhaske et al., 2005). The importance of this enzyme was realized
when PDATI was knocked out in a plant with inactivated DGAT1, which resulted to up
to 80% reduction in TAG content and abnormal seed and pollen development (Zhang et
al., 2009a). Furthermore, PDAT appears to be a key player in channeling fatty acids
modified on PC (especially PUFAs) into TAG (Kim et al., 2011; van Erp et al., 2011;

Pan et al., 2013).
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Phosphatidylcholine:diacylglycerol cholinephosphotransferase (PDCT) is another
enzyme that channels PUFAs or other PC-modified fatty acids into TAG (Fig. 2.2).
Arabidopsis harboring inactivated PDCT did not exhibit any change in total TAG
content but the level of PUFAs was reduced by 40% (Lu et al., 2009). PDCT transfers a
phosphocholine headgroup from PC to the sn-3 position of DAG (Lu et al., 2009). This
enzyme regulates the fatty acid composition by favoring the conversion of 18:1-
containing DAG to PC, which is the substrate for further desaturation. DAG is a
common intermediate in PC and TAG biosynthesis. Recently, Wickaramarthna et al.
(2015 ) reported that flax PDCT may be involved in channeling 18:3 from PC into seed
TAG.

CPT is another enzyme which catalyzes the conversion of DAG to PC (Fig. 2.2).
The CPT-catalyzed reaction uses the phosphocholine derived from CDP-choline
resulting in the formation of PC and CMP (Chen et al., 2015). An earlier study with
developing flax seed cotyledons demonstrated the possible reversibility of the CPT-
catalyzed reaction in vivo (Slack et al., 1983) but it should be noted that the reaction is
thermodynamically unfavorable in the direction of DAG and CDP-choline formation
(Chen et al., 2015).

The occurrence of two separate DAG pools was previously suggested by
radiolabeling experiments (Bates et al., 2007; Bates et al., 2009). Newly formed fatty
acids (often highly enriched in 18:1) are transported out of the plastids and converted to
acyl-CoA that are utilized by GPAT and LPAAT of the Kennedy pathway to form a
DAG pool enriched in 18:1. DAG enriched in 18:1 is then channeled into PC for further

desaturation and acyl editing. PDCT then catalyzes the conversion of PUFA-enriched
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PC into a second pool of PUFA-enriched DAG, which is now available for the Kennedy
pathway to facilitate production of PUFA-enriched TAG (Bates et al., 2009).

Acyl editing mainly occurs in PC, which is the substrate for ER-bound
desaturases. Various reactions can exchange acyl groups involving PC molecules. The
main key players in these acyl exchanges are lysophosphatidylcholine acyltransferase
(LPCAT) and phospholipase A,. The forward reaction of LPCAT involves the transfer
of acyl chain from acyl-CoA to lysophophatidylcholine (LPC) forming PC (Fig. 2.2).
The reverse reaction, which is thermodynamically unfavorable, involves the release of
acyl-CoA from PC though addition of CoA (Pan et al., 2015). Originally, it was
proposed that PUFA chains on PUFA-enriched PC may be exchanged with new acyl-
CoAs through the joint forward and reverse reactions of LPCAT (Stymne and Stobart,
1984). Recently, coupling of the flax LPCAT-catalyzed reverse reaction to the flax
DGAT-catalyzed forward reaction was shown to represent a possible route for
channeling PUFA into TAG (Pan et al., 2015). Utilization of PUFA-CoA by the DGAT-
catalyzed reaction helped to drive the LPCAT-catalyzed reaction in reverse. In addition,
the LPCAT-catalyzed reactions may differ in substrate preference for forward and
reverse-catalyzed reactions (Lager et al., 2013).

Phospholipase A, can also release modified acyl chains from the sn-2 position of
PC (Bayon et al., 2015) and the released modified fatty acid, can be converted to acyl-
CoA through the catalytic action of long chain acyl-CoA synthetases (Fig. 2.2).
Resulting lysophosphatidylcholine (LPC) can be reconverted to PC in the Land’s cycle
via LPCAT action (Lands, 1960; Wang et al., 2012). DAG with PUFA can also be

released from PC through the action of phospholipases C and D and subsequently by
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PAP. These PC-derived DAGs also provide as way for enriching TAG formation with
PUFA (Bates et al., 2012).
2.2.6. Phosphatidylcholine biosynthesis

TAG accumulation is accompanied by PC biosynthesis in order to package the
highly hydrophobic TAG molecules into oil bodies. Previously, it was proposed that
TAG droplets formed in the outer leaflet of the ER pinch off from the ER surrounded by
a monolayer of phospholipids (mainly PC) to form oil bodies (Huang, 1996). TAG
biosynthesis and PC biosynthesis via the nucleotide route share common Kennedy
pathway intermediates, branching out from DAG. In addition to DGAT, DAG can also
be used by CPT, which adds a phosphocholine moiety from CDP-choline to DAG
forming PC (Gibellini and Smith, 2010). The CDP-choline utilized by the CPT-
catalyzed reaction is provided through the catalytic action of a key regulatory enzyme
named CCT. CCT transfers phosphocholine produced by the choline kinase to CTP
forming CDP-choline. PC can also be produced through the action of
phosphatidylethanolamine N-methyltransferase, which transfers methyl groups from S-
adenosylmethionine to PE forming PC (Vance et al., 2007).
2.2.7. Oil body formation

As indicated above, TAGs produced in the ER are package into organelles called
lipid/oil bodies, which have a core of TAG molecules surrounded by one layer of
phospholipids (Huang, 1996). Two models have been proposed for the formation of lipid
bodies depending on the site of origin (Chapman et al., 2012). In both models, TAGs
accumulate between the two leaflets of the ER. In seeds, the other phospholipid layer is

coated and stabilized from coalescence by oleosins, which are small proteins having a
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internal proline knot inserted into the lipid body and cytoplasmic N- and C-termini
(Murphy, 1993 and Huang, 1992). Caleosin is another protein stabilizer associated with
the lipid body that has a similar topology as oleosin having a hydrophobic centre
containing a proline knot inserted into lipid body (Chen et al., 1999). The N- and C-
terminal regions of caleosins are larger compared to oleosins, which have a helix-loop-
helix EF motif binding calcium and a phosphorylation region, respectively. Aside from
its structural importance in lipid bodies, caleosins also act as peroxygenases, which
catalyze the formation of epoxy fatty acids by oxidizing unsaturated fatty acids (Hanano
et al., 2006). This process is associated with the production of oxylipins, which are
important in stress responses and immunity in plants (Mosblech et al., 2009).
Stereoleosin is another protein associated with lipid bodies (Lin et al., 2002). Unlike
oleosins and caleosins, stereoleosins only have a hydrophobic N-terminal region
embedded in the lipid body and no proline knot motif. Stereoleosins have a cytosolic C-
terminal region with a hydroxysteroid dehydrogenase domain that may be involved in
brassinosteroid metabolism. Furthermore, other lipid-droplet associated proteins have
been identified and found to be important for lipid body maintenance and regulation
(Gidda et al., 2016). Recently, it was shown that TAG surrounded by PC buds off from
the ER to form oil bodies through the assistance of molecules called SEIPINs, which are

oil body machineries governing the size and quantities of oil bodies (Cai et al., 2015).
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2.3. Biochemical regulation of metabolic enzymes

The regulation of enzyme activity can occur at different points from transcription
to post-translation. Transcriptional regulation is mainly determined by cis-regulatory
elements present in the gene sequence and trans-acting regulatory proteins such as
transcription factors. Another important, direct and interesting mode of regulation occurs
after the protein has been translated, and this includes allosteric regulation and covalent
addition of various functional groups and moieties including phosphate, ubiquitin,
SUMO and glycosyl group.
2.3.1. Allosteric regulation of enzymes

One major way by which an enzyme’s activity is regulated is through allosteric
regulation. This mode of regulation operates through the binding of a small molecule or
biomolecule to a site other than the active site (referred to as an allosteric site). The
binding at the allosteric site transmits a signal to other parts of the enzyme influencing
the enzyme activity. Two models were proposed to illustrate allostery. Both models
assume that multi-subunit enzymes can exist either in the tensed state or the relaxed
state. The relaxed state is more responsive to ligand binding and corresponds to the more
active state. The first model is called Monod, Wyman and Chaneux/MWC, concerted or
symmetry model, and is based on the assumption that all subunits in a functional protein
exist in the same state (Monod et al., 1965). In addition, the binding of ligand in one
subunit favors the shift to the relaxed state, which is transmitted to the other subunits.
Hemoglobin, which is a tetrameric enzyme having one oxygen-binding site per subunit,
has been shown to follow this model (Eaton et al., 1999). The other model is known as

Koshland, Nemethy and Filmer/KNF or sequential model, and is based on the
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assumption that the subunits do not have to be in the same conformation at the same
time (Koshland et al., 1966). Ligand binding occurs through induced fit, which
facilitates the shift from the tense to the relaxed state. The other subunit may become
more responsive to ligand, without a complete shift into the relaxed state. In recent
years, these models have been re-evaluated to provide a combination of both models and
accounting for conformational selection (Freiburger et al., 2014).

An allosteric effector may be a substrate, small molecule, or regulatory protein that
can increase or decrease a protein’s activity by binding to a site other than the active site.
The binding of allosteric effector can bring about change in protein activity via different
mechanisms. These mechanisms have been investigated in some enzymes through
determination of the crystal structure of the protein in the presence and absence of bound
ligand (Laskowski et al., 2009). One mechanism, as observed for the enzyme
phosphoglycerate dehydrogenase, involves the change in accessibility of the active site.
This enzyme is involved in the biosynthesis of serine, which serves as a feedback
inhibitor. Serine can bind to an allosteric site in phosphoglycerate dehydrogenase
causing a conformational change leading to blockage of the active site pocket (Thomson
et al., 2005). A second mechanism of allosteric regulation involves changes in the
affinity of the active site residues for the substrate. This is observed for 3-deoxy-D-
arabinoheptulosonate-7-phosphate synthase, which is involved in the biosynthesis of
aromatic amino acids. The feedback inhibitors of the enzyme are the end-product amino
acids, which can bind to an allosteric site and initiate a distorted active site architecture
with reduced affinity for substrates (Shumilin et al., 2002). A third possible mechanism

of allosteric control involves changes in electrostatic properties of the active site upon
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ligand binding. This is observed in chorismate mutase, wherein the binding of inhibitor
leads to a movement of a glutamate side chain into the active site pocket. The substrate
of this enzyme is anionic at physiological conditions and the presence of a similarly
negatively charged glutamate side chain deters the substrate from binding (Lin et al.,
1998). In some multimeric enzymes, one oligomeric state may be more functional than
the other and ligand binding may facilitate the conversion between these states. An
example of this is ATP phosphoribosyltransferase, which can exists as an inactive
hexamer and as active dimers. The transition in oligomeric states of this enzyme is
induced by the binding of a feedback inhibitor (Cho et al., 2003).
2.3.2. Regulation of enzyme activity through phosphorylation
Phosphorylation/dephosphorylation is an important regulatory mechanism that has
been well-studied in many metabolic enzymes. Kinases are enzymes that transfer a
phosphoryl group from ATP to a hydroxyl group of serine, threonine or tyrosine.
Phosphorylation can be reversed through hydrolysis, which is catalyzed by
phosphatases. Studies on proteins present in different plant organelles showed that
phosphorylation is a very common phenomenon. Nuclei proteins are easily
phosphorylated by endogenous protein kinases (Ranjeva et al., 1987), which are
associated with regulation of gene expression (Kuehn et al., 1979; Wielgat et al., 1981).
Plastidial proteins are also widely phosphorylated as well as proteins from mitochondria.
The addition of phosphoryl group can influence enzyme activity through different
mechanisms. Phosphorylation has been found to induce conformational change leading
to an enzyme form that can be more or less active than the unphosphorylated form.

Other consequences of phosphorylation include altering the ability to form oligomers or
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protein complexes and influencing the capacity to bind regulatory proteins among
others. Plant mitochondrial PDH complex is an enzyme regulated through
phosphorylation. This enzyme catalyzes the oxidative decarboxylation of pyruvate to
form acetyl-CoA. This reaction links glycolysis to Krebs cycle whereas the plastidial
PDH also provides substrates for the synthesis of fatty acids and several amino acids.
Mitochondrial PDH can be phosphorylated or dephosphorylated at different sites
(Luethy et al., 1996; Randall et al., 1996) by intrinsic PDH kinase and PDH
phosphatase, respectively. In mammalian mitochondrial PDH complex, the addition of a
phosphoryl group to PDH converts the enzyme into the inactive form (Korotchkina et
al., 2001). Two out of the three phosphorylated serine residues in mammalian PDH were
found to phosphorylated as well in plants (Tovar-Mendez et al., 2003). Interestingly,
seed-specific down-regulation of the expression of the gene encoding mitochondrial
PDH kinase during seed development in Arabidopsis was shown to result in increased
seed weight and oil content (Zou et al., 1999a; Marillia et al., 2003). The results suggest
that mitochondrial PDH action influences storage lipid biosynthesis.

Different families of kinases have been identified in plants. The calcium-
dependent protein kinase is activated in the presence of calcium, which is a ubiquitous
intracellular messenger elevated in response to various environmental, hormonal or
stress stimuli (Poovaiah and Redyy, 1993). In plants, this kinase family act on various
proteins such as aquaporins, nitrate reductase, and sucrose synthase (Lee et al., 1995;
Johnson et al., 1992; Huber et al., 1996). The mitogen-activated kinase (MAPK) cascade
is another interesting set of phosphorylation in cells involving three kinases operating

sequentially wherein one kinase (MAPKKK) phosphorylates another enzyme
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(MAPKK), which in turn acts on MAPK (Hardie, 1999). This cascade enables the
amplification of a signal and is involved in controlling different developmental
processes and facilitating stress, hormonal and immune responses (Rodriguez et al.,
2010).

Cyclin-dependent kinase is another family of serine and threonine kinases that are
involved in cell cycle regulation (Francis, 2007). CDKs are activated upon binding a
family of proteins called cyclins. CDKs are also involved in other processes including
transcriptional regulation, translational regulation and mRNA processing (Doonan and
Kitsios, 2009). Another class of kinases is casein kinase, which are highly conserved
proteins also involved in serine/threonine phosphorylation. Two plant casein kinases
have been well-characterized. Casein kinase I has been shown to be involved in root
development (Liu et al., 2003), flowering time (Dai and Xue, 2010), and sugar signaling
regulation (Moriya and Johnston, 2004). On the other hand, casein kinase II is a
component of the circadian clock system and is involved in regulating flowering time
(Ogiso et al., 2009).

Sucrose non-fermenting-related kinase 1 (SnRK1) is a serine/threonine kinase
that is involved in the regulation of carbon metabolism in plants. SnRK1 has three
members in Arabidopsis and the number can vary from 2-20 depending on the species
(Halford and Hardie, 1998). It has a catalytic domain comparable to sucrose non-
fermenting-1 (SNF1) of yeast and AMP-activated protein kinase (AMPK) of animals
(Hardie, 2000). When the level of glucose is low, SNF1 becomes activated and directly
inhibits the anabolic enzymes such as ACCase and glycogen synthase (Woods et al.,

1994; Hardie et al., 1994). AMPK is allosterically activated by AMP and inhibited by
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ATP, acting as a sensor of the energy state of the cell (Hardie and Carling, 1997).
AMPK inhibits ACCase and 3-hydroxy-3-methyl-glutaryl-CoA (HMG) reductase,
which are ATP-consuming reactions, as means to conserve ATP (Davies et al., 1990;
Gillespie and Hardie 1992). SnRK1 belongs to the SnRK gene family together with
SnRK2 and SnRK3, the latter two of which are less homologous to SNF1 and AMPK 1
and have been implicated in abscisic acid-related signaling and tolerance to salt,
respectively (Gomez-Cadenas et al., 1999; Liu et al., 2000).

SnRK1 is composed of three subunits specifically a, B and y subunits. The a
subunit is the catalytic subunit having a kinase and a regulatory domain. This subunit
has a conserved threonine residue within the activating T-loop, which is phosphorylated
by the catalytic action of upstream kinases, GRIKs/geminivirus Rep-interacting kinases
or also known as SnRK1 activating kinases/SnAK (Shen et al., 2009). SnRK1 is
allosterically inhibited by trehalose-6-phosphate, which correlates with the level of
sucrose in cells (Zhang et al., 2009b). Other identified inhibitors of SnRK1 include
glucose, sucrose, glucose-6-phosphate, and glucose-1-phosphate (Toroser et al., 2000;
Wu and Birch, 2010, Nunes et al., 2013). As for AMP, in vitro assay showed that
SnRK1 is more resilient to dephosphorylation in the presence of AMP (Sugden et al.,
1999). SnRK1 can be dephosphorylated by the catalytic action of clade A type 2C
protein phosphatases (Rodrigues et al., 2013).

The key role of SnRK1 in carbon metabolism has been shown by the ability of this
kinase to affect the activity of a number of key enzymes in primary metabolism. SnRK1
can catalyze the phosphorylation and subsequent inactivation of HMG-CoA reductase

(Dale et al., 1995). HMG-CoA reductase catalyzes the production of mevalonate, which
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is a key molecule for the biosynthesis of isoprenoids. Nitrate reductase, which is
involved in absorption of exogenous nitrate, is also a substrate of SnRK1 (MacKintosh
et al., 1995). This enzyme provides reduced nitrogen for the biosynthesis of amino acids.
Sucrose phosphate synthase is another key enzyme phosphorylated by SnRK1
(McMichael et al., 1995). This enzyme is involved in the biosynthesis of sucrose.
SnRK1 also acts on 6-phosphofructo-2-kinase/ fructose-2,6-bisphosphatase (F2KP),
which is a bifunctional enzyme that controls the formation and dephosphorylation of
fructose-2,6-bisphosphate (FBP) (Kulma et al., 2004). FBP is a regulatory molecule that
inhibits fructose-1,6-bisphosphatase. Nonphosphorylating glyceraldehyde-3-phosphate
dehydrogenase is also inactivated by SnRK 1 phosphorylation (Piattoni et al., 2011). This
enzyme provides NADPH for reductive biosynthesis by facilitating an alternative
pathway in glycolysis. Proteins involved in photosynthesis are also found to be
influenced by SnRK 1 regulation although phosphorylation in this case, is likely to be a
stimulatory signal (Nukarinen et al., 2016).
2.3.3. Intrinsically disordered domains as regulators of protein function

Prior to the mid-1990s, disordered proteins were underappreciated, as their
prevalence was not well understood. The explosion in genome sequencing coupled with
development of bioinformatic tools slowly shed light on the prevalence of disordered
proteins in eukaryotes (Wright and Dyson, 2014). Disordered proteins are characterized
by a low percentage of hydrophobic residues, which generally drive folding into a stable
and defined three-dimensional structure. These proteins assume a variety of
conformations ranging from extended coils to loose unstable globules (Dyson and

Wright, 2005). Fully disordered proteins are called intrinsically disordered proteins
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(IDPs), while other proteins have disordered portions referred to as intrinsically
disordered regions (IDRs). One important characteristic of IDPs/IDRs is their ability to
interact with multiple protein partners, enabling them to perform various roles in cellular
signaling and regulation. IDPs/IDRs have been found to house small recognition
elements, which are segments that fold upon interaction with protein partners. They bind
to multiple interaction partners in a dynamic and transient manner. IDPs are usually
identified through bioinformatics analysis using various available web servers such as
DISOPRED, DisEMBL and IUPred, to name a few. Structural models are then obtained
using nuclear magnetic resonance and small angle X-ray scattering experiments in
combination with available data of ensembles in the Protein Ensemble Database (Sibille
and Bernad6, 2012; Varadi et al., 2014).

IDPs have been found to regulate protein function in various ways. Due to their
ability to bind multiple partners, and their susceptibility to post-translational
modification, IDPs/IDRs exhibit allostery in a complex manner allowing the fine-tuning
of signals (Motlagh et al., 2004). Their flexible nature allows them to be accessible to
protein machineries that add post-translational modifications that tend to be in clusters
(Pejaver et al., 2014). These post-translational modifications include acetylation,
methylation, glycsolyation and phosphorylation, with the latter being the most
predominant post-translational modifications in IDPs/IDRs (Iakoucheva et al., 2004).
IDPs/IDRs have also been found to be enriched in autoinhibitory sequences, which are
cis elements in protein that down-regulates the activity of the protein (Trudeau et al.,

2013).
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2.3.4. Biochemical regulation of key enzymes in carbon metabolism related to TAG
biosynthesis

Extensive research has been directed towards the elucidation of the regulatory
mechanisms of primary metabolic enzymes. Biochemical regulation allows an allosteric
enzyme and/or enzyme subject to covalent modification to adjust directly to existing
cellular conditions. The pathway for TAG biosynthesis starting from breakdown of
sugar molecules to the Kennedy pathway is shown in Figure 2.3. Many metabolite
effectors have been identified to modulate the activity of key soluble regulatory enzymes
and these are indicated in gray boxes beside each enzyme. Prior to this thesis project,
there was a huge gap in our knowledge of how specific enzymes involved in TAG
assembly are regulated (Fig. 2.3) (Coleman and Lee, 2004).

The carbons used for TAG biosynthesis in plants can come from sucrose and
starch. Glucose derived from these sources is first broken down into pyruvate through
glycolysis. The major regulatory enzymes in plant glycolysis include
phosphofructokinase (PFK), pyrophosphate: fructose-6-phosphate 1-phosphotransferase
(PFP), and pyruvate kinase (PK), which are responsive to different activators and
inhibitors (Fig. 2.3) (Plaxton, 1996). Pyruvate is then oxidatively decarboxylated into
acetyl-CoA by the catalytic action of the pyruvate dehydrogenase complex (PDH),
which is another tightly regulated enzyme responsive to various metabolites and signals
(Fig. 2.3) (Tovar-Mendez et al., 2003). The resulting acetyl-CoA is then used by acetyl-
CoA carboxylase (ACCase), which is a key regulatory enzyme in fatty acid biosynthesis
(Fig. 2.3). The activity of ACCase is also modulated by different effectors and binding

proteins (Sasaki and Nagano, 2014; Salie and Thelen, 2016).
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Figure 2.3. Metabolic pathways associated with the sn-glycerol-3-phosphate (G3P)
pathway for triacylglycerol (TAG) biosynthesis. The carbons used for TAG
biosynthesis are primarily derived from the breakdown of sugar molecules into pyruvate
through the glycolytic pathway. The key regulatory enzymes of the glycolytic pathways
include phosphofructokinase (PFK), pyrophosphate: fructose-6-phosphate 1-

phosphotransferase (PFP), and pyruvate kinase (PK), which are all sensitive to various
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metabolite effectors. Pyruvate is converted into acetyl-CoA through the action of the
pyruvate dehydrogenase (PDH) complex, which is also tightly regulated by different
effectors. PDH can be deactivated by pyruvate dehydrogenase kinase (PDK) and
activated by pyruvate dehydrogenase phosphatase (PDPase). PDK and PDPase are also
responsive to different effectors. Acetyl-CoA is used by acetyl-CoA carboxylase
(ACCase) to catalyze the formation of malonyl-CoA, which is used by the fatty acid
synthase (FAS) complex for de novo fatty acid synthesis. ACCase is also modulated by
various effectors. Fatty acids are then transported to the cytosol for TAG assembly in the
ER. In the Kennedy pathway, two fatty acyl chains from acyl-CoAs are esterified first
onto a glycerol backbone through the action of sn-3-glycerol-phosphate acyltransferase
(GPAT) and lysophosphatidate acyltransferase (LPAAT) catalyzes the formation of
phosphatidate (PA). PA is then dephosphorylated to form 1,2-diacyl-sn-glycerol (DAG),
which is a common intermediate for TAG and phosphatidylcholine (PC) biosynthesis.
DAG can either be acylated by the action of DGATSs (primarily DGATI in Arabidopsis
and B. napus) to form TAG or be acted upon by choline phosphotransferase (CPT) to
form PC. In plants, TAG can also be produced through the transfer of acyl chain from
PC to DAG by phospholipid:diacylglycerol acyltransferase (PDAT). The newly
established effectors of DGAT1 including CoA, acyl-CoA and PA are shown above the
enzyme. Other abbreviations: AMP, Adenosine monophosphate; ATP, Adenosine
triphosphate; BADC, Biotin/lipoyl attachment domain containing proteins; CoA,
Coenzyme A; F-1,6-dP, Fructose-1,6-disphosphate; F-2,6-dP, Fructose-2,6-
disphosphate; F-6-P, Fructose-6-phosphate; LPC, lysophosphatidylcholine; LPCAT,

lysophosphatidylcholine acyltransferase; NADH, Nicotinamide adenine dinucleotide;
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PAP, phosphatidic acid phosphatase; PEP, Phosphoenol pyruvate; Pi, Inorganic
phosphate; Pyr, pyruvate; OAA, oxaloacetate, TCA, Tricarboxylic acid; 2-OG, 2-
oxoglutarate. The information used to develop this figure are from Plaxton (1996),
Tovar-Mendez et al. (2003), Coleman and Lee (2004), Sasaki and Nagano (2014), Salie

and Thelen (2016).
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2.4. Purification and reconstitution of eukaryotic membrane proteins

The biochemical characterization of eukaryotic membrane proteins may involve a
number of challenges. In order to characterize a membrane protein, it must first be
produced in recombinant form in a suitable system since membrane proteins usually
exist in low amounts in biological membranes (Seddon et al., 2004). E. coli is a common
system for recombinant production of prokaryotic membrane proteins and soluble
prokaryotic and eukaryotic proteins. This system is generally not applicable to
eukaryotic membrane proteins due to differences in the protein folding machineries and
width of the lipid bilayer. S. cerevisiae is a very promising platform for recombinant
production of eukaryotic membrane proteins (Hays et al., 2010). S. cerevisiae is a simple
eukaryotic organism that has been well-studied. Different promoters have been used to
produce recombinant proteins in S. cerevisiae and the widely used ones include the
galactose-inducible GALACTOSE1/10 promoters, and the constitutive alcohol
dehydrogenase 1/ADHI1 and Translational elongation factor EF1 promoters (Hays et al.,
2010). The inducible promoters are found to be effective for eukaryotic membrane
proteins. In choosing the right yeast strain for expression, it is important to consider the
strain with knocked out endogenous proteases especially vacoular Pep4p protease to
obtain intact recombinant proteins (Jones, 2002). Other viable production systems for
eukaryotic membrane proteins include Pichia pastoris (Brooks et al., 2013), human
embryonic kidney cell lines (Gruswitz et al., 2010), Lactococcus lactis (Frelet-Barrand
et al., 2010), and baculovirus-insect cells (Jarvis, 2009). Each system has its benefits.
Yeast systems are generally cheaper compared with insect cells. Human embryonic

kidney cell lines are easy to deal with but typically give low yield.
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Once an efficient recombinant protein production platform has been identified and
optimized, the next challenge involves finding a suitable detergent for solubilization.
The detergent micelles will provide a suitable hydrophobic environment that mimics the
lipid bilayer and make it amenable to separation from the rest of the bilayer components
for purification. The right detergents must be screened based on their ability to extract
the target membrane proteins from the membranes and their ability to preserve a
functional protein. Another factor that can be considered is the critical micelle
concentration of the detergent, which is the minimum concentration needed for detergent
molecules to come together and form micelles. The most commonly used detergents
include n-dodecyl-B-D-maltopyranoside, dodecyloctaethylene, octyltetraoxyethylene,
dodecylnonaethylene, n-octyl-B-Dglucopyranoside, n-dodecyl-N,N-dimethylamine-N-
oxide, and n-dodecylphosphocholine, and dohexylphosphocholine choline-16 (Hays et
al., 2010; Clark et al., 2010). For purification, affinity tags such as IgG, polyhistidine
and FLAG® are added in the construct for affinity purification. Multiple
chromatographic steps are usually employed to purify detergent-solubilized membrane
proteins and may include size-exclusion chromatography and ion-exchange
chromatography. Once the protein is purified in detergent micelles, reconstitution can be
performed through addition of phospholipids, which are the actual components of the
lipid bilayer. A solution of lipids forming liposomes can be added directly into protein-
detergent complexes. The detergent can be removed using different methods such as
dialysis, column chromatography, and /or through the use of detergent-adsorbing

beads/Bio-beads® (Seddon et al., 2004).
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2.5. Biochemical studies on diacylgycerol acyltransferase 1

Although the first DGATI gene was identified more than 15 years ago and despite
its importance in plant biotechnology and even in medical biochemistry, no DGATI
from any species has been subjected to intensive structure-function studies due to
difficulties in purifying the membrane-bound enzyme. Most membrane proteins are
naturally low in abundance, making purification challenging. Advances in recombinant
protein technology have increased the study of various membrane proteins, but their
hydrophobic nature and propensity to aggregate/precipitate upon extraction from the
lipid bilayer serve as barrier which must be overcome to generate sufficient protein for
biochemical studies (Clark et al., 2010). To be amenable to purification, membrane
proteins must first be extracted from the lipid bilayer and solubilized in detergents.
Detergents, however, can denature proteins and remove cofactors needed for biological
function. Previous solubilization and purification studies on plant DGAT1 have been
met with limited success. Microsomal DGAT from germinating soybean was previously
solubilized with 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate and
highly purified using a Sepharose CL-4B chromatography and agarose gel
electrophoresis (Kwanyuen and Wilson, 1986). A follow-up study, however showed that
the enzyme preparation was contaminated with oil body proteins (Wilson et al., 1993).
DGAT activity from microspore-derived culture of B. napus was also solubilized using
octanoyl-N-methylglucamide with 2M NaCl and analyzed using Sepharose 6
chromatography. The void volume, however, exhibited the highest DGAT activity
indicating that the enzyme formed aggregates during chromatography (Little ef al.,

1994). The early purification studies of Kwanuen and Wilson (1986) and Little et al.
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(1994), however, were conducted before it was discovered that there was more than one
form of DGAT. Thus, the possible relative contributions of DGATI1 and DGAT?2 to
these earlier enzyme preparations is uncertain. Recently, tung tree DGAT1 was
expressed in E. coli, solubilized with SDS and triton X-100 and purified with Ni-NTA
affinity chromatography. The partially purified DGATI1, however, was reported to be
degraded and inactive (Cao et al., 2011).

Without a purified protein, structure-function studies on DGAT1 were mainly
accomplished through the following: a) bioinformatics analysis of published sequences,
b) mutational analysis of potentially important residues or domains, c) heterologous
expression and analysis of the enzyme in the microsomes and d) analysis of purified
recombinant DGAT1 N-terminal domain. /n silico topology analysis of DGAT1
sequences showed that the enzyme contains 8 to 10 transmembrane segments (Liu et al.,
2012). In contrast, experimental analysis of murine DGAT1 using protease protection
assays and indirect fluorescence showed that the enzyme only has three transmembrane
regions (McFie et al., 2010). Furthermore, the study showed that murine DGAT1 has a
cytosolic N-terminal domain while the remainder of the enzyme is embedded in the
membrane. The remainder of the enzyme accounts for more than 50% of the enzyme and
contains the conserved histidine implicated as one of the active site residues. Tung tree
DGATT1, on the other hand, was reported to have two cytosolic termini, although the
detailed topology was not reported (Shockey et al., 2006). Another study showed that
human DGAT]1 has dual topologies based on the presence of DGAT1 activity on both
the cytosolic and luminal sides of the ER (Wurie ef al., 2011). The oligomerization state

of DGAT1 was also previously investigated through crosslinking studies. It was found
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that the N-terminal domain of DGAT1 from mammalian or plant sources can associate
to form dimers and tetramers (Weselake et al., 2006; McFie et al., 2010). This domain
also has the ability to bind acyl-CoAs (Weselake et al., 2006 and Siloto ef al., 2008).
The substrate binding sites of bovine (Bos taurus) DGAT1 were investigated using
synchrotron circular dichroism analysis of peptide fragments corresponding to putative
binding sites (Lopes et al., 2015). One peptide having the motif, FYxDWWN , which is
also present in ACATI, was found to interact with the acyl chain of acyl-CoA. On the
other hand, the other peptide having a candidate DAG binding site (HKWCIRHFYKP),
which is also present in protein kinase C and diacylglycerol kinase, interacts with DAG.
DGAT]1 appears to be more promiscuous than DGAT?2 in terms of substrate
specificity. Murine DGAT?2 only uses DAG as acyl acceptor (Yen et al., 2008). Murine
DGATT1, on the other hand, can use different acyl acceptors including monoacylglycerol,
long-chain alcohol and retinol in addition to DAG (Yen et al., 2005). As for the acyl
donor, DGAT?2 was initially found to be more specific for unusual acyl chains such as
observed in R. communis DGAT2 and Vernonia galamensis DGAT2, which exhibit
preference for ricinoleoyl-CoA and vernoleoyl-CoA, respectively (Kroon et al., 2006; Li
et al., 2010a). Similar observations were found in fungal DGAT2s from U. ramanniana
and Claviceps purpurea, which exhibit preference for medium chain acyl-CoA and
ricinoleoyl-CoA, respectively (Lardizabal et al., 2001; Mavraganis et al. 2010). Recent
studies, however, have identified DGAT s in E. guineensis (Ayme et al., 2015) and
Cuphea avigera var. pulcherrima (Iskandarov et al., 2017) with preference for medium-

chain acyl-CoAs. It may thus be possible that acyl donor specificity for unusual fatty
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acids cannot be directly attributed to neither DGAT1 nor DGAT?2, but may differ on a
case to case bases depending on the species.

The activity of microsomal DGATSs, which likely contain both DGATI and
DGAT?2, was shown to be responsive to various ions, compounds and proteins. DGAT
ion activators include Mg®" and Mn?" (Byers et al., 1999; Martin and Wilson, 1983),
whereas ions that have a negative effect on DGAT activity include Zn*", Ca*" and Hg*"
(Hobbs et al., 2000; Ichihara and Noda, 1982). Kennedy pathway intermediates such as
G3P and PA were also found to activate DGAT activity, although it was hypothesized
that addition of these metabolites may increase the available substrates for TAG
formation leading to increased DGAT activity (Taylor et al., 1991; Byers et al., 1998;
Byers et al., 1999). The same effect was exerted ATP on microsomal DGAT activity
(Byers et al., 1999). Various proteins have also been found to activate DGAT activity
including bovine serum albumin, acyl-CoA binding protein and an acylation-stimulating
protein (Hobbs et al., 2000; Little et al., 1994; Yurchenko and Weselake, 2009;
Weselake et al., 2000). Acyl-CoA binding protein may activate the enzyme by
interacting with acyl-CoA, thereby preventing micelle formation and increasing the
availability of substrate for DGAT enzymes (Yurchenko et al., 2009) and this may also
be the reason for the positive effect of bovine serum albumin and acylating-stimulating
protein on DGAT activity. Niacin was found to inhibit microsomal DGAT activity in
Arabidopsis (Hobbs and Hills, 2000) and later studies showed that this cofactor is a non-
competitive inhibitor of murine DGAT2 (Ganji et al., 2004).

As for possible regulatory mechanisms, murine DGAT] has several predicted

phosphorylation sites for protein kinase A, protein kinase C and tyrosine kinase (Yen et
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al., 2008). Earlier studies suggested that DGAT activity in liver can be regulated by
phosphorylation in response to glucagon (Haagsman et al., 1981). Other studies,
however, showed that some of the putative phosphorylation sites did not seem to
influence DGAT]1 activity (Han, 2011; Humphrey et al., 2013). More recently, a study
used previous findings coupled with bioinformatics analysis to identify 24 putative
phosphorylation sites within the murine polypeptide, several of which were confirmed
through mass spectrometry (Yu et al., 2015). The study further showed that the mutation
of three putative serine phosphorylation sites at the N-terminus (S83, S86 and S89) to
glutamate residues, which mimic phosphorylation, led to enzyme variants with higher
activities. As for plant DGATI, a study on Tropaeolum majus DGATI identified a
putative SnRK 1 phosphorylation site (Xu et al., 2008). Mutation of this residue resulted
to an enzyme variant with increased activity. Overexpression of the mutated DGATI in
Arabidopsis also resulted in higher seed oil content relative to overexpression of the
cDNA encoding the wild-type enzyme. The increased activity of AMPK, the animal
counterpart of SnRK 1, was found to inhibit TAG biosynthesis (Yin et al., 2015). This
increased AMPK activity was achieved by treatment with nesfatin-1, which reduced the
expression of genes involved in lipogenesis including DGATI. It remains to be explored
whether AMPK also acts directly with DGAT1 since AMPK belongs to a family of
kinases that can influence the enzymes both at the transcriptional and post-translational
levels (Ghilleber et al., 2011). These lines of evidence showed that DGAT1 could be
regulated by phosphorylation and dephosphorylation, although direct biochemical

experiments to support these are still lacking.
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2.6. Metabolic engineering strategies involving DGAT1

To meet the world’s increasing demand for vegetable oil, there have been
increasing efforts to boost oil production in seeds as well as vegetative tissues through
biotechnological approaches (Durrett et al., 2008; Weselake et al., 2009). In line with
this endeavor, various strategies and genes have been explored to increase the flow to
substrates into TAG. Based on studies enhancing the oil content of vegetative tissues,
Vanhercke et al. (2014) categorized the approaches for increasing TAG accumulation as
‘push’, ‘pull” and ‘protect’.

Push strategies involve increasing the rate of fatty acid biosynthesis. One example
is the overexpression of ACCase in potato, which resulted in increased fatty acid
biosynthesis and a 5-fold increase in TAG content (Klaus et al., 2004). Recently, down-
regulation of a negative protein regulator of ACCase also resulted to increase oil level in
Arabidopsis seeds (Salie et al., 2016). The overexpression of cDNAs encoding
transcription factors such as LEAFY COTYLEDONI1 , LEAFY COTYLEDON?2 and
WRINKLEDI increased the expression of genes involved in lipid biosynthesis, which
also translated to enhanced seed oil accumulation (Mu et al., 2008, Stone et al., 2008;
Cernac and Benning, 2004). Push strategies also involve the down-regulation of
pathways that uses fatty acid precursors. One example is the inhibition of starch
biosynthesis through RNAI targeting of gene encoding adenosine diphosphate-glucose
pyrophosphorylase. Coupled with co-expression of WRINKLED 1, the aforementioned
push strategy resulted in vegetative tissue with increased TAG content (Sanjaya et al.,

2011).
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Pull strategies involve increasing the flow of acyl chains into TAG assembly,
which can be accomplished by the overexpression of acyltransferase genes. DGATI is
the most widely used molecular tool for increasing the rate of TAG assembly. In
addition to DGATI, other acyltransferases such as LPAAT and monoacylglycerol
acyltransferase have been used to pull acyl chains towards TAG accumulation
(Maisonneuve et al., 2010; Petrie et al., 2012; El Tahchy et al., 2015).

Protect strategies are aimed at increasing the stability of oil bodies against
degradation; these include the over-production of oleosins and down-regulation of TAG
lipase. As indicated in section 2.2.9, oleosins are proteins embedded into oil bodies
which prevent them from coalescing. The introduction of modified oleosins into
Arabidopsis led to increased TAG content in leaves (Winichayakul et al., 2013). In
addition, the down-regulation of a TAG lipase also led to higher oil levels in
Arabidopsis vegetative tissue (Kelly et al., 2013).

DGATT1 has been a target for manipulation in lipid biotechnology to modify oil
deposition in a variety of organisms considering that a number of studies have shown
that the level of oil accumulation is correlated with the activity and expression level of
this enzyme. Jako et al. (2001) first demonstrated that overexpression of a native DGATI
cDNA in Arabidopsis can increase seed oil content, while an Arabidopsis mutant having
inactivated DGATI exhibited low TAG levels (Katavic et al., 1995). In addition,
previous metabolic control analysis showed that DGAT1 plays an important role in
affecting the control of carbon flux towards oil formation in B. napus developing zygotic
embryos (Weselake et al., 2008). Overexpression of Arabidopsis or B. napus DGATI

cDNAs in canola-type B. napus lines led to higher seed oil content when the transgenic
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plant was grown under either greenhouse or field conditions (Weselake et al., 2008;
Taylor et al., 2009). To date, numerous metabolic engineering approaches have used
DGATI cDNAs alone or in combination with other cDNAs to boost oil content in higher
plants and other organisms. Most of these genetic interventions are summarized in Table
2.1.

Protein engineering of DGAT] for increasing seed oil content has also been
pursued. Protein engineering involves the introduction of amino acid residue
substitutions in the enzyme and selection of more active variants. A number of desired
enzymatic properties have been realized through directed evolution including higher
catalytic efficiency, improved thermal stability, modified substrate specificity and even
novel functionalities (Tao and Cornish, 2002). Random modifications of amino acid
sequences can now easily be obtained using several available methods. The bottleneck in
directed evolution is the screening and selection of variants that demonstrate the desired
characteristics.

Previous researchers in our lab developed a high-throughput system for screening
BnaDGAT]1 with higher catalytic efficiency (Siloto et al., 2009a). Using this platform,
several improved BnaDGAT 1 variants have already been identified (Chen et al., 2017).
The combination of previously identified beneficial mutations may result in synergies
that further increase seed oil content. Previously, mutation of a putative SnRK1
phosphorylation site in 7. majus DGAT]1 led to an enzyme form with higher activity,
which was able to drive seed oil accumulation to higher levels than the wild-type
enzyme (Xu et al., 2008). In addition, Zheng et al. (2008) have described a variant of Z.

mays DGAT1-2 with a phenylalanine residue insertion at position 469 resulting in a
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variant with increased DGAT activity and specificity for oleoyl moieties. The addition
of an N-terminal tag in BnaDGAT]1 also increased its activity in yeast through increased
polypeptide accumulation (Greer et al., 2015). Previous mutation of putative serine
residues to glutamate residues (mimics the negatively charged phosphate groups) in
murine DGAT1 N-terminal region also resulted to enzyme variants with increased
activity (Yu et al., 2015). More recently, a yeast-based high-throughput platform was
able to identify a multi-site G. max DGAT1 mutant with 14 substitutions and the
expression of the mutant was able to increase the TAG content in soybean seeds to
higher levels compared to wild-type enzyme (Roesler et al., 2016). Numerous lines of
experimental evidences have corroborated the effectiveness of DGAT1 as a molecular
tool for boosting oil accumulation in various organisms. Future work on the structure
and function of this enzyme may enable the exploitation of the full potential of DGATI

in metabolic engineering strategies to increase the TAG content of various organisms.
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Table 2.1. Metabolic engineering approaches implementing DGAT]1 to increase/modify

triacylglycerol (TAG) content in higher plants and other organisms.

Source of Other
. cDNA interventions
Host species encoding combined with Phenotype Reference
DGATI DGATI
Arabidopsis . . Increased seed TAG Jako et al.
. Arabidopsis - content and seed
thaliana . (1998)
weight
Nicotiana Increased seed TAG .
Bouvier-
tabacum, . . content and seed
Arabidopsis - . . Nave et al.
Saccharomyces weight; increased (2000)
cerevisiae TAG content in yeast
Weselake et
. B. napus, Increased seed TAG al. (2008)
Brassica napus Arabidonsis - content Taylor et al.
p (2009)
Arabidopsis, Tropaeolum mutated SnRK1 Increased seed TAG Xu et al.
B. napus majus site (Ser to Ala) content (2008)
. . Increased leaf TAG Andrianov et
N. tabacum Arabidopsis - content al. (2010)
Glveine max Vernonia DGATI1 DGAT2, Increased epoxy FA Lietal.
4 galamensis Epoxygenase pOxy (2012)
Nicotiana . . Increased leaf TAG Petrie et al.
benthamiana Arabidopsis MGAT2 content (2012)
Increased leaf and root
Arabidopsis, Arabidopsis cysteine-oleosin) TAG content; Winichayaku
S. cerevisiae p increased yeast TAG | letal. (2013)
content
. . Increased leaf TAG Wu et al.
N. tabacum Arabidopsis - content (2013)
Arabidopsis sdpl . . Increased root, stem Kelly et al.
(lipase) mutant Arabidopsis WRI and leaf TAG content (2013)
. . . Increased leaf TAG Vanhercke et
N. benthamiana Arabidopsis WRI content al. (2013)
. . . Increased leaf TAG Vanhercke et
N. tabacum Arabidopsis WRI, oleosin content al. (2014)
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Table 2.1. continued...
Yarrowia Elaeis Incrgased coptent of Aymé et al.
lipolytica guineensis ) medll.lm—.c hain fatty (2015)

acids in TAG
Increased seed TAG .
. . . Savadi et al.
B. juncea Arabidopsis - content and seed
. (2015)
weight
Medium-chain Increqsed medigm—
N. benthamiana Arabidopsis FAT, CnLPAAT, chain fatty acid Reynolds et al.
WRI content and increased (2015)
leaf TAG content
Zea mays 7. mays i Increased seed TAG Lan et al.
content (2015)
S cerevisiae B. napus N-terminally Increased yeast TAG Greer et al.
) ) modified DGATI1 content (2015)
WRI, oleosin,
ADP-glucose
Saccharum spp. 7 mavs pyrophosphorylas Increased leaf and Zale et al.
hybrids - may e (-)*, stem TAG content (2016)
peroxisomal ABC
transporterl (-)
G. max, anfeor?;lau;ja Engineered ci{[iﬁf'r;iegelfejéegs ¢ Roesler et al.
S. cerevisiae G. max ’ DGAT]1 variants T AE} content (2016)
Increased seed TAG
B. napus Sapium ) content and lower Peng et al.
’ sebiferum oleic acid/higher (2016)
linoleic acid
C sativa C sativa ) Increased seed TAG Kim et al.
content (2016)
Jatropha curcas Arabidopsis i Increased seed and leaf | Maravi et al.
TAG content (2016)
Increased medium
. Thioesterase, chain fatty acids in
N benthamiana E. guineensis CnGPATY, leaf TAG and Reyn;(l)(i?et al.
CnLPAAT increased leaf TAG ( )
content
Z. mays Arabidopsis WRI1, oleosin Increasceo(ilts::l:td TAG A;?.H(l;lodll?)et
WRI, oleosin,
N. benthamiana Arabidopsis FATA1, FATA2 Increased leaf TAG El Tahchy et
content al. (2017)
and FATB
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Table 2.1. continued...

Solanum Arabidopsis WRI1, oleosin Increased tuber TAG Liu et al. (2017)
tuberosum L content
Tetraselmis chui Echium ) Increased microalgal | Ubeda-Minguez
plantagineum TAG content et al. (2017)
C. sativa Cuphea sp CvFaiBl, (Ifgf(f)a:lfi:—zp[r)lgs?tci:)i Iskandarov et al.
CvLPAAT of TAG (2017)
Arabidopsis, Increased seed TAG
Chlorella B. napus, ) content, increased seed Guo et al.
ellipsoidea S. cerevisiae weight and increased (2017)
yeast TAG content
S. cerevisiae Single-site Increased ye.ast TAG Chen et al.
N benthamiana B. napus variants content and increased (2017)
) leaf TAG content

*The (-) symbol denotes downregulation of expression.
Abbreviations: FA, fatty acid; FAT, fatty acyl-ACP thioesterase; MGAT,
monoacylglycerol acyltransferase; CnLPAAT, Cocos nucifera lysophosphatidate

acyltransferase; CnGPAT9, Cocos nucifera sn-glycerol-3-phosphate acyltransferase; Cv,
Cuphea viscosissima,; RNAi, RNA interference; WRI, WRI
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CHAPTER 3
Purification and Properties of Recombinant Brassica napus
Diacylglycerol Acyltransferase 1

3.1. Introduction

Diacylglycerol acyltransferases (DGATSs) catalyze the acyl-Coenzyme A (CoA)-
dependent acylation of 1,2-diacyl-sn-glycerol (DAG) to produce triacylglycerol (TAG)
and CoA (Liu et al., 2012). Two non-homologous endoplasmic reticulum (ER)-bound
DGAT families, with gene orthologs in a wide range of organisms, have been identified,
namely DGATI1 and DGAT2 (Liu et al., 2012). An ER-bound bifunctional wax ester
synthase/DGAT has also been reported in Arabidopsis and it appears to mainly function
in wax ester biosynthesis in the stem epidermis (Li et al., 2008). This enzyme is related
to the bifunctional wax ester synthase/DGAT previously identified in Acinetobacter
calcoaceticus (Kalscheuer et al., 2003). Soluble DGATSs have also been identified and
characterized in the oleaginous yeast, Rhodotorula glutinis (Gangar et al., 2001), peanut
(A. hypogaea) (Saha et al., 2006; Chi et al., 2014) and Arabidopsis (Rani et al., 2010).
From a biotechnological perspective, DGAT1 or DGAT?2 has been over-expressed in
oleaginous plants (Jako et al., 2001; Lardizabal et al., 2008; Weselake et al., 2008;
Weselake et al., 2009) and microorganisms (Chen and Smith, 2012; Liang and Jiang,
2013) including yeast and microalgae, as means of increasing TAG content. In contrast,
drugs have been under development for the purpose of inhibiting DGAT activity in
humans to combat obesity and related metabolic disorders (Liu et al., 2012).

The first DGATI gene was identified over 15 years ago (Cases et al., 1998) and

homologous genes have been identified in more than 50 organisms. Despite the
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importance of DGAT]1 in plant, microbial and algal biotechnology, and medicine, there
are no reports on the purification of an active DGAT1 to apparent homogeneity from
any species. As for many other membrane-bound enzymes, DGAT1 has been
recalcitrant to effective purification, presumably due to its hydrophobic properties and
low abundance in tissues (Liu et al., 2012). Microsomal DGAT activity from
germinating soybean (Glycine max) was previously solubilized with 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), followed by gel
filtration but only produced a partially purified enzyme preparation containing oleosin
(Kwanyuen and Wilson, 1986; Kwanyuen and Wilson, 1990). In addition, DGAT from
microspore-derived cultures of Brassica napus L. cv Jet Neuf was solubilized using
octanoyl-N-methylglucamide (MEGA-8) in the presence of 2M NaCl and partially
purified using gel-filtration chromatography with Sepharose CL-4B as the sieving
matrix (Little et al., 1994). The void volume, however, exhibited the highest DGAT
activity indicating the enzyme aggregated during chromatography. One of four forms
of B. napus DGATI (Greer et al., 2014), known as BnaA.DGAT1.b (Genbank ID:
IN224475), was first cloned by Nykiforuk et al. (1999) and the recombinant enzyme
produced in Pichia pastoris was partially characterized (Nykiforuk et al., 2002).
Recently, recombinant tung tree (Vernicia fordii) DGATI1 was produced in Escherichia
coli, solubilized with SDS and Triton X-100, and subjected to immobilized nickel ion
affinity chromatography (Cao et al., 2011). The partially purified DGAT1, however, was
reported to be degraded and inactive.

In the current study, recombinant BnaDGAT]1 produced in Saccharomyces

cerevisiae, was solubilized with 1 % n-dodecyl-B-D-maltopyranoside (DDM).
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Solubilized BnaDGAT]1 was then highly purified in active form for the first time using
immobilized cobalt ion affinity chromatography followed by gel filtration
chromatography. BnaDGAT]1 self-associated to form dimers and tetramers, and the

purified enzyme effectively utilized a range of acyl-CoAs as fatty acyl donors.

3.2. Materials and methods
3.2.1. Construct preparation, expression in yeast and microsome isolation
BnaDGATI was cloned into pYES2.1/V5-His TOPO yeast expression vector
(Invitrogen), which was subsequently modified using PCR, restriction enzyme digestion
and ligation to introduce a tobacco etch virus (TEV) cleavage site before the C-terminal
tags and to replace the His6 tag with His10 tag. The primers used for construct
modification are listed in Table 3.1. The construct was then used for the transformation
of S. cerevisiae INVScl (Invitrogen) with an S.c. EasyComp'™ Transformation Kit
(Invitrogen) according to the manufacturer’s instruction. Transformed yeast was
inoculated in 10 mL 2% (w/v) raffinose synthetic liquid media lacking uracil (0.67%
(w/v) yeast nitrogen base and 0.2% (w/v) synthetic complete dropout mix (SC synthetic
minimal media)) and grown for 24 h at 30°C with shaking at 220 rpm and transferred
into 250 mL of the same media for another 24 h. The yeast cells were then used to
inoculate synthetic media containing 2% (w/v) galactose and 1% (w/v) raffinose at a
starting OD value of 0.40. Once the OD value reached 8, the cells were harvested
through centrifugation at 6000 x g for 10 min. The cell pellets were resuspended in

Buffer A (50 mM Tris-HCI buffer at pH 8.0 containing 300 mM NaCl, 10% (v/v)
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glycerol, 10 mM imidazole, 2 pg/mL pepstatin, 2 pg/mL leupeptin and 2 mM
phenylmethylsulfonyl fluoride) and lysed by 2 passes at 35 kpsi through Benchtop
homogenizer (Constant Systems). The lysate was spun at 10,000 x g for 20 min and the
supernatant was subjected to ultracentrifugation at 105,000 x g for 1 h to recover the
microsomal fraction. All centrifugation steps were carried out at 4 °C. Protein content
was determined using Bradford protein assay (Bio-Rad) with BSA as a standard for most
protein samples (Bradford et al., 1976). For samples containing 1% detergent, Pierce™
BCA Protein Assay Kit was used due to detergent interference with the Bradford protein
assay.
3.2.2. Solubilization of DGAT1

CHAPS, n-lauroylsarcosine, Triton X-100 and Tween-20 were purchased from
Sigma. DDM, n-dodecylphosphocholine (DPC), octyl-B-D-glucopyranoside and
hexaethyleneglycol monooctyl ether were obtained from Anatrace. MEGA-8 was
obtained from Soltec Ventures. BnaDGATT in yeast microsomes was solubilized using
1% (w/v) of the above-mentioned detergents in Buffer A at a detergent to protein ratio of
4:1. The mixture was then subjected to ultracentrifugation at 105,000 x g for 1 h. The
solubilized fractions were incubated with 5X SDS loading buffer at 50°C for 5 min and
resolved using SDS-PAGE followed by blotting onto polyvinylidene fluoride
membrane. The recombinant enzyme was detected using anti-V5-HRP antibody
(Invitrogen) coupled with ECL Advance Western Blotting Detection Kit (Amersham)
using a variable mode imager (Typhoon Trio+, GE Healthcare). The BnaDGAT1 bands

were semi-quantified using ImageJ software (Schneider et al., 2012).
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Table 3.1. Primers used for cloning BnaDGATI into pYES2.1/V5-His TOPO yeast

expression vector (Invitrogen) and subsequent construct modification to introduce a

TEV site before the V5 epitope and replace His6 tag with His10 tag.

Primer name

Sequence

BnaDGAT5endF ATGGAGATTTTGGATTCTGGAG
BnaDGAT3endR TGACATCTTTCCTTTGCGGT
BnaDGATIntSacIF CTCTAGAGCTCCTCTGCTTCGG

pYES2.1H10XbalR

AGAGTCTAGAAACTCAATGATGATGATGATGGTGATGGTGATGATGACC

pYES2.1TEVBstXIR

AGAGTGGGTGACCACCTTGAAAATACAAATTCTCGCCCTTTGACATCTTTC
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3.2.3. Purification of DGAT1

Detergent-solubilized BnaDGAT]1 was incubated with 3 mL TALON® Metal
Affinity Resin (Clontech) for 2 h with rocking at room temperature. After packing the
resin into Econo-Column® Chromatography Columns, 1.5 x 20 cm (Bio-Rad), it was
washed twice with 20 column volumes of wash buffers (Buffer A and Buffer A with
additional 5 mM imidazole) and BnaDGAT1 was then eluted in Buffer A, stepwise, with
increasing concentrations of imidazole (50 to 500 mM). SDS-PAGE analysis was
conducted to analyze purified fractions. The identity of the band corresponding to
BnaDGAT]1 was determined through in-gel tryptic digestion coupled with liquid
chromatography-tandem mass spectrometry (Institute of Biomolecular Design,
University of Alberta). The tag was removed through digestion with TEV protease
(Sigma) at an optimized protein-TEV ratio of 0.1 mg of TEV per mg of BnaDGAT].
Finally, BnaDGAT1 was concentrated using Amicon Ultra-4 centrifugal filter units
50,000 NMWL (EMD Millipore) and loaded onto an FPLC-Superdex 200 13/30 (GE
Healthcare Life Sciences) size-exclusion column pre-equilibrated with three column
volumes of size-exclusion buffer (25 mM Tris-HCl at pH 8 containing 150 mM NacCl,
5% (v/v) glycerol, 1 mM EDTA and 0.05% DDM). Size-exclusion standards (Bio-Rad)
were used to calibrate the column for the purpose of estimating the apparent molecular
mass of the peaks. Protein samples at different stages of purification were analyzed
using SDS-PAGE and stained with GelCode® Blue Stain Reagent (Thermo Scientific).
3.2.4. DGAT1 activity assays

Protein samples at different stages of purification were assayed for DGAT activity

in a similar fashion to what was described previously (Byers et al., 1999). Enzyme
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assays were performed at 30°C for 4 min in a 60-pL reaction mixture containing 333
uM sn-1,2-diolein (pre-dispersed in 0.2% Tween 20), 15 pM ['*C] oleoyl-CoA, 20 mM
HEPES-NaOH pH 7.4, 0.46 mM MgCl, and 0.33 to 10 pg of protein sample. The exact
amount of enzyme used was pre-determined so as not to consume more than 10% of the
provided substrates during the course of the reaction. The enzyme reaction was initiated
by addition of the protein sample and quenched with 10 pL of 10% SDS. The resulting
mixture was applied onto a preparative thin-layer chromatography (TLC) plate (0.25
mm Silica gel, DC-Fertigplatten) with a separate lane for ['*C]-triolein standard. The
plate was developed with hexane: diethyl ether: acetic acid (80:20:1, v/v/v). The
products were visualized by phosphorimaging (Typhoon Trio Variable Mode Imager,
GE Healthcare, QC, Canada). Spots corresponding to TAG were scraped and analyzed
for radioactivity by Beckman-Coulter LS6500. Under these conditions, no apparent
radiolabeled TAG was produced due to the action of endogenous DGAT activity. For
the substrate specificity assay, ['*C] palmitic acid (16:0), [*C] stearic acid (18:0), ["*C]
oleic acid (18:1A°*?), ['*C] linoleic acid (18:2A°**'?) and ["*C] a-linolenic acid
(18:3A““%121%) were purchased from Perkin Elmer while CoA was obtained from
Invitrogen. Thioesters of the abovementioned fatty acids were synthesized as described
previously using a bacterial acyl-CoA synthetase (Invitrogen) (Taylor et al., 1990).
Fifteen micromolar of the following [*C] acyl-CoAs were used in the experiment:
palmitoyl-CoA (60 Ci/mol), stearoyl-CoA (58.9 Ci/mol), oleoyl-CoA (56.3 Ci/mol),

linoleoyl-CoA (58.2 Ci/mol) and a-linolenoyl-CoA (51.7 Ci/mol).
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3.3. Results and Discussion
3.3.1. Production and solubilization of recombinant BnaDGAT1

Although DGAT]1 has already been studied for many years and has been
produced in different expression systems, the mechanisms of action and regulation of
this enzyme remain unknown. Detailed structure-function analysis requires purified
proteins and previous purification studies on DGAT1 had met with limited success. In
silico topology analysis of DGAT1 sequences showed that the enzyme appears to
contain 8 to 10 transmembrane segments (Liu et al., 2012) while experimental analysis
of murine DGAT 1 using protease protection assays and indirect fluorescence showed
that the enzyme has three transmembrane regions (McFie et al., 2010). The presence of
transmembrane domains poses a challenge to DGAT]1 purification since the enzyme
must be first solubilized with detergents that maintain enzyme activity.

In the current study, BnaDGATI (isoform BnaC.DGAT].a) was expressed in S.
cerevisiae using a modified pYES2.1 vector to produce a microsomal fusion protein
having a C-terminal V5 epitope-His10 tag linked by a TEV cleavage site. Nine
detergents were then tested for their ability to solubilize the microsomal enzyme (Fig.
3.1). The expressed protein was detected through Western blotting using antibodies
against the V5 epitope. BnaDGAT1 was maximally solubilized with n-laurylsarcosine,
Triton X-100, DDM and DPC, all of which solubilized more than 80% of the total
enzyme polypeptide. The remaining detergents evaluated solubilized less than 50% of
the microsomal enzyme. No apparent formation of SDS-resistant multimer of
BnaDGAT1 was detected following analysis of the solubilized fractions. In addition, less

than 10% of total enzyme activity could be recovered using n-laurylsarcosine, Triton X-
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100, DDM or DPC. Purification of DGAT1 was then pursued using DPC and DDM due
to their non-denaturing properties and compatibility for structural studies.
3.3.2. Purification and molecular mass analysis of BnaDGAT1

Initial attempts at purification showed that BnaDGAT1 was less prone to
aggregation and inactivation when solubilized in DDM than in DPC. Therefore, large-
scale purification studies used DDM for solubilization of the enzyme. Preliminary
optimization of DDM concentration showed that higher total enzyme activity can be
recovered using detergent concentration less than 0.5% (w/v) in the presence of 2M
NacCl. The high concentration of NaCl, however, interfered with cobalt affinity
chromatography. Higher yield could still be obtained after immobilized metal ion
affinity chromatography when the recombinant enzyme was initially solubilized with
1% (w/v) DDM in the presence of 0.3M NaCl (as in Fig. 3.1, lane 7). Although known
to be a mild detergent, DGAT activity dropped by 16-fold following solubilization with
1% (w/v) DDM (Table 3.2). The reduced enzyme activity may be attributable to the high
aggregation number of DDM and the low stability of the active DGAT1 conformation in
detergent micelles. DDM molecules may have prevented the entry of hydrophobic
substrates into the active site of the BnaDGAT]. It can be noted, however, that the

specific activity of BnaDGAT1 increased as purification progressed.
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Figure 3.1. Western blot profile of solubilized BnaDGAT1 using different
detergents. Microsomal proteins (250 pug) were solubilized in 100 pL buffer with
different detergents for 2 h at 4°C, at a detergent concentration of 1% (w/v) and
detergent to protein ration of 4:1. Solubilized enzyme recovered in supernatants obtained
following centrifugation at 105,000 x g for 1h were resolved by SDS-PAGE, blotted
onto polyvinylidene fluoride membrane and detected using anti-V5-HRP antibody
coupled with enhanced chemiluminescence detection system. Ten pL of supernatant
were applied per lane of the SDS gel. Detergents used: 1) n-lauroylsarcosine; 2) 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate; 3) n-dodecylphosphochline;
4) Tween-20; 5) Triton X-100; 6) hexaethyleneglycol monooctyl ether; 7) n-dodecyl-p-

D-maltopyranoside; 8) octyl-B-D-glucoside; 9) octanoyl-N-methylglucamide.
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DDM-solubilized BnaDGAT1 was first partially purified using immobilized cobalt
ion affinity chromatography. A His10 tag at the C-terminal was found to be effective for
immobilized metal ion affinity chromatography after finding that the His6 tag was not
effective in binding the recombinant enzyme efficiently in the presence of detergent. The
eluted fractions were analyzed using SDS-PAGE and BnaDGAT]1 was effectively eluted
from the resin, stepwise, over a range of 150 to 300 mM imidazole (Fig. 3.2). The band
corresponding to BnaDGAT]1 had an apparent molecular mass of 58 kDa, which is
slightly smaller than the theoretical mass of 64 kDa. This phenomenon has also been
observed for other membrane proteins (Cortes and Perozo, 1997). In gel digestion
coupled with LC MS/MS analysis verified the identity of the target polypeptide as
BnaDGAT]1 with the unique fragments identified in Table 3.3. The expression yield
post-purification with cobalt ion affinity resin was 0.75 mg per liter of yeast culture.

The partially purified enzyme was subjected to TEV protease digestion to remove
the purification tag. The enzyme solution was then concentrated and subjected to size-
exclusion chromatography (SEC) to further purify the enzyme (Fig. 3.3A). Analysis of
SEC fractions by SDS-PAGE indicated that BnaDGAT1 could be resolved into different
oligomerization states (Fig. 3.3A and 3B). BnaDGAT1 polypeptide was present in the
void volume and in two additional peaks that were resolved within the sieving range of
the column. Regression analysis using a standard curve revealed that the major peak

containing BnaDGAT1 exhibited an apparent
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Figure 3.2. Partial purification of BnaDGAT1. by immobilized cobalt ion affinity
chromatography followed by removal of the C-terminal tag. A, SDS-PAGE of
column fractions. TM, total microsomal proteins; FT, flow-through. Ten uL of TM, FT
and Wash1 and Wash 2 were loaded while 20 pL of eluents were used. B, SDS-PAGE of
pooled fractions (elution with 150 mM and 300 mM imidazole) before and after

treatment with tobacco etch virus (TEV). Twenty uL of sample were loaded per lane.
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molecular mass of 214 kDa. If one DDM micelle with roughly a molecular mass of 45
kDa is associated with one BnaDGAT1 (with a molecular mass of 58.5 kDa after TEV
cleavage), one BnaDGAT1-DDM micelle has a total molecular mass of about 103.5 kDa
(Sampathkumar et al., 2012). It can then be inferred that the major peak is composed of
a dimeric enzyme. Another peak containing BnaDGAT 1, was eluted earlier and is
roughly one-third the height of the major peak. This peak has an apparent molecular
mass of 414 kDa, which is almost twice the size as the major peak, suggesting that the
enzyme can also form tetramers. The current observations on self-association of
BnaDGATT] are consistent with previous crosslinking studies with a recombinant
hydrophilic N-terminal fragment of BnaA.DGAT1.b and murine DGAT]1, which were
shown to form dimers and tetramers via the N-terminal region (McFie et al., 2010;
Weselake et al., 2006). In addition, McFie and colleagues (2010) showed that murine
DGATT1 lacking residues 2-84 can still form dimers but not tetramers and this truncated
form has ~14-fold increased activity over the full-length enzyme. The oligomerization of
DGATI1 may be an important phenomenon related to the mode of enzyme regulation that
will need further investigation. In the current study, the symmetry of the prominent
second peak in the size-exclusion profile (Fig. 3.3A) suggested that this enzyme fraction
was suitable for use in crystallization trials. The specific activity of BnaDGATI in peak
1T was 26.0 nmol TAG/min/mg protein (Table 3.2) using ['*C] oleoyl-CoA and sn-1,2-
diolein as substrates. Overall, the enzyme was purified about 7.6-fold over the
microsomal fraction and 126-fold over the solubilized fraction (Table 3.2). The purified

enzyme could be stored at 4°C for a week without any significant loss in activity.
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Figure 3.3. Purification of BnaDGAT1 by FPLC size-exclusion chromatography
using a Superdex 200 10/30 column. A, Elution profile of proteins resolved by gel-
filtration chromatography. The column calibration standards: bovine thyroglobulin (670
kDa, Stokes radius 86 A), bovine y-globulin (158 kDa, Stokes radius 51 A), chicken
ovalbumin (44 kDa, Stokes radius 28 A), and horse myoglobin (17 kDa, Stokes radius
19 A) were eluted at 9.73, 12.73, 15.26 and 17.06 mL (indicated by triangles),
respectively. B, SDS-PAGE of fractions from size-exclusion chromatography. All peaks
except peak II were concentrated five times prior to SDS-PAGE and 20 pL of each peak
was loaded in the gel. This corresponds to 0.53, 2 and 1.28 pg protein for Vo, I and II,

respectively.
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Table 3.2. Purification of BnaDGAT1 from 3-L yeast culture.

Fractions Volume Total Total Recovery Specific Purification
(ml) activity  protein (%) activity fold
(nmol (mg) (nmol TAG/
TAG/min) min/mg
protein)
Microsome  60.0 787.46  231.24 100 3.41 1.0
Solubilized  58.0 33.64 162.89 43 0.21 0.06 (1.0)*
fraction (100)*
ICAC 4.0 45.97 2.26 5.8 20.39 6.0 (98)"
(137)*
Peak II of 1.0 1.68 0.065 0.2 (5)* 26.00 7.6 (126)"
SEC

"Recovery (%) and purification fold relative to the solubilized fraction. ICAC,
immobilized cobalt ion affinity chromatography; SEC, size-exclusion chromatography;

TAG, triacylglycerol.
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Table 3.3. Unique peptides identified for BnaDGAT] derived from in gel trypsin

digestion coupled with analysis by LC-MS/MS.

Sequences

ANLAGENEIRESGGEAGGNVDVR ANPEVSYYVSLK
SDSSnGLLPDSVTVSDADVR® GDLLYGVER
VRESPLSSDAIFK ANLAGENEIR
SDSSNGLLPDSVTVSDADVR ESPLSSDAIFK
TLANSSDKANPEVSYYVSLK

®n corresponds to deaminated asparagine
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3.3.3. Acyl-CoA substrate specificity of purified BnaDGAT1

Acyl-CoA substrate specificity assays of purified BnaDGAT1, conducted using 15
uM acyl-CoA, indicated that the enzyme could effectively utilize a range of different
substrates (Fig. 3.4), which represented the fatty acids typically found in the seed oil of
B. napus DH12075 (Lock et al., 2009). BnaDGAT1 exhibited the highest activity with
a-linolenoyl-CoA. Similar enzyme activities were obtained when oleoyl-CoA or
palmitoyl-CoA were used as acyl donors, which were 85-86% of that obtained using a-
linolenoyl-CoA. The enzyme exhibited the least preference for linoleoyl-CoA and
stearoyl-CoA, which were 70 and 54% of the activity, respectively, with a-linolenoyl-
CoA. These results are in general agreement with previous acyl-CoA specificity assays
of a MEGA-8-solubilized DGAT activity from microsomes of microspore-derived
embryos of B. napus L. cv Reston where the solubilized enzyme showed a greater
preference for palmitoyl-CoA or oleoyl-CoA over stearoyl-CoA at substrate
concentrations ranging from 5 to 20 uM (Little et al., 1994). The increased specificity
for a-linolenoyl-CoA observed in the current study is interesting in the light of previous
findings where antisense suppression of BnaDGATI was shown to decrease the
proportion of a-linolenic acid in the seed oil of transgenic B. napus DH12075 (Lock et

al., 2009).
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Figure 3.4. Acyl-CoA substrate specificity of purified BnaDGAT1 in n-dodecyl-fp-
D-maltopyranoside micelles. Three hundred-thirty nanograms of protein were used per
reaction mixture with an acyl-CoA concentration of 15 uM. Enzyme reactions were
allowed to proceed at 30°C for 4 min prior to quenching with SDS. All reactions were
performed in triplicate and errors bars correspond to +/- standard deviation.
Radiolabeled acyl-CoAs used: palmitoyl (16:0)-CoA; stearoyl (18:0)-CoA; oleoyl

(18:1)-CoA; linoleoyl (18:2)-CoA; a-linolenoyl (18:3)-CoA.
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3.4. Conclusions

In summary, this study reports the first successful purification of a DGAT]1 in an
active form. The selection of a suitable detergent was found to be crucial in purification
along with the size of the poly-His tag used to facilitate immobilized cobalt ion affinity
chromatography. Although solubilization with DDM reduced DGAT]1 activity, the
activity was recovered after column chromatography. The results of SEC confirmed
previous findings that the enzyme can exist in different multimeric forms. Lastly, the
substrate specificity study indicated that BnaDGAT] could use a range of different acyl-
CoAs, with the most effective substrate being a-linolenoyl-CoA. Overall, the successful
purification of BnaDGATT in active form sets the foundation for the in-depth evaluation

of structure-function in this biotechnologically important enzyme.
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CHAPTER 4
Brassica napus Diacylglycerol Acyltransferase 1 is Regulated by Its Hydrophilic N-
terminal Domain in Response to Allosteric Effectors

4.1. Introduction

Triacylglycerol (TAG) is the predominant component of the seed oil of oleaginous
plants. Not only does TAG serve as an energy reserve to fuel germination and early
seedling growth, but this highly reduced form of carbon is a nutritional source of dietary
oil for humans and animals. Plant TAG can also serve as a feedstock for petrochemical
alternatives such as biolubricants, biopolymers and biodiesel (Metzger and Bornsheuer,
2006). Diacylglycerol acyltransferases (DGATSs) catalyze the acyl-coenzyme A (CoA)-
dependent acylation of 1,2-diacyl-sn-glycerol (DAG) to generate TAG, and in some
species such as Brassica napus, the level of enzyme activity appeared to have a
substantial effect on the flow of carbon into TAG (Weselake et al., 2008; Liu et al.,
2012). In developing seeds, two families of integral non-homologous membrane
enzymes, DGAT1 and DGAT2, are known to contribute to catalyzing TAG formation.
Because of the importance of the enzyme in carbon flow, over-expression of various
plant DGAT cDNAs has been used to increase seed oil content in Arabidopsis (Jako et
al., 2001) and oil crops such as canola-type B. napus (Weselake et al., 2008; Taylor et
al., 2009) and soybean (Glycine max) (Lardizabal et al., 2008; Roesler et al., 2016).
Increased DGAT production has also been used as a molecular strategy to boost the
TAG content of algal species (Iwai et al., 2014). Mammalian DGAT]1, on the other hand,
is relevant in medicine, as it has been investigated as a drug target for a variety of lipid-

related metabolic diseases including obesity and diabetes (Zammit et al., 2008; Birch et
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al., 2010). Many DGAT1 inhibitors have already been designed, synthesized and tested
(DeVita and Pinto, 2013). Bovine (Bos taurus) DGAT] is also important in the cattle
industry as it is used as a polymorphic genetic marker for the fat content of milk (Grisart
et al., 2004; Winter et al., 2002). Despite the enzyme’s key role in primary metabolism,
and biotechnological and clinical relevance, little is known about the catalytic
mechanism and regulation of DGAT]I.

DGAT]1 belongs to a family of enzymes named membrane-bound O-
acyltransferases (MBOATS). Due to their hydrophobic nature, structural investigation to
date of MBOATS has been limited to topological analysis. MBOAT members have
highly conserved asparagine/aspartic acid and histidine residues that have been
hypothesized to be involved in acyltransferase activity. There is little detailed structure-
function information on any member of the MBOAT family and furthermore, no three-
dimensional (3D) structure has been solved for any MBOAT. The DGATI1 family is
highly conserved. DGATI possesses a very hydrophilic N-terminal region
corresponding to about the first 100 residues, which is followed by 8-10 predicted
transmembrane segments (Liu et al., 2012). The putative active site histidine residue of
murine DGAT]1 is predicted to be near the C-terminus of the enzyme (McFie et al.,
2010). This study also demonstrated the importance of the N-terminal region in forming
dimers and tetramers and hypothesized the role of this region in enzyme regulation. The
active site region in bovine DGAT1 was characterized through secondary structure
analysis and binding studies of short peptide fragments spanning the predicted substrate
binding sites (Lopes et al., 2014). The N- and C-termini of tung tree (Vernicia fordii)

DGAT1 were both localized in the cytosol and a C-terminal endoplasmic reticulum (ER)
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retrieval motif was shown to target the plant enzyme to the ER (Shockey et al., 2006).
Recently, four highly homologous isoforms of B. napus DGAT]I, recombinantly
produced in Saccharomyces cerevisiae H1246, were partially characterized (Aznar-
Moreno et al., 2015; Greer et al., 2015; Greer et al., 2016) and recombinant isoform
BnaDGAT]1 was highly purified in active form (Caldo et al., 2015). A recombinant
hydrophilic N-terminal fragment of isoform BnaA.DGAT1.b was previously shown to
self-associate and interact with acyl-CoA through positive cooperativity based on the
Lipidex-1000 assay (Weselake et al., 2006). The recombinant hydrophilic N-terminal
fragment of murine DGAT1 was also shown to interact with acyl-CoA through positive
cooperativity (Siloto et al., 2008). Recently, it was reported that Coylus americana
DGAT]I, several recombinant enzyme variants and Zea mays DGAT1 exhibited positive
cooperativity through kinetic studies (Roesler et al., 2016). Thus, various lines of
biochemical evidence suggest that DGAT1 enzymes may be regulated through allosteric
interactions. The self-association properties of DGATI1 enzymes are consistent with the
fact that most allosteric enzymes exhibit quaternary structure.

In the current study, the structure and function of the hydrophilic N-terminal
domain of B. napus DGAT1 (BnaDGAT1/isoform BnaC.DGAT]1.a) were examined.
This domain was found to have an intrinsically disordered region (IDR) and a folded
section. IDRs are recognized as important regions in proteins due to their role in cellular
signaling and regulation (Wright and Dyson, 2015). The highly disordered segment was
found to be involved in down-regulation of DGAT] activity suggesting the presence of
an autoinhibitory motif. BnaDGAT1 was also found to exhibit positive cooperativity, the

extent of which diminished as more of N-terminus was removed. The involvement of the
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N-terminal domain in self-association may therefore mediate positive cooperativity. The
folded section, on the other hand, is important to maintain high acyl-CoA affinity at the
active site and activity. In addition, CoA non-competitively inhibited BnaDGAT]I,
further confirming the presence of an allosteric site for CoA. The 3D nuclear magnetic
resonance (NMR) solution structure of the folded segment containing the allosteric site
was determined. The CoA/acyl-CoA binding site in the hydrophilic N-terminal domain

and specific interactions involved in CoA recognition were also identified.

4.2. Materials and Methods
4.2.1. Production of recombinant full-length and truncated BnaDGAT1 in S.
cerevisiae H1246 and in vivo assay for neutral lipid content

BnaDGAT.C.1a cDNA was codon-optimized and purchased from BioBasic
(Ontario, Canada). The regions corresponding to amino acid residues 1-501 (full-length),
61-501, 81-501, and 114-501 were cloned into pYES2.1 vector (Invitrogen) and
produced in S. cerevisiae H1246, which is devoid of TAG biosynthesis (Sandager et al.,
2002). The clones were grown on solid synthetic media lacking uracil with 2% glucose
("/y). For recombinant protein production, a colony was picked and inoculated into a 3
mL synthetic media lacking uracil with 2% raffinose for overnight incubation at 30°C.
The seed culture was transferred into 50 mL synthetic medium lacking uracil with 1%
raffinose and 2% galactose, and grown again overnight at 30°C. The cultures were then
analyzed after 24 h through the Nile red assay according to previously described

methods (Siloto et al., 2009b). Briefly, 100 uL yeast culture was added with 5 uLL of
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0.1 mg/mL dye solution (Nile red dissolved in methanol). Fluorescence emission was
measured before and after addition of dye solution, and the change in fluorescence unit
over optical density (AF) was used as an indicator of neutral lipid content. Three
technical replicates were performed for each BnaDGAT]1 construct.
4.2.2. Yeast fatty acid analysis using Gas Chromatography-Mass Spectrometry
Fifty-mL cultures of induction media were harvested after 24 h, flash frozen, and
freeze dried. Lipids were then extracted using the Folch method with minor
modifications (Christie and Han, 2010). The lipid extracts were resolved on thin-layer
chromatography (TLC) plates (silica G25) using 80:20:1 hexane/diethyl ether/acetic acid
solvent system as mobile phase. The plates were sprayed with 0.5% primulin in 80:20
(v/v) acetone-water solution to visualize and identify the TAG spots under UV. The
TAG isolates were derivatized by incubation in 2 mL methanolic-HCI for 1 h at 80°C.
Reactions were quenched with addition of 2 mL saline, and methyl esters were isolated
with two hexane extractions. Isolated fatty acid methyl esters were separated along a 30-
m DB23 column (Agilent Technologies) using a 6896 N network GC system (Agilent
Technologies), and quantified using a 5975 inert XL mass selection detector (Agilent
Technologies). Triheptadecanoin and heneicosanoic methyl ester (Nu-Chek Prep.) were
used as external and internal controls, respectively. Three biological replicates were

analyzed for each construct.
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4.2.3. Yeast microsome isolation, DGAT activity assay and Western blot analysis

Yeast cells grown using the above conditions were harvested at an OD of 6.0. The
cell pellet was resuspended in lysis buffer (50 mM Tris—HCI buffer,pH 8.0, containing
300 mM NacCl, 10% (v/v) glycerol, 10 mM imidazole, 2 pg/mL pepstatin, 2 pg/mL
leupeptin and 2 mM phenylmethylsulfonyl fluoride) and lysed through bead beating.
The cell lysate was recovered after spinning at 10,000 x g for 30 min and then subjected
to ultracentrifugation at 105,000 x g for 1 h. The 10,000-105,000 x g microsomal pellet
was recovered, resuspended in lysis buffer, and stored at -80°C. The protein content of
microsomes was determined using the Bradford assay using BSA as a standard
(Bradford, 1976). For the DGAT assay, the reaction was performed at 30°C for 30 s to 1
min (10 min for BnaDGAT114.501) in a 60-uL reaction mixture containing 100 uM sn-
1,2-diolein (pre-dispersed in 0.2% [v/v]) Tween 20), 0.1-15 pM ["*C] oleoyl-CoA (60
mCi/mmol) or ['*C] palmitoyl-CoA (60 mCi/mmol), 200 mM HEPES-NaOH pH 7.4,
4.6 mM MgCl, and 1-10 pg protein. The amount of protein was pre-determined so as
not to consume greater than 10% of substrates during the course of the reaction. The
enzyme reaction was initiated by addition of the acyl-CoA and quenched with 10 uL of
10% (w/v) sodium dodecylsulfate. For competition assays with Coenzyme A (CoA),
CoA trilithium salt was dissolved in water and added into the reaction mixture at desired
concentration. The resulting mixture was applied onto a preparative (TLC plate (0.25
mm Silica gel, DC-Fertigplatten) with a separate lane for ['*C]-triolein standard. The
plate was developed with hexane:diethyl ether:acetic acid (80:20:1, v/v/v). The products
were visualized by phosphorimaging (Typhoon Trio Variable Mode Imager, GE

Healthcare, QC, Canada). Spots corresponding to TAG were scraped and analyzed for

78



radioactivity using Beckman-Coulter LS6500. Using GraphPad PRISM 7.0a, the data
were fitted with Michaelis-Menten equation or Hill equation.

For quantification of recombinant protein production level, microsomes
(containing 5-15 ug protein as indicated in the results) were incubated with 5x SDS
loading buffer at room temperature for 15 min and the proteins were resolved through
SDS-PAGE followed by electroblotting onto polyvinylidene fluoride membrane. The
recombinant enzyme was probed with anti-V5-HRP conjugated antibody (Invitrogen)
and detected through incubation with ECL Advance Western Blotting Detection Kit
(Amersham) for 5 min. The blot was scanned using a variable mode imager (Typhoon
Trio+, GE Healthcare) and the protein bands were semi-quantified using ImageJ
software (Schneider et al., 2012).

4.2.4. Production and purification of recombinant BnaDGAT1,.113

BnaDGATI1,.113 was cloned into pET-16b vector between BamHI and Xhol
restrictions sites. The plasmid was transformed into BL21(DE3) (NEB) and grown
overnight in 200 mL Luria broth with 100 pg/mL ampicillin (LB-Amp). The seed
culture was inoculated in 2 L LB-Amp and grown up to an OD600 of 0.8. After which,
the production of recombinant proteins was induced through addition of 1 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) and subsequent incubation at 30°C for 6h.
The cells were harvested, suspended in 100 mL lysis buffer consisting of 50 mM Tris-
HCI pH 8.0 and 150 mM NaCl. The cells were lysed by sonication six times at 60%
power with a 10 s on and 10 s off cycle. The cell lysate was recovered after spinning at
20,000 x g for 30 min and the resulting supernatant incubated with 2 mL Nickel-NTA

resin (McLab). After transferring the resin to small disposable column, the resin was
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washed with several volumes of lysis buffer. The fusion protein was eluted from the
resin with 5 mL lysis buffer containing 500 mM imidazole. For the final purification
step, the eluted proteins were subjected to FPLC-size exclusion chromatography
(Superdex 200 16/40).
4.2.5. Production and purification of recombinant BnaDGAT1,.sy and
BnaDGAT1g;-113

BnaDGATI,.g was cloned into pET-16b, expressed and purified using Ni-NTA as
described above. BnaDGAT1g;.1;3 was cloned into the pET-SUMO vector (Invitrogen)
according to the manufacturer’s instructions. The plasmid was transformed into
BL21(DE3) (NEB) and grown overnight in 50 mL LB with 50 pg/mL kanamycin. The
seed culture was inoculated in 2 L LB-kanamycin and grown up to an OD600 of 0.8.
After which, the expression of the SUMO- BnaDGAT 13,113 was induced through
addition of 1 mM IPTG and subsequently incubated at 30°C for 6 h. The cells were
harvested, suspended in 100 mL lysis buffer consisting of 50 mM Tris-HCI pH 8.0 and
100 mM NacCl, and lysed through sonication. The cell lysate was recovered after
spinning at 20,000 x g for 30 min and the resulting supernatant was incubated with 2 mL
Nickel-NTA resin (Thermo Scientific) for 2 h and transferred into a small column. The
fusion protein was eluted from the resin with 5 mL lysis buffer containing 500 mM
imidazole. The SUMO tag was cleaved from the fusion protein using His-tagged SUMO
protease (McLab, South San Francisco, CA) at 1 U protease per 20 ug fusion protein.
The cleavage cocktail was composed of 50 mM Tris-HCI pH 8.0, 0.2% IGEPAL CA-
360 (Sigma), 1 mM dithiothreitol, and 150 mM NaCl. Cleavage was complete after 20 h

at 25°C. SDS-PAGE was run to confirm the completion of the cleavage. Partial
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purification recombinant of the truncated BnaDGAT] in the cleavage mixture was done
with the use of 1 mL Ni-NTA agarose (Qiagen) resin, which removed the His-tagged
SUMO and His-tagged SUMO protease. Further purification of BnaDGAT1s;.113 was
accomplished by reverse phase high performance liquid chromatography (RP-HPLC)
using a Phenomenex Luna C18(2) semi-preparative column (5 pm particle size, 100 A
pore size, 10 mm x 250 mm). The detector was set at 220 nm, while the flow rate was at
3 mL/min. Solvent A (water with 0.1% trifluoroacetic acid (TFA)) and solvent B
(acetonitrile with 0.1% TFA) were used. Solvent B was set at 10% for 10 min, slowly
increased to 20% for 10 min, 50% for another 15 min, and ramped up to 95% for 5 min.
BnaDGATI1sg;.113 eluted at 27 min, and was concentrated under vacuum, lyophilized, and
stored at -20 °C.
4.2.6. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) spectra
were acquired using Perspective Biosystems Voyager Elite MALDI-TOF mass
spectrometer in reflectron, delayed-extraction, positive ion mode. Sinapinic acid was
used as the sample matrix.
4.2.7. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of samples at 0.20 mg/mL were recorded on a
Jasco J-810 spectropolarimeter. For far-UV measurement (190-260 nm), a 0.1 cm quartz
cell was used in a nitrogen atmosphere. Ellipticity was recorded at scan speed of 50
nm/min, 0.5 nm resolution, 1.0 nm bandwidth, and 5 accumulations. The proteins were
dissolved in 50 mM phosphate buffer pH 6.3, 50 mM NaCl (phosphate buffered saline

[PBS]) for most experiments. For determination of the propensity of the protein to form
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regular secondary structure, increasing amounts of trifluoroethanol in water (0-70%)
were used. The solvent spectrum was also recorded as background, which was
subtracted from the sample spectra.
4.2.8. NMR spectroscopy

BnaDGATI5g;.113 was dissolved in 600 puL 9:1 H,O:D,O that contained 30 mM
sodium phosphate buffer (pH 6.3) and 25 mM NaCl. The sample was added with 4,4-
dimethyl-4-silapentane-1-sulfonic acid (0.01% w/v) for referencing and loaded into a
standard 5 mm NMR tube. One-dimensional 'H NMR, and two-dimensional
homonuclear 'H-'H -TOCSY, -gDQF-COSY, -NOESY, and heteronuclear natural
abundance "H-""N-HSQC spectra were acquired at 27 °C on a triple resonance HCN
cryoprobe-equipped Varian VNMRS 700 MHz spectrometer with z-axis pulsed-field
gradients and VNMRJ 4.2A as host control. The water signal was suppressed either by
presaturation during the relaxation delay or water gradient tailored excitation. The
experimental details are summarized in Table 4.1. NMRPipe and NMRView were used
to process and analyze the data sets (Delaglio et al., 1995; Johnson, 2004). Chemical
shifts were manually assigned based on precedent literature procedure (Wider et al.,

1984; Wiithrich, 1986).
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Table 4.1. NMR experimental parameters used for BnaDGAT1g;.1;3 spanning the

allosteric site for CoA and acyl-CoA.

Experiment Sweep width (Hz) ni np nt Mix time
(t2, t1)
NOESY 8389, 8389 512 | 8192 | 32 175 ms
TOCSY 8389, 8389 512 | 8192 | 16 80 ms
gDQF-COSY 8389, 8389 512 | 8192 | 32
NHSQC 8389, 3545 192 | 2098 | 128

t2 = directly detected dimension

t1 = indirectly detected dimension

ni = number of complex points collected for the indirectly detected dimension
np = number of real + imaginary points for the directly detected dimension

nt = number of cumulative scans collected for each point of acquisition
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4.2.9. Structure calculations

The structure of BnaDGAT1s;.113 was calculated using CYANA 2.1 (Giintert et
al., 1997). Automatically and manually assigned NOE crosspeaks combined with angle
restraints obtained from TALOS (Cornilescu et al., 1999) were utilized for the structural
calculations that involved 7 cycles with 10000 steps per cycle. Simulated annealing
calculated 100 conformers. The 20 conformers with the lowest energy were used for
further analysis. The output data from CY ANA included the root-mean-square deviation
(rmsd) and Ramachandran plot. PyMOL was used to generate figures of the calculated
structure. Coordinates of the structure were deposited in the Protein Data Bank (SUZL),
while the chemical shift assignments were deposited in the Biological Magnetic
Resonance Data Bank (30256).
4.2.10. HSQC binding experiments, phosphorus NMR, and docking studies

Binding of BnaDGAT13;.1;3 (1.5 mM) to CoA in PBS (pH 6.3) was monitored
using "N-HSQC with increasing amounts of CoA (0.75, 1.5 and 3 mM). Octanoyl-CoA
or palmitoyl-CoA was also tested but drastic precipitation was encountered upon
addition of the acyl-CoA. *'P-NMR and *'P-HSQC were performed to monitor chemical
shift changes of phosphorus in CoA upon addition of the peptide. For the docking
studies, AutoDockTools (v. 1.5.6) was used to convert the files of BnaDGAT1g;.;13 and
palmitoyl CoA from .pdb to .pdbqt extension. After which, AutoDock Vina (Vina, 2010)
was used to dock CoA to BnaDGAT 1g;.113. Figures were generated using PyMOL

(Ward et al., 2004) and LigPlot (Wallace et al., 1995).
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4.3. Results
4.3.1. The BnaDGAT1 N-terminal domain is not necessary for catalysis but
contributes to modulating activity

BnaDGATTI is predicted to have several membrane-spanning segments preceded
by a relatively large hydrophilic N-terminal domain, that comprises more than 20% of
the polypeptide (Fig. 4.1A). These features are conserved in all DGAT1 from various
species. The BnaDGAT1 schematic shown in Fig. 4.1A is based on a topology
prediction of 10 transmembrane domains but other predictions indicate 8 transmembrane
domains. To probe the importance of the N-terminal domain in catalysis, the full-length
enzyme and various truncated forms were recombinantly produced in S. cerevisiae
H1246, which is devoid of the ability to synthesize TAG (Sandager et al., 2002). The
specific activities were determined and normalized by the production level of each
enzyme form relative to full-length BnaDGAT]1 (Fig. 4.1B). Interestingly,
BnaDGATI¢;.501 and BnaDGAT13;.50; exhibited higher normalized specific activity
compared to the full-length enzyme (Fig. 4.1C). These results suggest that the presence
of amino acid residues 1-80 can down-regulate enzyme activity. Furthermore, despite
the lower production level of BnaDGAT 1¢;.501 and BnaDGAT13;.501, these enzyme
forms were able to generate TAG amounting to about 60% of the total TAG produced by
the full-length enzyme in situ (Fig. 4.2). On the other hand, BnaDGAT1 4501, Which is
devoid of the entire N-terminal domain, was about 10-fold less active as the full-length
enzyme (Fig. 4.1C). These results indicate that the N-terminal domain is not necessary
to form an active enzyme but distinct segments of this domain contribute to modulating

activity.
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Figure 4.1. Truncation analysis of BnaDGAT1 N-terminal domain. A, BnaDGAT1
topology as predicted by TMHMM. BnaDGAT]1 has a relatively large hydrophilic N-
terminal domain (shown in blue) in the cytosolic face of the ER and 10 predicted
transmembrane segments, housing the catalytic site, within the remainder of the enzyme.
Numerals indicate the locations of the different enzyme truncation points. S1 and S2
correspond to the acyl-CoA and diacylglycerol binding regions in the active site,
respectively, which were identified in bovine DGAT1 (Lopes et al., 2014). The putative
catalytic histidine (bold H), identified in murine DGAT]1, is also shown in the topology

(Shockey et al., 2006). B, Protein expression level of BnaDGAT] proteins with various
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truncations. The amount of microsomal proteins used for blotting was indicated for each
BnaDGATT] construct. The amount of enzyme was semi-quantified using densitometric
analysis using blots performed in duplicates. C, Normalized DGAT activity of
BnaDGATI1 501, BnaDGAT1¢;.501, BnaDGAT]13;.50; or BnaDGAT]114.501. Specific
activity was obtained at 2 uM oleoyl-CoA and the values were normalized by the protein

expression level of each form. Reported values are means = SD, n = 3.
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Figure 4.2. In vivo and in vitro activity of BnaDGAT1 variants. A, In vitro assay of
BnaDGAT! activity using '*C-oleoyl-CoA and sn-1,2-dioeloylglycerol as substrates
with microsomes, containing recombinant enzyme, prepared from yeast cultures. B, Nile
red assay was used to monitor the activity of the BnaDGAT1 and truncated forms in
situ, and the fluorescence intensity was measured and correlated with neutral lipid
content (Siloto et al., 2009b). Yeast expressing vector with LacZ was used as control. C,
The TAG produced by yeast producing recombinant BnaDGAT1, BnaDGAT1¢;.50; or
BnaDGATIs,.50; was extracted, esterified and analyzed through gas chromatography-
mass spectrometry (GC-MS). Yeast cells producing recombinant BnaDGAT1 produced

4.5 +£0.1 % TAG/g yeast (dry weight) after 24 h incubation in induction media (early
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stationary phase). BnaDGAT.501 or BnaDGAT13;.50; produced 2.7 + 0.1 % TAG/ g
yeast (dry weight) under the same conditions. D, GC-MS analysis showed that the fatty
acid composition of TAG produced in situ by the three forms of recombinant
BnaDGAT]1 was essentially the same. Reported values are means + SD, n = 3 technical

replicates.
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The activities of BnaDGAT1.501, BnaDGAT13g1.501 and BnaDGAT1114.50; were
assayed at increasing concentrations of acyl-CoA (Fig. 4.3A-C). Normalized DGAT
activities are depicted on the Y-axes of each panel of Figure 4.3A-C. Maximum enzyme
activity was observed at 1-2 uM acyl-CoA for BnaDGAT1,.59; or BnaDGAT]1g;.50;. In
contrast, maximum activity with BnaDGAT1,4.50; was not observed until about 5 uM
acyl-CoA (Fig. 4.3C). This result suggests that the affinity of BnaDGAT1 4501 for acyl-
CoA was much lower than the full length BnaDGAT1 or BnaDGAT13;.50; and residues
81-113 are important in maintaining high activity and affinity for the acyl donor at the
active site.

The substrate saturation plots for BnaDGAT1 and the N-terminally truncated
enzyme variants were found to be a better fit to the Hill equation over the Michaelis-
Menten model based on R? values and residual analysis (Table 4.2). In the case of
BnaDGATI 14501, the plot did not reach the asymptote due to substrate inhibition
observed at higher concentrations of acyl-CoA (Fig. 4.3C). This plot did not fit any
specific enzyme kinetic model. The Hill coefficients of BnaDGATI are 2.28 +£0.13 and
2.65 £0.19 for oleoyl-CoA and palmitoyl-CoA, respectively, and are indicative of
positive cooperativity. The Hill coefficient for N-terminally truncated enzyme
BnaDGATI13;.50; decreased to 1.26 + 0.19 and 1.64 £ 0.11 for oleoyl-CoA and
palmitoyl-CoA, respectively, suggesting that the N-terminal domain partially mediates

positive cooperativity.
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Figure 4.3. BnaDGAT1 N-terminal domain partially mediates positive
cooperativity. Substrate saturation curves of A, full-length BnaDGAT1 B,
BnaDGATIs3;.50; and C, BnaDGAT114.501. The data were fitted with Hill equation using
Graphpad Prism 7.0a. The kinetic parameters are listed in Table 4.2. D, Cross-linking
studies of BnaDGATT and truncated versions of the enzyme using disuccinimidyl
suberate (DSS). The monomeric species is indicated by one asterisk (*), while the dimer
is indicated by two asterisks (**). The BnaDGAT1 N-terminal region is required for
interactions leading to dimeric enzyme form, which may allow it to partially mediate

positive cooperativity through intermolecular interaction. Reported values are means +

SD, n=3.
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Table 4.2. Kinetic parameters of full-length and truncated BnaDGAT1 using palmitoyl-
CoA and oleoyl-CoA as acyl donors. The data for the substrate saturation assays were
fitted with Hill equation using Graphpad Prism 7.0a. The apparent V..« values were not

normalized for DGAT abundance. Reported values are means + SD, n = 3.

Enzyme BnaDGAT1,.50; BnaDGAT13g1.501
Acyl donor Oleoyl-CoA |Palmitoyl-CoA| Oleoyl-CoA [Palmitoyl-CoA
Apparent Vax
(nmol TAG/min/mg
protein) 5.58+0.14 | 5.749+0.16 | 2.27+0.24 2.18+0.09

Hill coefficient 2.28+0.13 2.65+0.19 1.26 £0.19 1.64+0.11

Apparent Sos(uM) | 0.61+£0.02 | 0.69+0.02 | 0.55+0.11 | 0.67+0.05

Goodness of Fit/R> 0.9937 0.9916 0.961 0.992
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In positive cooperativity, the binding of substrate at one site increases the affinity
of substrate at another site. This effect is commonly achieved through inter-subunit
communication in a quaternary structure situation (Laskowski et al., 2009). Taking this
possibility into account, we investigated the ability of the N-terminal domain to facilitate
the formation of a quaternary structure. The oligomeric states of BnaDGAT1 were
determined using cross-linking experiments. Yeast microsomes containing recombinant
variants of BnaDGAT]1 were incubated with the membrane-permeable cross-linker,
disuccinimidyl suberate (DSS). Treated or untreated protein samples were then subjected
to SDS-PAGE and Western blot analysis (Fig. 4.3D). Untreated BnaDGAT1 showed
one band with a molecular mass of about 50 kDa. For treated BnaDGATI, two
polypeptides were detected: the 50 kDa band and a second band with molecular mass
twice the size of the 50 kDa band. This result suggested that the full-length enzyme is
capable of forming a dimer. In contrast, treatment of BnaDGAT 1g;.s0with cross-linking
agent did not result in any detectable polypeptide oligomerization (Fig. 4.3D), which
suggested that dimer formation capability was associated with the first 80 amino acid
residues of the enzyme. In addition, BnaDGAT 13;.s0; still exhibited a certain degree of
cooperativity, based on the Hill coefficients, shown in Table 4.2, in the absence of
dimerization. This observation suggests that the binding of acyl-CoA to an allosteric site
in the hydrophilic N-terminal domain increases the affinity of the active site for acyl-

CoA, which is associated with the remainder of the same polypeptide.

93



4.3.2. CoA modulates activity of the active site acyltransferase

Previous Lipidex-1000 binding experiments showed that the N-terminal domain of
isoform BnaA.DGAT1.b can interact with acyl-CoA at a possible allosteric site and that
CoA could displace the thioester (Weselake et al., 2006). In the current study, the effect
of CoA on BnaDGAT1 activity was investigated. The presence of increasing
concentrations of CoA in the reaction mixture led to a corresponding decrease in
acyltransferase activity (Fig. 4.4A). The activity was reduced by about 10% in the
presence of 5 uM CoA and by as much as 70% when the CoA concentration was
increased to 200 uM. The ICsy for CoA was found to be about 47 uM. To determine the
mode of inhibition, the effect of increasing CoA concentration on the oleoyl-CoA
saturation plot was evaluated (Fig. 4.4B, Table 4.3). In the presence of 10 uM CoA, the
apparent V., of the enzyme decreased from 5.55 £0.17 to 4.56 £ 0.25 nmol
TAG/min/mg protein. The apparent V. further decreased to 2.46 £ 0.16 nmol
TAG/min/mg protein upon addition of 50 pM CoA. On the other hand, the apparent S0.5
of the enzyme remained essentially the same under the above conditions. These results
indicate that CoA is a non-competitive BnaDGAT1 inhibitor that binds to an allosteric

site, which may be within the N-terminal domain of the enzyme.
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Figure 4.4. Activity assay of BnaDGAT]1 in the presence of Coenzyme A. A,
BnaDGATT activity in the presence of increasing concentrations of CoA. CoA was
found to inhibit BnaDGATI. B, Oleoyl-CoA saturation curve in the presence of
different concentration of CoA. The apparent V,,x decreased progressively upon
addition of increasing amounts of CoA, while the apparent Sy s remained the same.
These results indicate that CoA is a non-competitive inhibitor of the enzyme, and
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+SD, n=3.
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Table 4.3. Kinetic parameters of BnaDGAT]1 using oleoyl-CoA as acyl donor and in the
presence of varying amounts of CoA. The data for the substrate saturation assays were
fitted with Hill equation using Graphpad Prism 7.0a. Reported values are means + SD, n

= 3. CoA was found to be a non-competitive inhibitor of BnaDGAT]1.

Apparent Vyax
[CoA] (nmol TAG/min/mg protein) Apparent Sp 5 (ULM)
Control 5.55+0.17 0.61 +£0.02
10 uM 4.56 +0.25 0.60 = 0.04
50 uM 2.46 +0.16 0.62 +0.05
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4.3.3. The BnaDGAT1 N-terminal domain is structurally flexible

The BnaDGAT1 N-terminal domain (amino residues 1-113) is not homologous
to any structurally characterized protein domain. We first analyzed the amino acid
sequence of BnaDGATI1 .13 to obtain insights on its structure-function characteristics.
The N-terminal domain is depleted of hydrophobic amino acid residues, which are
important for promoting protein folding, and is composed predominantly of charged and
polar residues. This combination has been correlated with intrinsic disorder in proteins
(Uversky et al., 2000). This observation agrees with secondary structure analysis using
DISOPRED (Ward et al., 2004), which showed that majority of the N-terminal
hydrophilic region is likely in a disordered state, a characteristic that appears to be
conserved among plant and animal DGAT s (Fig. 4.5). The BnaDGAT1 N-terminal
domain exhibits high sequence variability with prevalence of insertion/deletions in the
primary structure, both of which are characteristics of IDRs (Brown et al., 2002; Light et
al., 2013). In contrast, the remainder of BnaDGAT]1 is relatively highly conserved,
enriched in hydrophobic amino acid residues and expected to be well-folded based on
DISOPRED analysis.

For structural investigation, full-length recombinant BnaDGAT1 was produced
in S. cerevisiae H1246, solubilized in n-dodecyl-B-D-maltopyranoside (DDM), and
purified as previously described (Fig. 4.6A) (Caldo et al., 2015). In addition,
BnaDGATI1,.113 was recombinantly produced in E. coli and purified (Fig. 4.6A, 4.7A).
Far-UV CD spectroscopy was then used to analyze the secondary structure of purified
BnaDGATI1 or BnaDGAT1,.1;3 (Fig. 4.6B). The CD spectrum of full-length BnaDGATI1

in DDM micelles reveals a well-folded protein that is predominantly a-helical. In
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contrast, the CD spectrum of BnaDGAT]1,.;;3 was indicative of a random coil
polypeptide. This result confirmed that this region of the BnaDGAT1 polypeptide is
mainly intrinsically disordered. Analysis of the CD spectra using K2D3 software (Louis-
Jeune et al., 2012) showed that the full-length polypeptide is predominantly well-folded
(about 68% a-helices/B-sheets) while the N-terminal domain only has about 29% a-
helices/pB-sheets.

Some IDRs have the ability to form specific stable conformations upon
interacting with proteins/ligands (Wright and Dyson, 2015). The presence of
trifluoroethanol (TFE) simulates the hydrophobic condition that can arise upon forming
protein-protein interaction and has been used to assess the propensity of IDRs to
undergo induced folding (Sun et al., 2010; Marin et al., 2012). The N-terminal domain
of BnaDGATT was titrated with increasing amounts of TFE followed by CD analysis
(Fig. 4.6C). Increasing amounts of TFE resulted to the appearance of distinct minima at
208 and 220 nm. This suggests that given the presence of the right binding partner or
condition, specific segments of BnaDGAT1 N-terminal IDR can potentially form a
defined structure. DISOPRED analysis identified the presence of possible protein

ligand-binding sites within the disordered region (Fig. 4.5).
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Figure 4.6. BnaDGAT1 N-terminal domain is composed of an intrinsically
disordered region (IDR) and a folded segment, while full-length BnaDGAT1 is
well-folded. A, SDS-PAGE of purified BnaDGAT1 in n-dodecyl-B-D-maltopyranoside
(DDM) micelles, BnaDGAT1,.113, BnaDGAT1,.30 and BnaDGAT15g;.13. B, Far-UV
circular dichroism spectra of BnaDGAT1 and BnaDGAT1,.;;3 in DDM micelles and
PBS, respectively. Percentage of secondary structure based on K2D3 analysis of CD
spectra is indicated. Full-length BnaDGATT is predominantly a-helical, while
BnaDGAT1 .13 is mainly random coil. C, BnaDGAT1 N-terminal domain has

propensity to form secondary structure upon titration with increasing amount of
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trifluoroethanol. Some IDRs tend to form transient structure upon interaction with
protein binding partners. D, CD spectra of BnaDGAT1,.gp and BnaDGAT 1g;.;;3.
Residues 1-80 is highly disordered while 81-113 appears to form defined secondary

structures.
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4.3.4. The BnaDGAT1 N-terminal domain is composed of an intrinsically
disordered region and a folded portion

Truncation analysis showed that the removal of the first 80 amino acid
residues did not decrease the responsiveness of the enzyme to increasing concentrations
of acyl-CoA, while the opposite was observed upon deletion of amino acid residues 81-
113 (Fig. 4.3). Our current results along with a previous study on the N-terminal domain
of DGAT1 (Weselake et al., 2006) suggest that this binding site is localized along amino
acid residues 81-113. DISOPRED analysis predicted that segment 1-80 of BnaDGAT1
is disordered, whereas the segment 81-113 has secondary structure (Fig. 4.5). Initial
NMR structure elucidation of the entire N-terminal domain was not plausible due to lack
of defined structure. We then recombinantly produced and purified BnaDGAT1,.g9 and
BnaDGATI1s;.113 (Fig. 4.6A, 4.7B, 4.7C). Both polypeptide segments were subjected to
far-UV CD analysis (Fig. 4.6D). The CD spectrum of BnaDGAT] g is similar to that of
BnaDGAT)_;3, indicating a random coil structure. The CD spectrum of BnaDGAT1s;.
113, however, was indicative of a well-folded structure. These results suggested that
BnaDGATI53;.113, which may include an acyl-CoA/CoA binding site, would be suitable
for structural elucidation using solution NMR spectroscopy. In turn, natural abundance
>N-HSQC, 'H-'"H TOCSY, NOESY and COSY datasets were acquired for
BnaDGATI1sg;.113 in 30 mM sodium phosphate buffer (pH 6.3) with 25 mM NaCl. The
>N-HSQC spectrum (Fig. 4.8) showed a relatively good dispersion of the amide proton
signals confirming that BnaDGAT15s;.1;3 exhibits a defined structure. The assignments
are shown in Table 4.4. Peak lists of the chemical shift assignments and NOE constraints

were then inputted into CYANA 2.1 for the structural calculations. The final calculation
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utilized 356 NOE constraints with 300 short-range, 49 medium-range, and 7 long-range
constraints (Table 4.5). The Ramachandran plot shows that no ¢ or y backbone angles
are in the disallowed regions (Table 4.5).

The calculated structure of BnaDGAT 13,113 showed that it is composed of an a-
helix at the C-terminus spanning L.103 to S112, a defined loop from A94 to P102 and an
unstructured N-terminus (Fig. 4.9A). The root-mean-square deviation (rmsd) values for
the structured regions were calculated to be 0.51 A and 0.49 A for the o-helix and loop
backbone atoms, respectively. The low rmsd values indicate that the observed
conformations are consistent throughout the 20 calculated structures (Fig. 4.9B). On the
other hand, a higher rmsd of 1.58 A for the backbone atoms was calculated for N81 to
P93, which forms random coil. This coil is connected to the segment comprising amino
acid residues 1 to 80 of the N-terminal domain, which is an IDR based on DISOPRED,

CD and NMR analyses.
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Figure 4.8. 15N-HSQC spectrum of BnaDGAT1g;.113. All 29-backbone resonances are

labeled using the one-letter notation of amino acids.
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Figure 4.9. Three-dimensional structure of the allosteric site in BnaDGAT1 N-
terminal domain, binding studies with CoA. A, NMR solution structure of
BnaDGATI5g;.113 in 30 mM sodium phosphate buffer (pH 6.3) and 25 mM NaCl

exhibiting an a-helix at the C-terminus. B, Overlay of 20 lowest energy conformers. C,
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Docking of the allosteric site with CoA using AutoDock Vina (Vina, 2010). The
interacting residues were identified using NMR titration experiments (Fig. 4.10). D,
Layout of interacting residues obtained using LigPlot software (Wallace et al., 1995).
Hydrogen bonds are shown by green dash lines while hydrophobic interactions are

shown by red rays arranged in a circular fashion.
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Table 4.4. BnaDGAT13,.113 chemical shift assignments.

N HN Ha HpB Others

Asn-1 4.403 | 2.899,2.981 ONH, 7.552, 6.866, 6N 112.339

Val-2 | 120.236 |8.551 |4.179 |2.079 yCH; 0.931

Asp-3 | 124.798 | 8.507 | 4.673 | 2.787,2.626

Val-4 | 121.549 |8.165 | 4.079 | 2.087 yCH; 0.903, 0861

Arg-5 | 123.666 | 8.323 | 4.230 | 1.653 YCH; 1.520, 1.502, 6CH; 3.115,
3.151, eNH 7.302,

Tyr-6 | 120.828 | 8.109 | 4.624 | 3.033, 2.895 dCH 7.090, ¢CH 6.801

Thr-7 | 116.413 | 7.922 | 4.235 | 4.062 yCH; 1.106

Tyr-8 | 123.632 | 8.148 | 4.511 | 2.937, 3.000 O0CH 7.112, £CH 6.807

Arg-9 | 125.615 | 8.047 | 4.538 | 1.623,1.734 YCH, 1.553, 6CH, 3.145, eNH 7.123

Pro-10 4.354 |2.296,1.918 yCH, 1.984, 6CH, 3.558, 3.510

Ser-11 | 118.382 | 8.382 | 4.429 | 3.840, 3.860

Val-12 | 123.101 |8.140 | 4.450 | 2.057 yCH; 0.914, 0.959

Pro-13 4.360 | 2.282,1.837 yCH, 1.980, 2.024, 6CH, 3.861,
3.664

Ala-14 | 124.098 | 8.355 | 4.218 | 1.327

His-15 | 117.275 | 8.440 | 4.679 | 3.251,3.162 eCH 7.279, 8CH 8.591

Arg-16 | 122.720 | 8.376 | 4.323 | 1.906, 1.732 YCH; 1.619, 1.587, 6CH, 3.183, eNH
7.196

Arg-17 | 123.554 | 8.505 | 4.361 | 1.822,1.753 YCH; 1.658, 1.598, 6CH, 3.198,
eNH 7.218

Val-18 | 122.185 | 8.240 | 4.117 | 2.059 yCH; 0.927, 0.926

Arg-19 | 124.717 | 8.422 | 4314 | 1.834,1.757 YCH; 1.646, 1.606, 6CH, 3.196, eNH
7.208

Glu-20 | 122.704 | 8.485 | 4.353 | 1.938,2.072 yCH,2.348

Ser-21 | 116.443 | 8.361 | 4.400 | 3.826, 3.828

Pro-22 4.457 |2.304, 1.940 yCH, 2.014, 6CH, 3.811, 3.741

Leu-23 | 121.657 | 8.277 | 4.349 | 1.601, 1.632 yCH 1.637, 6CH; 0.924, 0.876

Ser-24 | 116.439 | 8.236 | 4.440 | 3.947, 3.870

Ser-25 | 117.467 | 8.351 |4.428 | 3.951, 3.865

Asp-26 | 121.678 | 8.300 | 4.624 | 2.763, 2.736

Ala-27 | 123.825 |8.058 | 4.237 | 1.367

Ile-28 | 118.645 | 7.868 | 4.032 | 1.776 yCH; 1.113, 1.350, yCH3 0.806,
0CH; 0.762

Phe-29 | 123.411 | 8.140 | 4.609 | 3.138, 3.044 0CH 7.244, ¢CH 7.2327, CCH 7.274

Lys-30 | 122.937 | 8.087 | 4.254 | 1.799, 1.711 YCH; 1.409, 1.368, 6CH; 1.657,
eCH, 2.978

GIn-31 | 121.326 | 8.247 | 4.308 | 2.103, 1.988 YCH; 2.379, eNH, 7.711, 7.035, eN
112.399

Ser-32 | 117.383 | 8.290 | 4.424 | 3.843

His-33 | 124.466 | 8.063 | 4.481 | 3.261, 3.079 ¢CH 7.239, 8CH 8.528
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Table 4.5. Structure calculation statistics for BnaDGAT 153,113 spanning the allosteric

site for CoA and acyl-CoA.

Total NOE peak assignments 359
short-range, |i-j|<I 306
medium-range, 1<[i-j|<5 50
long-range, |i-j|>5 3
average target function value (A”) 0.43+0.14

RMSD for residues 1-14 (random coil)

backbone atoms (A) 2.59 +£0.74
heavy atoms (A) 3.38+0.77

RMSD for residues 15-21 (loops)

backbone atoms (A) 0.58 +0.35
heavy atoms (A) 1.57+0.40

RMSD for residues 24-32 (a-helix)

backbone atoms (A) 0.34+0.14
heavy atoms (A) 0.98 +0.31

Ramachandran Plot

®/Y in most favored regions 53.4%

®/¥ in additionally allowed regions 42.7 %

®/¥ in generously allowed regions 3.9%

®/¥ in disallowed regions 0.0 %
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4.3.5. The folded portion has the allosteric site for CoA

A previous study demonstrated that CoA alone could displace bound oleoyl-
CoA from the N-terminal domain of BnaDGAT1, suggesting that the CoA moiety of
acyl-CoA is critical to effective binding (Weselake et al., 2006). NMR titration of
BnaDGATIsg;.113 with CoA was performed and binding was monitored through SN-
HSQC (Fig. 4.10). Results showed that while most of the signals remained at exactly
the same positions, movement of four amide protons was observed, signifying a
change in chemical environment upon addition of CoA. No further chemical shift
changes were observed beyond a 1:1 BnaDGAT1s;.113:CoA molar ratio, indicating
saturation of binding and a stoichiometry of 1:1. The crosspeaks that moved were
found to correspond to four polar amino acids (R96, R97, R99 and E100) that are
located in the loop region (Fig. 4.10A). A closer examination of the structure of
BnaDGAT]15g.113 revealed that all four residues are located on the same side of the
loop (Fig. 4.9C). To examine the part of CoA that interacts with BnaDGAT 1g;.;13,
'>N-HSQC and *'P-NMR were performed with CoA in the absence or presence of the
peptide segment. ’N-HSQC analysis of CoA, before and after binding, showed slight
movement of the amide hydrogens near the diphosphate group (Fig. 4.10B). *'P-
NMR showed three major peaks corresponding to the phosphorus of the 3’-phosphate
of ribose and two phosphorus atoms in the diphosphate moiety (Fig. 4.10C). Upon
addition of the peptide, >'P-HSQC revealed that the signal for *'P of the phosphate
group attached to ribose moved upfield from about 1 ppm to 0 ppm. On the other
hand, the *'P signals of the diphosphate moiety moved slightly downfield. These

results suggest that the phosphate groups are involved in binding to the loop region of
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BnaDGATIsg;.113. Taking into account these experimental results, a molecular model
of the complex was derived by docking the calculated NMR solution structure of
BnaDGATIsg;.113 with CoA using AutoDock Vina (Vina, 2010). The model suggests
the formation of hydrogen bonds between the side chain of R96 and the 3’-phosphate
and 2’-hydroxyl groups of CoA (Fig. 4.9D). Hydrogen bonds are also observed
between CoA and R97, while hydrophobic interactions are present between CoA and
all four amino acid residues (R96, R97, R99 and E100) that were earlier identified to

be involved in binding through NMR titration experiments.
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Figure 4.10. Ligand binding studies of BnaDGAT181-113 with Coenzyme A (CoA).

A, 15N-HSQC spectrum of BnaDGATg,.113 with CoA at 1:1 molar ratio (red) and

without CoA (black). B, ""’N-HSQC analysis of CoA with (black) and without (red)

BnaDGATI1s;.113. C, CoA structure with the three phosphorus atoms labeled as a, b and
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c. One-dimensional *'P-NMR of CoA with (green) and without (red) BnaDGAT1g;.113.
Two-dimensional >'P-HSQC is also embedded to locate the peak of phosphorus a in the

presence of the peptide.
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4.3.6. The allosteric site is also needed for acyl-CoA-mediated homotropic allosteric
activation

Mutational analysis of the loop amino acid residues implicated in CoA
recognition was then performed to investigate their role in acyltransferase activity. A
BnaDGATT] variant having amino acid residue substitutions R96A, R97A, R99A and
E100A was recombinantly produced in yeast H1246 and both in vivo DGAT activity
and in vitro microsomal DGAT activity were assessed (Fig. 4.11A, 4.11B and
4.11C). The BnaDGAT1 mutant was found to exhibit low normalized in vitro
microsomal activity having a normalized apparent Vy,ax value of 1.60 + 0.09 nmol
TAG/min/mg protein, which is only about 29% as that of the wild-type enzyme (Fig.
4.11A). The BnaDGAT]1 mutant also exhibited low activity in vivo compared to wild-
type enzyme as shown by the results of TAG quantification using GC-MS analysis
(Fig. 4.11C). These results demonstrate that the same allosteric site is also important
for binding acyl-CoA, which allows the enzyme to form the more active state through
homotropic allosteric activation. Furthermore, sequence alignment of DGAT1 from
several plant and animal species indicated that the nature of the four amino acid
residues implicated in CoA-binding and homotropic activation are highly conserved
(Fig. 4.11D). NMR analysis of the interaction of BnaDGAT1g;.1,3 with various
molecular species of acyl-CoA was also explored but this led to precipitation of the

complex.
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Figure 4.11. Mutational studies of the CoA binding site and its role for binding
acyl-CoA for homotropic allosteric activation. A, Mutational analysis of CoA binding
site through alanine mutation. Normalized activity of BnaDGAT1 mutant with R96A,
R97A, R99A, and E100A mutations exhibited low activity in vitro compared to wild-
type enzyme suggesting that these residues are needed for intramolecular homotropic
allosteric activation with respect to acyl-CoA. B, Western blot and relative production
level of recombinant BnaDGAT]1 variant compared to wild-type (WT) enzyme. C, The
TAG produced by yeast H1246 producing recombinant BnaDGAT]1 variant (R96A,
R97A, R99A, E100A) compared to WT enzyme analyzed through gas chromatography-
mass spectrometry . The low in vivo activity in H1246 of the BnaDGAT1 mutant

compared to the wild-type enzyme also supports the importance of the identified
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residues for homotropic activation. D, Multiple sequence alignment of diacylglycerol
acyltransferase 1 from plant and animal species showing the boxed highly conserved
loop region implicated in CoA/acyl-CoA binding. Reported values are means = SD, n =

3.

116



4.4. Discussion

Previous studies have demonstrated that N-terminally truncated forms of plant
DGAT]1 are capable of catalyzing TAG synthesis (Nykiforuk et al., 2002; Siloto et al.,
2009b; Ahmad et al., 2015). Although the hydrophilic N-terminal domain of
BnaDGATT]1 does not participate in catalysis directly, our work demonstrates that this
domain plays a key regulatory role in enzymatic function.

In the current study, CD and NMR experiments revealed that the regulatory N-
terminal domain is composed of an IDR and a folded section. The presence of IDRs is
common in higher organisms. Indeed, a recent study found that IDRs are found in 50%
of membrane proteins, and are usually localized at the cytoplasmic face of the lipid
bilayer (Biirgi et al., 2016). Computational studies also showed that multi-pass
membrane proteins tend to have longer (~70 residues) IDRs facing the cytosol (Biirgi et
al., 2016). This agrees with previous studies of plant DGAT1 indicating that the N-
terminal region resides on the cytosolic face of the ER (Shockey et al., 2006; Weselake
et al., 2006). Sequence analysis showed that the intrinsically disordered nature of the N-
terminal domain is conserved in other plant DGAT s as well as in non-plant DGAT1
from human, murine and bovine (Fig. 4.5). This suggests that the properties rendered by
the N-terminal domain on DGAT1 might be conserved across different species.

IDRs are recognized as important regions of amino acid residues, as they have
been found to perform a variety of roles in protein regulation and cellular signaling
(Wright and Dyson, 2015). The IDR in the N-terminal domain of BnaDGAT]1 has a
down-regulatory effect on enzyme activity, which is due to the presence of an

autoinhibitory sequence. Similarly, the increase in activity upon truncation of the N-
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terminal domain was also observed in murine DGAT1 (McFie et al., 2010). A study on
autoinhibited proteins revealed that inhibitory motifs are predominantly localized in
disordered regions (Trudeau et al., 2013). In addition, the study suggested that
disordered regions usually contain multiple phosphorylation sites and exhibit flexible
structural conformations, which can operate combinatorially to enable the tight
regulation of activity. Murine DGAT1 was found to have 12 putative phosphorylation
sites within the N-terminal domain, 6 of which were confirmed through mass
spectrometry analysis (Yu et al., 2015). BnaDGATT has 14 putative phosphorylation
sites based on NetPhos 3.1 server (Blom et al., 1999). Interestingly, CCT, a key
regulatory enzyme involved in the biosynthesis of another major lipid group (PC), was
also found to have an autoinhibitory motif within a structurally flexible regulatory tail
(Ding et al., 2012). The CCT regulatory tail has a number of putative phosphorylation
sites similar to the DGAT1 N-terminal domain. The elucidated 3D structure of CCT
demonstrated that the autoinhibitory motif within the regulatory tail interacts with the
catalytic domain (Lee et al., 2014). This interaction blocks access into the active site and
hinders dynamics of the key catalytic residue. The autoinhibitory motif was found to
form an induced amphipathic helix upon binding while the rest of the regulatory tail
remained disordered (Lee et al., 2014). Autoinhibitory motifs are known to inhibit the
activity of other domains through intramolecular interactions (Pufall and Graves, 2002).
DISOPRED analysis showed that the BnaDGAT1 IDR has a propensity to form protein-
protein interactions (Fig. 4.5). The BnaDGAT]1 autoinhibitory sequence may interact
with cytosolic loops associated with the catalytic region of the enzyme, thereby down-

regulating the activity of the enzyme. As mentioned earlier, the full-length BnaDGAT1
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is well-folded and predominantly a-helical in DDM micelles while the IDR with
autoinhibitory motif has a propensity to form structure (Fig. 4.6B and 4.6C). It remains
to be determined whether the IDR of BnaDGAT1 forms a three-dimensional structure
with the cytoplasmic loops of segment 114-501, which contains the catalytic site and
numerous transmembrane domains (Fig. 4.1A).

The highly disordered region of BnaDGAT]1, residues 1-80, was found to facilitate
dimerization as evident from cross-linking studies (Fig. 4.3D). This agrees with our
studies on purified full-length BnaDGAT1 in DDM micelles, which showed that the
enzyme when subjected to gel filtration predominantly elutes with a retention time
indicative of a dimer (Caldo et al., 2015). Previous studies on murine DGAT1 and
BnaA.DGATI1.b N-terminal fragment also showed that the N-terminal domain plays a
role in self-association (Weselake et al., 2006; McFie et al., 2010). The formation of
quaternary structure could possibly facilitate intermolecular communication between
subunits.

Our kinetic analysis of BnaDGAT1 showed that it exhibits positive cooperativity.
This behavior for plant DGAT1 was also recently reported for both C. americana
DGATI1 and Z. mays DGAT]1 (Roesler et al., 2016). The study found that plant DGAT1s
exhibited a sigmoidal response to increasing concentration of acyl-CoA, consistent with
the findings on BnaDGAT]1 in the current study. Furthermore, in the current study,
deletion of the N-terminal domain led to a decrease in the Hill coefficient, suggesting
that this region partially mediates positive cooperativity through intermolecular
interactions. This observation agrees with the acyl-CoA binding characteristics of

recombinant forms of the N-terminal region of B. napus DGAT1 or murine DGATI
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(Weselake et al., 2006; Siloto et al., 2008). Lipidex-1000 assays showed that the binding
of the BnaA.DGAT1.b N-terminal fragment (amino acid residues 1-113) with various
types of acyl-CoA followed a sigmoidal behavior, suggesting that the N-terminal
domain can facilitate regulation through positive cooperativity. In addition, free CoA
was shown to displace acyl-CoA from the N-terminal fragment suggesting that this non-
catalytic site could interact with either thioester or CoA (Weselake et al., 2006). In the
current study, in vitro enzyme assays showed that CoA is a non-competitive inhibitor of
BnaDGATI, which in turn suggested that CoA might be a physiological negative
effector of the enzyme.

Kinetic analysis also showed that the first 80 amino acid residues of BnaDGAT 1
do not play a significant role in binding acyl-CoA, while removal of amino acid residues
81-113, led to substantially reduced acyl-CoA affinity and enzyme activity. This finding
showed that the acyl-CoA binding property, previously identified in BnaA.DGAT1.b
(Weselake et al., 2006), specifically lies along amino acid residues 81-113 in the
BnaDGATTI, under investigation in the current study. The 3D structure of the acyl-
CoA/CoA binding site involving amino acid residues 81-113 was characterized. It is
important to note that no 3D structure has been experimentally elucidated previously for
any important motif of MBOATS. In contrast to the IDR in BnaDGAT1 N-terminal
domain, the putative allosteric acyl-CoA binding site is a folded segment composed of
loops and an a-helix. Subsequent structural and ligand binding analysis identified the
specific amino acid residues involved in recognition of the CoA moiety. The amino acid
residue substitutions R96A, R97A, R99A and E100A resulted in a substantial reduction

in DGAT activity, which clearly demonstrated that this segment of the enzyme is
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involved in regulating enzyme activity. Binding of acyl-CoA at the allosteric site in the
N-terminus may enhance DGAT activity whereas binding of CoA may decrease enzyme
activity.

Loops in proteins are common ligand binding sites. Importantly, the amino acid
residues implicated in CoA binding are highly conserved among DGAT1 homologues
including human and murine DGAT1s suggesting a common mechanism of binding
(Fig. 4.9C). The motif identified is composed of [HR][RK]X[KRQ][DE]. The 3’-
phosphate of the adenosine moiety of CoA was found to be a major point for interaction
in this study. Previously, CoA was found to be a feedback inhibitor of
phosphopantetheine adenylyltransferase (PPAT), which is a regulatory enzyme
catalyzing the second last reaction involved in CoA biosynthesis (Rubio et al., 2008).
The ICsp of CoA for PPAT is about 39 uM, which is close to the ICsy of about 47 uM for
the CoA-BnaDGAT]1 interaction based on our kinetic analysis.

An enzyme model is proposed wherein BnaDGAT]1 activity is modulated by acyl-
CoA and CoA (Fig. 4.12). Under conditions of high acyl-CoA levels, the level of free
CoA is expected to decrease and vice-versa. The presence of at least two acyl-CoA
binding sites (allosteric and catalytic sites) and positive cooperativity in BnaDGAT1
indicate that homotropic allosteric activation operates in BnaDGAT1 enabling its
activity to adjust based on acyl-CoA levels. As observed in autoinhibited proteins, it is
proposed that BnaDGAT1 initially exists in an inactive state with an autoinhibitor motif
(7) bound to segment 114-501 (S114-501), which contains the numerous transmembrane
domains and catalytic site. High levels of CoA stabilize the inactive state. CoA can be

displaced by increasing concentration of acyl-CoA, which activates the enzyme due to a
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conformational change induced by binding of thioester to the allosteric site. The binding
of acyl-CoA in the N-terminal domain activates the catalytic domain within the
remainder of the polypeptide (S114-501), and the activation signal is also transmitted to
the other subunit through the dimerization segment (encircled) in the IDR. The process
of regulation may also include other unidentified biochemical effectors, which may be
involved in the release of the autoinhibitory region from S114-501. The proposed model,
however, does not account for the apparent substrate inhibition observed for
BnaDGATI 14501 at the two concentrations of acyl-CoA above 5 uM (see Fig. 4.3C),
where the enzyme might have a second lower affinity non-catalytic acyl-CoA binding
site, in S114-501, which results in down-regulation of the enzyme. Homotropic
allosteric regulation in membrane proteins is not uncommon. Recently, another
intramembrane enzyme, rhomboid protease, was found to be regulated through
homotropic allosterism (Arutyunova et al., 2014).

It is interesting to consider the above model for BnaDGAT] regulation in a
physiological context. Acyl-CoAs are used in many other biochemical reactions
(Ohlrogge and Jaworski, 1997) and the tight regulation of BnaDGAT1 activity may be
needed to ensure that the enzyme is only highly active when there is a surplus of
substrates for TAG biosynthesis. Long chain acyl-CoAs have been shown to have a
regulatory role in mammalian lipid metabolism (Hu et al., 2005; Nagy et al., 2014). An
early study implicated CoA and oleoyl-CoA as possible inhibitors of neutral lipase
activity in the endosperm of 4 day old castor (Ricinus communis) seedlings (Hills et al.,
1989). Acyl-CoAs were also shown to inhibit glucose-6-phosphate transporter and

adenylate transporter in isolated plastids prepared from developing seeds of B. napus
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(Fox et al., 2000). The inhibition of these transport proteins reduced the flux of carbon
from glucose-6-phosphate or from acetate into long chain fatty acids. The rate of plant
fatty acid biosynthesis, which determines the level of acyl-CoA, can vary greatly
depending on various factors such as plant developmental stage, time of day and growth
rate (Ohlrogge and Jaworski, 1997). The concentration of long chain acyl-CoA in
developing B. napus seeds has been determined to be in the range of 3-6 uM (Larson
and Graham, 2001). This is somewhat lower than the K, of 17 uM determined for the
binding of oleoyl-CoA to the recombinant N-terminal fragment of BnaA.DGAT1.b
(Weselake et al., 2006). The availability of acyl-CoA under physiological conditions,
however, has to be considered in terms the interaction of these thioesters with
membranes and acyl-CoA binding proteins (Yurchenko and Weselake, 2011; Lung and

Chye, 2016).
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Figure 4.12. Proposed model for BnaDGAT]1 regulation involving the hydrophilic
N-terminal domain. The N-terminal domain (NTD) and the remainder of the enzyme
(S114-501) are shown in blue and red, respectively. The enzyme initially exists in the
inactive state with an autoinhibitor motif (7) in the N-terminal domain (amino acid
residues 1-113) bound to S114-501, the latter of which houses the transmembrane
segments and catalytic domain. High levels of Coenzyme A (CoA) stabilize the inactive
state by binding to the allosteric site in the N-terminal domain. CoA can be displaced
through increased availability of acyl-CoA (FCoA), which activates the enzyme by
binding to the allosteric site. The binding of acyl-CoA activates the catalytic domain in
S114-501 via a conformational change in the same polypeptide, and the signal is also
transmitted to the other subunit through the dimerization segment (encircled) in the
intrinsically disordered region (IDR) in the N-terminal domain. The release of the
autoinhibitory region is hypothesized to lead to further conformational changes resulting

to the highly active state.
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Thus, it may be worthwhile to further explore activation of BnaDGATT in presence of
acyl-CoA binding proteins or other acyl lipids. Given the absence of the acyl chain, free
CoA concentrations are probably less affected by membranes and acyl-CoA binding
proteins. In lyophilized developing Arabidopsis seeds, acyl-CoA content was
determined to be over 10-fold greater than free CoA content (Gibon et al., 2002;
Tumaney et al., 2004).

Physiologically, the situation may be more intricate in vivo due to different
combinations of B. napus DGATI isoform monomers. Recently, it was reported that are
four homologous B. napus DGAT1 genes encoding four isoforms of the enzyme (Aznar-
Moreno et al., 2015; Greer et al., 2015) referred to as BnaA.DGAT]1.a, BnaA.DGATI1.b,
BnaC.DGATI.a (referred to as BnaDGAT1) and BnaC.DGAT1.b (Greer et al., 2015),
with the main differences in amino acid sequence occurring in the IDR. The A and C
genomes of B. napus each encode two isoforms of DGAT1 (Greer et al., 2015). Based
on sequence identity, BnaA.DGAT1.a and BnaC.DGAT1.a belong to clade I whereas
BnaA.DGATI1.b and BnaC.DGATI1.b belong to clade II (Greer et al., 2015; 2016). In
vitro assays of DGAT activity with microsomes from yeast producing different
recombinant isoforms of B. napus DGAT1 have shown that clade II enzymes exhibit a
preference for linoleoyl-CoA as an acyl donor (Greer et al., 2016). Within the
developing embryo of B. napus the possibility exists for the formation of dimers
consisting of various combinations of the four BnaDGAT]1 isoforms. Analysis of B.
napus DGATI transcripts has indicated that Bnad.DGATI.a and BnaC.DGATI.a are
expressed at substantially higher levels than the two other transcripts (Bnad.DGATI1.b

and BnaC.DGATI.b), at all stages of seed development up to 35 days after flowering
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(Aznar-Moreno et al., 2015). If it is assumed that the transcript levels are generally
reflective of relative enzyme polypeptide levels, then the majority of B. napus DGAT1
dimers would be based on different combinations involving monomers BnaA.DGAT]1.a
and BnaC.DGAT1.a which are clade I enzymes that do not show a preference for
linoleoyl-CoA.
4.5. Conclusion

This study sheds light on the regulatory function of the hydrophilic N-terminal
domain of BnaDGAT]1. This domain consists of an IDR and a folded allosteric site for
binding of acyl-CoA and/or CoA. The regulatory roles of distinct portions of the N-
terminal region were inferred through enzyme truncation and kinetic analysis. IDRs
have been recently found to perform many functions than previously thought
particularly in their role in cell signaling and regulation, and our results on the N-
terminal domain agrees with the developing body of knowledge on IDRs. The 3D
structure of the acyl-CoA/CoA binding site was also elucidated through solution NMR
and the specific interactions with CoA were determined. BnaDGAT]1 activity may be
modulated based on the availability of acyl-CoA and CoA, and the ratio of the two

metabolites.
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CHAPTER 5
Brassica napus Diacylglycerol Acyltransferase 1 is Feedforward Activated by
Phosphatidate and Inhibited by SnRK1-catalyzed Phosphorylation

5.1. Introduction

Triacylglycerol (TAG) is the main storage form of energy in oilseeds, which has
served as a source of vegetable oil for food and industrial applications. TAG
biosynthesis is composed of two phases, namely fatty acid biosynthesis and TAG
assembly. Fatty acid biosynthesis occurs inside the plastid through the sequential action
of acetyl-CoA carboxylase (ACCase) and the fatty acid synthase complex (Ohlrogge and
Jaworski, 1997). ACCase catalyzes the carboxylation of acetyl-CoA to form malonyl-
CoA, which serves as the 2-carbon donor to the growing acyl chain attached to the fatty
acid synthase complex via the acyl carrier protein. In the second phase, the fatty acids
formed in the plastids are transported into the endoplasmic reticulum for TAG assembly.
TAG assembly involves acyl-CoA-dependent and acyl-CoA-independent pathways. The
sn-glycerol-3-phosphate pathway, also known as the Kennedy pathway, involves the
incorporation of three acyl chains from fatty acyl-CoA onto a glycerol backbone (Weiss
et al., 1960; Chen et al., 2015). The first two acyl chains are added by the catalytic
action of sn-glycerol-3-phosphate acyltransferase (GPAT) and lysophosphatidate
acyltransferase (LPAAT) forming phosphatidate (PA). PA is then dephosphorylated to
produce 1,2-diacyl-sn-glycerol (DAG) through the catalytic action of PA phosphatase.
In oleaginous plants which form seed oils containing polyunsaturated fatty acids
(PUFAS), the resulting DAG can be converted to phosphatidylcholine (PC) where

further desaturation and acyl editing occur, with PUFA-enriched DAG eventually
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returning to the Kennedy pathway (Chen et al., 2015). In addition, various processes,
including acyl exchange, utilize polyunsaturated fatty acid (PUFA)-enriched PC as
source of acyl chains to enrich the long chain acyl-CoA pool in PUFA thereby creating
additional opportunities to enrich the PUFA content of TAG via the acyltransferases of
the Kennedy pathway. The final reaction in the Kennedy pathway is driven by
diacylglycerol acyltransferases (DGATs), which catalyze the acylation of DAG to
produce TAG (Liu et al., 2012).

ACCase is a key regulatory enzyme in fatty acid biosynthesis. The regulation of
animal, yeast and plant ACCases have been intensively investigated and found to
operate under several layers of control. Plant plastidial ACCase is a heteromeric enzyme
that is feedback inhibited by the level of oleoyl-ACP (Andre et al., 2012) and negatively
regulated by a newly identified protein named biotin/lipoyl attachment domain
containing proteins (Salie et al., 2016). In terms of TAG assembly, DGAT appears to
substantially control the extent of oil accumulation in some oil crops, including canola
(Brassica napus and B. rapa). The oil content of Arabidopsis and canola-type B. napus
was found to correlate with the activity or expression level of DGAT (Jako et al., 2001;
Weselake et al., 2008; Weselake et al., 2009). In addition, control analysis indicated that
DGAT]1 had a substantial effect on the flow of carbon into seed oil in B. napus
(Weselake et al., 2008). In contrast to ACCase, the biochemical regulation of animal,
plant or algal DGAT is not yet well-understood. DGATSs can be grouped into three
families. DGAT1 and DGAT?2 are both membrane-bound enzymes but are non-
homologous to one another, while DGAT3 is a soluble enzyme (Liu et al., 2012).

Previously, various compounds including PA were found to stimulate the DGAT activity
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in microsomes isolated from B. napus microspore-derived cell suspension cultures
(Byers et al., 1999). In addition, Tropaeolum majus DGAT1 appeared to be more active
upon mutation of a consensus site for sucrose non-fermenting-related kinase 1 (SnRK1)
(Xu et al., 2008). The influence of PA and SnRK1 on plant DGAT activity, however,
needs further investigation.

PA is an intermediate metabolite in both phospholipid and TAG biosynthesis. It is
a minor component of the plant membrane lipids, accounting for less than 1% of
phospholipids in most tissues (Welti et al., 2002). The cellular levels of PA, however,
are dynamic and may increase dramatically under certain developmental and
environmental conditions (Wang et al., 2006). PA has been shown to act as a secondary
messenger in plant growth and development, as well as during stress (Testerink and
Munnik, 2011). In addition, PA binds and influences the activity of various plant
metabolic enzymes including phosphopenolpyruvate carboxylase (Monreal et al., 2010),
phosphoethanolamine N-methyltransferase (Jost et al., 2009),
monogalactosyldiacylglycerol synthase 1 (Dubots et al., 2010) and CTP:phosphocholine
cytidylyltransferase (CCT) (Craddock et al., 2015).

Plant SnRK1 belongs to a subfamily of serine/threonine kinases that regulate
metabolism in response to the energy state of the organism. It is homologous to yeast
sucrose non-fermenting 1 (SNF1) protein kinase and mammalian AMP-activated protein
kinase (AMPK). SnRK1, like SNF1 and AMPK, acts as energy sensor in metabolism
and influences plant growth, development and the stress response (Broeckx et al., 2016).
During metabolic stress or under depletion of glucose, these kinases activate catabolic

pathways and inactivate anabolic processes either by altering gene expression or
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phosphorylation of metabolic enzymes (Polge and Thomas, 2007). When the energy
state of the plant is low or under stress, SnRK 1 catalyzes the phosphorylation and
subsequent inactivation of key enzymes involved in the biosynthesis of starch, amino
acids and isoprenoids (Halford et al., 2003). It is also implicated in the regulation of
transcription factors (e.g., bZIP) and regulatory proteins, which are a target of rapamycin
kinase signaling (Hey et al., 2010). Recently, SnRK 1-catalyzed phosphorylation was
found to regulate the degradation of WRINKLEDI, a transcription factor that positively
regulates the expression of various lipid biosynthetic genes (Zhai et al., 2017). SnRK1 is
responsive to sugar-phosphate levels when the energy state of the cell is high. Glucose-
6-phosphate, trehalose-6-phosphate and glucose-1-phosphate were found to
allosterically inhibit SnRK 1 (Toroser et al., 2000; Zhang et al., 2009b; Nunes et al.,
2013).

In this study, purified BnaDGAT] (isoform BnaC.DGAT1.a) was lipidated
through the addition of PC composed of different combinations of fatty acyl chains. The
lipidated enzyme exhibited a hyperbolic response to increasing bulk concentrations of
DAG whereas increasing acyl-CoA concentration resulted in a sigmoidal response.
BnaDGATTI activity was stimulated by PA and the enzyme was also a substrate of
SnRK 1, which catalyzes the phosphorylation of the enzyme converting it to a less active
form.

5.2. Materials and Methods
5.2.1. Production and purification of recombinant BnaDGAT1
BnaDGATI1 ¢cDNA was codon-optimized and synthesized by BioBasic Inc.

(Ontario, Canada). The gene was cloned into pYES-NTA vector with His) tag rather
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than a Hise for purification and enzymatic analysis. The vector was transformed into
Saccharomyces cerevisiae B4744/H1246 and grown on agar plates with synthetic media
lacking uracil. For recombinant protein production, a colony was picked and inoculated
into a 10 mL synthetic media lacking uracil for overnight incubation at 30°C. The 10-
mL seed culture was transferred into a 250 mL synthetic media and grown overnight at
30°C. The culture was transferred into induction media and grown overnight at 28°C and
harvested after 24 h. The protein was then purified as previously described (Chapter 3;
Caldo et al., 2015). Briefly, BnaDGAT]1 in yeast microsomes was solubilized using 1%
(w/v) n-dodecyl-B-D-maltopyranoside (DDM) for 2 h at 4°C. The mixture was then
subjected to ultracentrifugation at 105,000 x g for 1 h. Detergent-solubilized
BnaDGATI1 was incubated with 3 mL TALON® Metal Affinity Resin (Clontech) for 2
h with gentle rocking at 4°C. After packing the resin into Econo-Column®
Chromatography Column, 1.5 x 20 cm (Bio-Rad), it was washed twice with 20 column
volumes of 50 mM Tris HCL pH 8.0, 300 mM NaCl and 5% glycerol (Buffer A) with 5
mM imidazole and BnaDGAT1 was then eluted in Buffer A, stepwise, with increasing
concentrations of imidazole (50-500 mM). SDS—-PAGE was performed to analyze the
purified fractions. The tag was removed through digestion with TEV protease (Sigma) at
an optimized protein-TEV ratio of 0.1 mg of TEV per mg of BnaDGATT. Finally,
BnaDGAT]1 was concentrated using Amicon Ultra-4 centrifugal filter units 100,000
NMWL (EMD Millipore) and loaded onto an FPLC-Superdex 200 13/30 (GE
Healthcare Life Sciences) size-exclusion column pre-equilibrated with three column
volumes of size-exclusion buffer (25 mM Tris—HCI, pH 8.0, containing 150 mM NacCl,

5% v/v glycerol, ] mM EDTA and 0.05% w/v DDM). Size-exclusion standards (Bio-
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Rad) were used to calibrate the column for the purpose of estimating the apparent
molecular mass of the peaks. Protein samples at different stages of purification were
analyzed using SDS—PAGE and stained with Coomassie Brilliant Blue.
5.2.2. Lipidation of purified BnaDGAT1

Purified BnaDGAT1 in DDM micelles was lipidated through the addition of PC to
form mixed DDM-PC micelles. Initially, titration experiments with increasing amount of
PC showed that 100 uM is needed to obtain maximum increase in activity. Different
PCs with varying degree of unsaturation were used at 100 uM, including egg PC (, 1,2-
dioleoyl-sn-glycero-3-PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-PC, 1,2-disteroyl-sn-
glycero-3-PC and soybean PC. All these PCs were obtained from Avanti Polar Lipids,
Inc. These PCs were first resuspended in size-exclusion buffer without DDM (25 mM
Tris—HCI, pH 8.0, containing 150 mM NaCl, 5% v/v glycerol, ] mM EDTA) through
sonication for 2 h at room temperature. They were then added with equal amount of
BnaDGATTI in size-exclusion buffer and the mixture was mixed at 20 rpm overnight at
4°C. The lipidated enzyme was found to have stable activity when stored at 4°C for a
month.
5.2.3. DGATT1 activity assay

Purified protein samples were subjected to in vitro DGAT activity assay in a
similar fashion to Byers et al. (1999). The assay was first optimized for purified
BnaDGATT] based on substrate saturation assay for each substrate. It was performed at
30°C for 1 min in a 60 pL reaction mixture containing 100 uM sn-1,2-diolein, 2 uM
['*C] oleoyl (18:1A%"; hereafter 18:1)-CoA, 200 mM HEPES-NaOH (pH 7.4) and 30 ng

(purified) or 1 pg (microsomal) protein. Specifically, 100 uM sn-1,2-diolein and 2 uM
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['“C] 18:1-CoA were used based on the substrate saturation curve obtained for the
purified enzyme. The reaction was quenched with 10 pL of 10% w/v SDS. The reaction
mixture was applied onto a thin-layer chromatography plate with standards (0.25 mm
Silica gel, DC-Fertigplatten). The plate was developed with hexane:diethyl ether:acetic
acid (80:20:1, v/v/v). The products were visualized by phosphorimaging (Typhoon Trio
Variable Mode Imager, GE Healthcare, QC, Canada). Spots corresponding to TAG were
scraped and analyzed for radioactivity using Beckman-Coulter LS6500. For activity
assays with PA, a reaction mixture cocktail without the enzyme was sonicated for 2 h
prior the assay to ensure that PA is well-dispersed in solution.
5.2.4. Phosphorylation of BnaDGAT1 catalyzed by Arabidopsis SnRK1

The recombinant (His)e-tagged SnRK 1.1 kinase domain and GST-GRIK1 were
expressed in E. coli and affinity-purified (Shen et al., 2009). SnRK 1 was activated by
GRIK1 and purified first with glutathione-Sepharose and then with NTA-Ni agarose,
and stored in NTA-Ni elution buffer supplemented with 1 mM DTT in 50% glycerol
(Greeley et al., unpublished). The DGAT1 substrates were first treated with cold ATP in
a 45-uL reaction volume containing 10 pL 5x kinase buffer, 0.5 uL. 10 mM ATP and 6.7
uL (1 pg) substrates at 30°C for 1 h. A mixture of 4.5 uL (0.5 pg) His-SnRK1(KD), or
buffer only, and 0.5 pL 10 pCi/uL [y-*PJATP was then added. The reactions were run
for 30 min and stopped by addition of 50 uL 2x SDS-PAGE loading buffer and heat
treatment at 50°C for 5 min. Forty microliters were loaded to a 9% gel for SDS-PAGE.
After electrophoresis, the gel was stained in Coomassie Brilliant Blue, destained, and

scanned in an Odyssey scanner (Licor) with 700-nm laser (84 um resolution, high
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quality, intensity 5) to obtain an image. The gel was dried and subjected to
autoradiography.
5.3. Results
5.3.1. Purification and reconstitution of BnaDGAT1

Codon-optimized BnaDGAT]1 was expressed in S. cerevisiae and purified as
previously described (Chapter 3; Caldo et al., 2015). Briefly, yeast cells were harvested
from a 2-L induction media, lysed and subjected to ultracentrifugation to recover the
microsomal pellet. The membrane proteins were solubilized using DDM and the
solubilized fraction was subjected to Co-TALON affinity purification and FPLC-size
exclusion chromatography (Fig. 5.1A). Although the purified protein in DDM likely co-
purified with yeast membrane lipids, the purified BnaDGAT1 was further lipidated
through the addition of PCs with different fatty acyl chains to form mixed DDM-PC
micelles. PC was chosen since it is the most abundant phospholipid in B. napus seeds
(Katavic et al., 2006) and is commonly used in reconstituting membrane proteins
(Maloney and Ambudkar, 1989). The various PCs were separately added into purified
BnaDGATI1 in DDM micelles, and the activity of the enzyme was determined using an
in vitro assay using [1-"*CJoleoyl-CoA as acyl-donor (Fig. 5.1B). Distearoyl-PC, having
saturated acyl chains like DDM, did not change activity compared to BnaDGAT1 in
DDM micelles. BnaDGAT 1 exhibited highest activity in 16:0/18:1-PC (POPC) followed
by egg PC having 1 and 1.6 average double bonds per PC molecule, respectively. A
further increase in unsaturation was found to be unfavorable, with the enzyme becoming

completely inactivated upon reconstitution with soybean (G/lycine max) PC.
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Figure 5.1. Purification and lipidation of BnaDGAT1. A, Size exclusion
chromatography profile of BnaDGAT] purification and SDS-PAGE of the fractions
within the major peak corresponding to BnaDGAT1. An arrowhead indicates the
position of the void volume. B, Relative increase in activity of purified BnaDGATI in
DDM micelles after addition of different 1,2-diacyl-sn-glycero-3-phosphatidylcholine
(PC). The abbreviations are as follows: DSPC, 1,2-distearoyl-sn-glycero-3-PC; POPC,
I-palmitoyl-2-oleoyl-sn-glycero-3-PC, DOPC: 1,2-dioleoyl-sn-glycero-3-PC. The
average number of double bonds per PC molecule is indicated inside parenthesis. All

lipids were purchased from Avanti Lipids, Inc. Reported values are means = SD, n = 3.
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Soybean PC is composed 63% linoleic acid (18:2A%*'2“*; hereafter 18:2) , and has been
used in the reconstitution of eukaryotic membrane proteins (Maloney and Ambudkar,
1989). We also tested the combination of PC with other phospholipids including
phosphatidylserine, phosphatidylethanolamine and phosphatidylionositol, but no
substantial effect on enzyme activity was observed (data not shown).

5.3.2. Kinetic properties of lipidated BnaDGAT1

The kinetic parameters of purified and lipidated BnaDGAT]1 in mixed POPC-
DDM micelles were evaluated. BnaDGAT]1 has two substrates, a water-insoluble DAG
and fatty acyl-CoA. The substrate saturation plot of BnaDGAT1 with respect to each
substrate was determined. When DAG bulk concentration was increased at a constant
oleoyl-CoA concentration, the activity response was hyperbolic reaching the asymptote
at around 100 uM 1,2-dioleoyl-sn-glycerol (Fig. 5.2A). The plot was fitted with
Michaelis-Menten equation and Hill equation but the former model was preferred based
on R? values (Table 5.1). The maximal velocity and Michaelis constant were both
reported as apparent values (apparent Vi,.x and apparent K,,) since DAG and TAG are
not truly soluble in the assay system thus bringing possible surface adsorption effects
into play.

The substrate saturation plot for increasing oleoyl-CoA concentration at constant
bulk DAG concentration exhibited a sigmoidal response (Fig. 5.2B). The plots of
reaction velocity as a function of increasing oleoyl-CoA concentration were fitted with
the Michaelis-Menten equation or the Hill model. Based on R? values, the Hill equation
was the preferred model, suggesting that BnaDGAT 1 exhibits cooperative substrate

binding behavior with oleoyl-CoA (Table 5.1), as recently described for recombinant
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BnaDGATTI in yeast microsomes (Chapter 4; Xu et al., 2017). The microsomal
preparation, however, is subject to possible interference with other proteins that interact
with acyl-CoA, but the current results obtained with purified protein are similar to what
was observed using microsomes containing recombinant enzyme. The Hill coefficient
and Sy 5 of the plot was 2.74 and 1.6 uM, respectively. Interestingly, after the plot levels
off near the maximum activity, a further increase in oleoyl-CoA concentration beyond 5
UM led to a substantial decrease in enzyme activity (Fig. 5.2C). The activity decreased
steadily up to a concentration of 15 uM oleoyl-CoA. This suggests that BnaDGATI
undergoes substrate inhibition. Once oleoyl-CoA concentrations beyond 5 uM are
reached, the plot prefers a combined model for Hill equation and substrate inhibition,
which was recently used to account for the effects of increasing oleoyl-CoA
concentration on the activity of recombinant BnaDGAT1 in yeast microsomes (Xu et al.,
2017). The combined model was previously proposed for another acyltransferase
exhibiting the same kinetic behavior (Dovala et al., 2016).

The effect of bovine serum albumin (BSA) on the substrate saturation plot was
also investigated (Fig. 5.2D) because BSA is used as an additive in in vitro DGAT
assays (Little et al., 1994; Weselake, 2005a) although there is no general consensus on
its use. BnaDGATT1 was less susceptible to substrate inhibition at 5-20 uM oleoyl-CoA
in the presence of BSA at a concentration of 1 mg/mL. It can be noted, however, that the
apparent V., of the enzyme decreased from 123.1 +2.49 to 54.52 + 2.23 nmol
TAG/min/mg protein upon addition of BSA in the reaction mixture (Table 5.1). This
may indicate that the effective concentration of acyl-CoA is reduced due to interaction

with BSA.
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Figure 5.2. Substrate saturation assay of purified and lipidated BnaDGAT1.
Purified BnaDGAT1 in DDM micelles was lipidated through addition of 100 uM 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and subjected to activity assays. A,
Dependence of initial velocity on increasing bulk concentration of 1,2-dioleoyl-sn-
glycerol. B, Dependence of initial velocity on increasing concentration of oleoyl-CoA
(until no substrate inhibition observed) showing the sigmoidicity of the curve. C,
Dependence of initial velocity on increasing concentration of oleoyl-CoA until 15 uM
oleoyl-CoA. Substrate inhibition is observed beyond 5 uM oleoyl-CoA. D, Dependence
of initial velocity on increasing concentration of oleoyl-CoA in the presence of 1 mg/mL
bovine serum albumin (BSA). Previous studies conducted by us and others include BSA
in DGATT activity assays (Aznar-Moreno et al., 2015, Siloto et al., 2009). Reported

values are means + SD, n = 3.
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Table 5.1. Kinetic parameters of purified and lipidated BnaDGAT1. The plot of initial
reaction velocity as a function of substrate concentration was fitted using the Michaelis-

Menten equation or Hill equation using Graphpad Prism 7.0a. Values are means + SD, n

=3.
Diacylglycerol Oleoyl-CoA Oleoyl-CoA Oleoyl-
(low (high CoA (with
concentration)* | concentration | 1 mg/mL
included)* BSA)
Preferred model Michaelis- Hill equation Combined Hill Hill
Menten equation and equation
equation substrate
inhibition
(Dovala et al.,
2016)
R’ 0.9971 0.9993 0.9723 0.9788
Apparent Ve | 142.70+2.49 | 123.1 £2.49 176.9 £13.6 54.52 +
(nmol TAG/ 2.23
min/mg protein)
Apparent Kyjor | 17.50 +2.06 0.43 +£0.02 0.62+0.7 3.46 +£0.26
Sos (UM)
Hill coefficient 1.09+£0.15 2.75+0.24 1.90 +£0.21 1.94 +£0.26

*Low concentration refers to a plot up to 3 micromolar where substrate inhibition is not
yet observed. High concentration refers to a plot up to 15 micromolar where substrate
inhibition is already observed. **The affinity constants for the Michaelis-Menten model

and Hill equation are referredto as Ky and Sg s, respectively.
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5.3.3. Activation of BnaDGAT1 with phosphatidate

Enzymes are generally regulated by various physiological molecules that enable
them to adjust to the metabolic state of the cell and the flux of metabolites in a pathway.
PA is an intermediate in TAG and phospholipid biosynthesis (Chen et al., 2015). The
effect of increasing concentration of 18:1/18:1-PA on the activity of purified and
lipidated BnaDGAT]1 (in DDM-POPC mixed micelles) was tested (Fig. 5.3A). The
addition of PA was found to increase enzyme activity, with initial velocity doubling in
the presence of only 10 uM PA. The enzyme activity increased by about 400% at the
highest PA concentration considered. This result showed that 18:1/18:1-PA is a very
potent activator of BnaDGAT1. When the effect of 100 uM 18:1/18:1-PA was evaluated
at increasing oleoyl-CoA concentration, PA dramatically increased the apparent V,x of
the enzyme from 123.1 £+ 2.49 to 893.1 £ 29.01 nmol TAG/min/mg protein (Fig. 5.3B).
In addition, the substrate saturation plot appeared more hyperbolic compared to one
derived in the absence of PA. Detailed analysis revealed that the Hill coefficient of
BnaDGATTI decreased from 2.75 + 0.24 to 1.61 &+ 0.07 indicating that PA may have
facilitated a conformational change to a more active state of BnaDGATI1 (Table 5.2). In
addition, the enzyme was activated further at 10 uM oleoyl-CoA (Fig. 5.3C) where
substrate inhibition was known to clearly occur in the absence of PA (Fig. 5.2C). This
may indicate that the resulting conformational change upon PA binding desensitized the

enzyme to substrate inhibition.

140



A B

c c

£ 5

© 600~ o 800~

o o

g’ E’ 600=

< 400- < _

E E 400~ - \without PA

_ y == 100 pM 18:1,18:1-PA

Q 200 o

ﬁ g 200+

5 S -

E 0 I I I E o 1 1

= 0 50 100 150 = 0 2 4 6
[18:1-18:1 Phosphatidate] uM [Oleoyl-CoA] uM

@
O

-
8= =
2 56
2 o J
° HEl BnaDGAT1 © -
(S G 'E e
£ BnaDGAT 14, 501 @
<} o o
@ 4m B BnaDGAT2 g
o 2 o
Q —
£ - ©
- > = -
D 7ud =
2 _ ®
Ml
] S S NN
& o- & & &
2 5 10 S
[Oleoyl-CoA] pM Molecular species of PA

Figure 5.3. Feedforward activation of BnaDGAT]1 by phosphatidate (PA).

A, Relative increase in purified and lipidated BnaDGATT activity upon addition of
increasing concentration of 18:1/18:1-PA. B, Substrate saturation assay of purified and
lipidated BnaDGAT1 in the presence of 100 uM 18:1/18:1-PA. The oleoyl-CoA
saturation curve of BnaDGAT]1 is also shown as reference. C, Relative increase in
activity of microsomal BnaDGAT1, BnaDGAT]s;.50; and BnaDGAT?2 at different

concentrations of oleoyl-CoA upon addition of 100 uM 18:1/18:1-PA bulk concentration
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in the reaction mixture. D, Relative increase in purified and lipidated BnaDGAT 1
activity in the presence of different PAs at 100 uM bulk concentration. Reported values

are means = SD, n = 3.
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Previously, we proposed the presence of an autoinhibitor motif within the
BnaDGAT]1 N-terminal domain, comprised by amino acid residues 1-80, since removal
of this region appears to activate the enzyme (Chapter 4). The effect of PA on
BnaDGATT] devoid of the disordered segment (BnaDGAT153;.50;) was therefore
evaluated. Due to the compromised recombinant production level of BnaDGAT 1g;.s01,
purification of this enzyme form was unsuccessful. Microsomal BnaDGAT1 and
BnaDGATIs,.50; were then subjected to kinetic analysis in the presence or absence of
PA (Fig. 5.3C). Microsomal BnaDGAT1 was activated by more than 4.7-fold in the
presence of 2 uM oleoyl-CoA and 100 uM PA, similar to the purified and lipidated
enzyme. On the other hand, BnaDGAT 13;.s0;, which is already more active than
BnaDGATTI, was no longer as responsive to PA activation as full length BnaDGATI.
BnaDGATIs;.501 was only activated by about 1.4-fold under the same conditions.
Similar findings were observed at 5 and 10 uM oleoyl-CoA. This result suggests that
PA activates BnaDGAT1 by influencing the autoinhibitor motif of the enzyme and as
observed, PA no longer activates the truncated enzyme without the autoinhibitory motif
to a great extent.

Recombinant BnaDGAT?2 was also tested with PA. BnaDGAT2 was codon-
optimized and functionally expressed in H1246. As shown in Fig. 5.3C, microsomal
recombinant BnaDGAT?2 was not activated by PA. Therefore, PA-mediated feedforward
activation seems to be specific to BnaDGAT]I.

The effect of different molecular species of PA on activation of purified and

lipidated BnaDGAT]1 was also investigated (Fig. 5.3D). Unsaturated PAs were more
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Table 5.2. Change in kinetic parameters of phosphatidate (PA)-activated BnaDGAT]1.
The plot of initial reaction velocity as a function of substrate concentration was fitted
using the Michaelis-Menten equationor Hill equation using Graphpad Prism 7.0a.

Values are means = SD, n =3

Control With 100 pM bulk
concentration PA
R’ for Michaelis-Menten equation 0911 0.986
R” for Hill equation 0.9971 0.9993
Viax (nmol TAG/ min/mg protein) 123.1+2.49 893.1 £29.01
Hill coefficient 2.75+0.24 1.61+0.07
So.s (M) 0.43+£0.02 1.86 +0.07
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effective in activating BnaDGATI. 18:1/18:1-PA and 16:0/18:1-PA activated
BnaDGATT]1 by about 4.7-fold and 2.4-fold, respectively (Fig. 5.3D). On the other hand,
16:0/16:0-PA only activated the enzyme by about 1.24 fold, while 18:0/18:0-PA had
minimal effect on enzyme activity.
5.3.4. Inhibition of BnaDGAT1 through SnRK1 phosphorylation

BnaDGATT has a predicted SnRK1 phosphorylation site that appears to be
conserved among plant DGAT]1 (Fig. 5.4A). This site is localized in the cytosolic loop
connecting the second and third predicted transmembrane segments, indicating that it is
accessible to cytoplasmic kinases (Fig. 5.4B). Recombinant SnRK1 is first activated by
geminivirus Rep interacting kinase-mediated phosphorylation (Shen et al., 2009). We
tested if BnaDGAT1 is a substrate of SnRK1. BnaDGAT1 in DDM micelles and in PC-
DDM micelles were incubated with activated SnRK 1 using **P-ATP. The reactions were
then subjected to SDS-PAGE and the gel with resolved proteins was dried. The dried gel
was then exposed to a film revealing the location of BnaDGATI. The corresponding
positions in the autoradiogram showed that both BnaDGAT1 in DDM micelles and in
PC-DDM micelles became radiolabeled with **P, indicating that BnaDGAT1 is
phosphorylated by SnRK1 action (Fig. 5.4C). The negative control gave low signals on
the blot, which may indicate the presence of BnaDGAT1 co-purified with a kinase. We
then determined the specific activity of BnaDGAT1 before and after incubation with
SnRK1. It was found that after 30 min incubation, the activity of BnaDGAT1 was
reduced by about 40%, indicating that phosphorylation down-regulated the activity of

the enzyme (Fig. 5.4D).
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Figure 5.4. Inhibition of purified BnaDGAT]1 via SnRK1-catalyzed
phosphorylation. A, Sequence alignment of plant DGAT1 showing the highly
conserved nature of the putative SnRK1 phosphorylation site. The SnRK 1 consensus
motif is indicated. B, Predicted topology of BnaDGAT]1 showing the location of the
putative SnRK 1 phosphorylation site (indicated by an asterisk) in the cytoplasmic loop
connecting the second and third transmembrane segment. C, SDS-PAGE and
autoradiogram of resolved BnaDGAT]1 before and after phosphorylation with SnRK1.
Lanes 1 and 2 correspond to purified BnaDGAT1. Lanes 3 and 4 correspond to purified
and lipidated BnaDGAT1. The plus (+) and minus (-) signs indicate the presence and
absence of added SnRK1 kinase, respectively. D, DGAT]1 activity before and after

phosphorylation. Reported values are means = SD, n = 3.
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5.4. Discussion

In this study, the enzymatic activity of purified BnaDGAT1 was assessed after
lipidation with different molecular species of PC. Results of the activity assays showed
that the activity of the enzyme is greatly influenced by the nature of the PC side chains
(Fig. 5.1B). The enzyme exhibited highest activity in 16:0/18:1-PC DDM mixed
micelles. The PCs used have different numbers of double bonds per molecule, which can
be correlated with membrane fluidity. The more double bonds present, the more
dynamic is the bilayer. Membrane protein functions are regulated by lipid bilayer
composition, mainly due to non-specific interactions that affect the deformation of the
bilayer in response to protein conformational changes (Lundbaek et al., 2010). We then
proceeded in using purified BnaDGATI in 16:0/18:1-PC DDM mixed micelles for the
biochemical assays unless stated otherwise.

The lipidated BnaDGAT1 was subjected to substrate saturation assays with DAG
and oleoyl-CoA (Fig. 5.2). It was found that BnaDGAT 1 exhibits hyperbolic response to
increasing concentration of bulk DAG. On the other hand, the lipidated enzyme exhibits
sigmoidal response to increasing concentration of oleoyl-CoA (Fig.5.2). This agrees
with previous reports on unpurified microsomal enzyme of C. americana DGATI1, Z.
mays DGAT1 and BnaDGATI (Roesler et al., 2016; Chapter 4). Previous studies have
shown that BnaDGAT1 can form oligomers, which indicate the existence of
intermolecular communication between subunits (Caldo et al., 2015). This may enable
the enzyme to adjust its activity based on acyl-CoA levels. DGATI1 was first identified
due to its homology to ACAT 1. In contrast to DGATTI, the activity of ACAT1 exhibits

sigmoidal response to increasing concentration of cholesterol (Chang et al., 1998). It was
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also found to have two binding sites for cholesterol through competition studies with
plant sterols, while DGAT1 was found to have two binding sites for acyl-CoA (Chapter
4).

At oleoyl-CoA concentrations above 5 uM, further increases in substrate
concentration led to a decrease in enzyme activity (Fig. 5.2C). One plausible reason
would be the formation of acyl-CoA micelles at higher concentration leading to
decreased availability of acyl-CoA. The critical micelle concentration of acyl-CoA,
however, is reported to be in the range of 33—-67 uM (Constantinides and Steim, 1988;
Wei et al., 2009). Other membrane-bound acyl transferases have been reported to exhibit
increasing activity at high acyl-CoA concentration (greater than 5 to greater than 100
uM) (Chang et al., 1998; Kalscheuer and Steinbiichel, 2003; Stoveken et al., 2005).

If it is assumed that substrate inhibition is operative in the case of BnaDGAT]1,
then this may represent a mechanism to ensure that acyl-CoAs are not devoted entirely
to TAG formation. It has been suggested that substrate inhibition can either be
biologically relevant or just an artifact in the laboratory setting due to unusually high
substrate concentration (Reed et al., 2010). Recently, Xu et al. (2017) identified a
BnaDGAT] variant, with single amino acid residue substitution, which is less
susceptible to substrate inhibition. This study suggests that by changing specific amino
acid residues, certain conformational changes may be observed in BnaDGAT]1 that
enable it to become less sensitive to substrate inhibition. It should be noted that substrate
inhibition is also observed in other metabolic enzymes such as phosphofructokinase,
which is a key glycolytic enzyme (Su and Storey, 1994). Phosphofructokinase uses ATP

to catalyze the phosphorylation of fructose-6-phosphate but undergoes substrate

149



inhibition at high ATP concentration. This regulation ensures that the cell’s carbon
supply is not allocated mainly for ATP production when the energy state of the cell is
already high (Reed et al., 2010).

The effect of PA on lipidated BnaDGAT]1 was tested and it was found that PA acts
as an activator of the enzyme (Fig. 5.3), consistent with an observation previously made
using microsomes prepared from microspore-derived cell suspension cultures of B.
napus (Byers et al., 1999). The previous study suggested that PA may be an allosteric
activator of microsomal BnaDGAT or may serve as a substrate of microsomal PA
phosphatase, which can channel endogenously-formed DAG more effectively into the
subsequent DGAT-catalyzed reaction. The current study showed that purified
BnaDGAT]I is activated by PA. Metabolite effectors generally bind to enzymes and
initiate a conformational change. PA may bind to BnaDGAT1 causing a change to a
more active conformation that is also more desensitized to substrate inhibition allowing
the enzyme to operate efficiently under high local acyl-CoA levels. Although reported
total acyl-CoA concentrations in the range of the range of 3-6 uM during seed
development in B. napus (Larson and Graham, 2001), it is possible that higher localized
concentrations may be prevalent in vivo at the site of TAG synthesis (Yurchenko et al.,
2014). In addition, it was observed that molecular species of PA enriched in unsaturated
acyl chains were more effective in activating the enzyme than PA containing saturated
acyl chains. A previous study showed that newly produced fatty acids are targeted to
undergo acyl editing (Bates et al., 2007). In this process, DAG enriched in 18:1 is

initially converted to PC wherein 18:1 undergoes further desaturation to 18:2 and a-

linolenic acid (18:3A%%125:15¢%y ‘Novement of PUFAs from PC into the acyl-CoA pool

150



may involve acyl exchange and or the combined action of phospholipase A, and acyl-
CoA synthetase (Chen et al., 2015). In essence, these processes would enrich the PUFA
content of the acyl-CoA pool thus creating more opportunities to produce PA enriched in
unsaturated fatty acids. Allowing BnaDGAT]1 to be more responsive to unsaturated PA
over saturated PA would ensure that sufficient editing of the acyl-CoA pool has occurred
prior to stimulating TAG biosynthesis via the BnaDGAT1-catalyzed reaction.

The possible mechanism of activation by PA was investigated by determining the
effect of PA on BnaDGAT]3,.501. Residues 1-80 correspond to a highly disordered
segment, which appears to have an autoinhibitory motif that down-regulates enzyme
activity. Without this motif, the enzyme is in a more active state (Chapter 4).
Interestingly, it was found that the degree of activation of BnaDGATg;.s0; by PA is less
compared to the full-length enzyme (Fig. 5.3C). Thus, the possible conformational
change in BnaDGAT]1 brought about by binding of PA may also result in displacement
of the autoinhibitory motif. The effect of PA on BnaDGAT1 is incorporated into a
model recently proposed which describes the regulation of BnaDGATT1 activity (Fig.
5.5) (Chapter 4). PA is proposed to cause a conformational change in the catalytic
terminal domain of BnaDGAT1 and lead to displacement of the autohibitory motif. This
results in the enzyme transitioning from a moderately active state to a highly active state.
The proposed model shows that acyl-CoA or CoA can interact with the hydrophilic N-
terminal domain of the BnaDGAT]1 and allosterically regulate enzyme activity in the
catalytic region which lies beyond the N-terminal domain. High acyl-CoA levels
promote the moderately active state and high CoA levels promote the more inactive

state.
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PC biosynthesis, which includes the action of CCT and choline phosphotransferase
(CPT), has been studied extensively in mammalian systems (Fagone and Jackowski,
2013). CCT catalyzes the formation of CDP-choline which in turn is transferred to
DAG via the catalytic action of CPT. This pathway is shown in relation to the Kennedy
pathway in plants in Figure 5.6 (Craddock et al., 2015). BnaDGAT]1 is very similar to
CCTTI in that this enzyme also has an autoinhibitory motif within a regulatory region
that has a propensity to become disordered (Ding et al., 2012). In addition, a recent
study in Arabidopsis has shown that PA activates CCT1 while CCT1 with truncated
region encompassing the autoinhibitory motif could no longer be activated by PA
(Craddock et al., 2015). CCT1 is a key enzyme in the nucleotide pathway for PC
synthesis whereas DGAT1 activity has been shown to have a substantial effect on the
flow of carbon into seed TAG in members of the Brassicaceae (Jako et al., 2001;
Weselake et al., 2008; Weselake et al., 2009). Thus, the co- activation of CCT1 and
DGAT1 may ensure that phospholipid synthesis keeps pace with TAG and oil body
formation in the developing zygotic embryo of Brassicaceae members such as
Arabidopsis and B. napus (Fig. 5.6). Previously, it was proposed that oil bodies pinch off
of the ER surrounded by a monolayer of phospholipid molecules (Huang, 1996). In
general, the activation of CCT1 would stimulate additional membrane synthesis to
sustain oil body production. It is important to note that DAG is also converted to PC for
formation of PUFA and acyl editing of both de novo formed DAG and the acyl-CoA

pool (for reviews see Bates and Browse, 2012; Chen et al., 2015).
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Figure 5.5. Proposed model for regulation of BnaDGAT1 activity incorporating
feedforward activation and phosphorylation. Phosphatidate (PA) serves as a
feedforward activator of BnaDGAT 1, possibly by binding to and initiating a
conformational change in the membrane-bound catalytic domain and displacing the
proposed autoinhibitory motif. The proposed model shows that acyl-CoA or CoA can
interact with the hydrophilic N-terminal domain of the BnaDGAT1 and allosterically
regulate enzyme activity in the catalytic region which lies beyond the N-terminal
domain (Caldo et al., under review). High acyl-CoA levels promote the moderately
active state and high CoA levels promote the more inactive state. BnaDGAT] is also a
substrate of SnRK1, which can phosphorylate the enzyme and convert it to a less active
form. An unknown protein phosphatase may be involved in the dephosphorylation and

activation of the inactive enzyme.
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Figure 5.6. Phosphatidate (PA) allows the concomitant activation of
phosphatidylcholine (PC) and triacylglycerol (TAG) biosynthesis through
feedforward activation of CTP:Phosphocholine cytidyltransferase 1 (CCT1) and
diacylglyerol acyltransferases 1 (DGAT1), respectively. PC is needed to package
TAG into oil bodies. 1,2-diacyl-sn-glycerol (DAG) from the Kennedy pathway can also
be converted to PC for formation of polyunsaturated fatty acids (PUFA) and acyl-editing
to ultimately generate DAG and acyl-CoA enriched in PUFA. Other abbreviations: G3P,
sn-glycerol-3-phosohate; LPA, lysophosphatidate; GPAT, sn-glycerol-3-phosphate
acyltransferase; LPAAT, lysophosphatidate acyltransferase; PAP, phosphatidic acid
phosphatase; PCholine, phosphocholine; CPT, choline phosphotransferase; PDCT,
phosphatidylcholine:diacylglycerol cholinephosphotransferase. Image generated based
on information from Weiss and Kennedy (1956), Bates and Browse (2012), Chen et al.

(2015) and Craddock et al. (2015).
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It is interesting to interpret early metabolic engineering results in the light of our
newly discovered effect of PA on increasing BnaDGATT activity. Previously, Zou et al.
(1997) reported that over-expression of a gene encoding a putative yeast sn-2
acyltransferase with LPAAT activity led to increased seed oil content when
constitutively expressed in Arabidopsis or B. napus (Zou et al., 1997). Later, the same
yeast gene was used to increase seed oil content in soybean via seed specific expression
(Rao and Hildebrand, 2009). In addition, the overexpression of a cDNA encoding a B.
napus LPAAT in Arabidopsis also increased seed oil content (Maisonneuve et al., 2010).
Perhaps transformation of Arabidopsis or B. napus by genes or cDNAs encoding
enzymes with LPAAT activity leads to elevated levels of PA which in turn stimulate
DGAT]1 activity, which has been clearly shown to be important in controlling the flow
of carbon into seed TAG (Jako et al., 2001; Weselake et al., 2008; Weselake et al.,
2009).

Phosphorylation of BnaDGAT]1 represents another mode of regulation explored in
the current study. Plants encode a large number of protein kinases that may enable them
to adapt to the changing environmental conditions. Kinases are enzymes that catalyze
the phosphorylation of metabolic enzymes, which may be activated or deactivated by
this modification. Previous studies on Tropaeolum majus DGAT1 suggested that the
presence of an SnRK 1 phosphorylation motif in plant DGAT1 (Xu et al., 2008).
Subsequent substitution of the amino acid residue undergoing phosphorylation with an
alanine residue followed by production of recombinant enzyme in yeast or Arabidopsis
led to enzymes with higher activity in vitro. In the current study, direct evidence is

provided which shows that the phosphorylation of BnaDGATT is catalyzed by SnRK 1
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(Fig. 5.4). It has been previously established that SnRK 1 catalyzes the phosphorylation
and subsequent inactivation of sucrose-phosphate synthase, nitrate reductase and HMG-
CoA reductase, which are key enzymes in the biosynthesis of starch, proteins, and
isoprenoids, respectively (Halford et al., 2003; Broeckx et al., 2016). The current results
show that SnRK1 also directly regulates TAG biosynthesis via down-regulation of
DGATT1 activity. Recently, WRINKLEDI, a positive regulator of lipid biosynthetic gene
expression, was shown to be a substrate of SnRK1 (Zhai et al., 2017). The SnRK1-
mediated phosphorylation of WRINKLED1 rendered this transcription factor more
susceptible to ubiquitination and subsequent degradation, which can result in a reduced
rate of lipid accumulation. SnRK1, therefore, can regulate TAG biosynthesis both at the
transcriptional and post-translational levels. In a similar manner, SnRK1 has also been
previously found to activate expression of genes encoding enzymes involved in sucrose
catabolism, in addition to inactivating sucrose-phosphate synthase through post-
translational phosphorylation (Halford et al., 2003). In the model for BnaDGAT1
regulation in Fig. 5.5, SnRK1 action is shown to contribute to transitioning the enzyme
from the moderately active state to the inactive phosphorylated state. An unknown
protein phosphatase may be involved in converting the down-regulated enzyme to a
more active form. SnRK1 is known as the energy sensor of the cell and the current
results suggest that it can also regulate the formation of highly reduced and energy-rich
TAGs.

In conclusion, this study provides further insight into the regulation of BnaDGAT1
activity and the possible coordination of storage lipid biosynthesis and oil body

formation with membrane biosynthesis in the developing zygotic embryo of Arabidopsis
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or B. napus. The new information on regulation of BnaDGAT]1 activity by PA and
SnRK1-catalyzed phosphorylation may also serve as basis for developing
biotechnological strategies for further increasing seed oil content in the Brassicaceae
and other oleaginous species. For example, enhancing the expression of LPAAT in
combination with CCT1 and DGATI during seed development would provide higher
levels of PA (via increased LPAAT activity) to activate increased amounts of CCT1 and
DGAT1 which would in turn lead to increased production of membrane and TAG,
respectively, to in turn facilitate more extensive oil body formation. In addition,
modification of the SnRK1 phosphorylation site in DGATI, to prevent phosphorylation,
using genome editing could result in increased DGAT 1 activity during seed

development to fuel increased TAG accumulation.
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CHAPTER 6
General Discussion
The first phase of the doctoral dissertation was to highly purify recombinant
Brasicca napus diacylglycerol acyltransferase 1 (DGAT1) in active form for
biochemical and biophysical characterization of the enzyme, and for crystallization
trials. B. napus contains four DGAT1 isoforms (Greer et., 2015; 2016), which are highly
homologous to the sole Arabidopsis DGAT1. More specifically, this doctoral
dissertation focused on BnaC.DGAT1.a isoform (BnaDGATT1) for purification and
subsequent characterization since this isoform was used for directed evolution and could
be produced at high levels in yeast (Saccharomyces cerevisiae) (Siloto et al., 2009a;
Greer et al., 2015; Chen et al., 2017). The purification procedure, illustrated in Figure
6.1, resulted in an active well-folded enzyme in n-dodecyl-B-D-maltopyranoside (DDM)
micelles. This represents the first report of a purification procedure, implementing
column chromatography, resulting in a highly purified and active enzyme for any
membrane-bound DGAT. Previously, Lardizabal et al. (2001) partially purified DGAT2
in active form from a fungal source using column chromatography. The purified
BnaDGATI1 in DDM micelles eluted mainly as a dimer with a minor tetrameric peak.
This is in agreement with previous studies indicating the ability of DGAT1 enzymes
from various sources to form dimers and tetramers (Cheng et al., 2001; Weselake et al.,
2006; McFie et al., 2010). Purified BnaDGATT also exhibited high substrate specificity
for a-linolenoyl-Coenzyme A (CoA), similar to that found for this microsomal
BnaDGATT] isoform (BnaC.DGATI1.a) (Greer et al., 2016), indicating that the folded

structure in DDM
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Figure 6.1. Purification scheme optimized for BnaDGAT1. a) Codon-optimized
BnaDGAT] is recombinantly produced in S. cerevisiae and the membrane fraction is
isolated. b) Membrane-bound enzymes are solubilized in n-dodecyl--D-
maltopyranoside (DDM) detergent. ¢) Solubilized BnaDGAT]1 is partially purified using
cobalt (Co) affinity chromatography. d) The poly-histidine tag is removed through
protease treatment with tobacco etch virus protease. €) The partially purified enzyme is
further purified using size-exclusion chromatography. f) Purified BnaDGAT1 in DDM

micelles is lipidated with phosphatidylcholine.
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likely resembles the native form. Having purified BnaDGAT]1 opened up several
possibilities to probe the structure-function in the enzyme and the possible mode of
enzyme regulation. Future work with the purified protein may involve the elucidation of
the three-dimensional enzyme structure either through X-ray crystallography or cryo-
electron microscopy. It should be noted that several crystallization trials were attempted
during this thesis project without success.

To further mimic the bilayer conditions, the purified protein was lipidated through
addition of phosphatidylcholine (PC) (Chapter 5). The presence of different PCs,
varying in the degree of unsaturation of the acyl chains, resulted in different degrees of
enzyme activation (Fig. 5.1B). The most effective molecular species of PC was 1-
palmitoyl-2-oleoyl-sn-glycero-PC, which increased BnaDGATT activity by three-fold.
Therefore, purified BnaDGAT1 (Table 3.2) would exhibit a specific activity of about
80 nmol TAG/min/mg protein when treated with this molecular species of PC. Since
BnaDGAT]1 would naturally exist in the presence of PC in the ER, the enzyme would
likely be in the lipidated and more active state.

An earlier study demonstrated that developing seeds of B. napus L. cv Westar,
harvested at about 30 days after flowering, exhibit a DGAT activity of about 40 pmol
TAG/min/seed (Weselake et al., 1993). Assuming that BnaDGAT]1 is the major class of
DGAT (rather than DGAT?2) contributing to TAG biosynthesis in B. napus and that the
enzyme was assayed under similar conditions (Chapter 3), it is estimated that 100
developing seeds would contain about 50 ug of BnaDGAT]1. Microspore-derived cell
suspension cultures of B. napus L. cv Jet Neuf have also been used to study storage lipid

biosynthesis and DGAT activity (Weselake and Taylor, 1999; Weselake, 2000; 2005b).
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In an earlier study by Weselake et al. (1993), it was shown that the cells, from the cell
suspension culture, exhibited a DGAT activity of about 25 pmol TAG/min/gram of fresh
weight. Therefore, it is estimated 100 g of sedimented cells (obtained at 7 days post-
subculture) would contain about 30 ug of BnaDGATI1. These estimations suggest that
BnaDGAT]I is present in relatively low abundance in both developing seeds and
microspore-derived cell suspension cultures of B. napus. In contrast, the recombinant
BnaDGATTI content of a 60 mL of suspended yeast microsomes from a 3-L yeast culture
is about 9.84 mg (Table 3.2). Thus, earlier attempts at purifying DGAT from natural
sources, such as microspore-derived cell suspension cultures of B. napus (Little et al.,
1994), were plagued by the low content of enzyme in the starting material.

Detailed kinetic analysis of purified and lipidated BnaDGAT1 revealed insights on
how BnaDGAT]1 operates in the membrane. Purified and lipidated BnaDGAT 1
exhibited positive cooperativity with increasing concentrations of acyl-CoA in the
reaction mixture. This behavior was also observed with recombinant BnaDGATT in
yeast microsomes, which is in agreement with recent studies on Corylus americana and
Zea mays DGATI1 (Roesler et al., 2016). BnaDGAT1 cooperativity appears to be
influenced by dimerization (intermolecular) and the presence of an allosteric site for
acyl-CoA/CoA (intramolecular). Consequently, when the enzyme was truncated at the
N-terminus, which spans a possible oligomerization domain, the degree of cooperativity
decreased. The intrinsically disordered region (IDR) of the hydrophilic N-terminal
domain also contained an autoinhibitory motif. Future work may involve mutational
analysis to probe the exact location of the autoinhibitory sequence in the IDR as well as

the dimerization interface.
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Top down control analysis of fatty acid biosynthesis and TAG assembly suggests
that most of the control (70%) of TAG accumulation in B. napus is associated with TAG
assembly rather than fatty acid biosynthesis (Weselake et al., 2008). Seed specific over-
expression of DGATI, however, has been shown to reduce the control exerted by the
process of TAG assembly to about 50% with shared control of about 50% by fatty acid
biosynthesis (Weselake et al., 2008). More specifically, the level of DGAT activity
appears to have a substantial effect on the flow of carbon into TAG (Weselake et al.,
2008; Weselake et al., 2009). Thus, given the influence of BnaDGAT] activity on
carbon flow towards TAG, it seems reasonable that this enzyme may have regulatory
properties which allow it to respond to varying metabolic conditions. This doctoral
dissertation identified three BnaDGATT allosteric effectors. CoA was found to serve as
an inhibitor whereas acyl-CoA and phosphatidate (PA) were found to activate
BnaDGAT. CoA is also the product of the DGAT-catalyzed reaction and acyl-CoA also
serves as a substrate (or acyl donor) of DGAT. Prior to this study, there is little
information available on the biochemical regulation of TAG assembly enzymes (Fig.
2.3) and the results of this study filled in gap in knowledge.

The mode of action of the identified BnaDGATT effectors was investigated in
detail. Acyl-CoA was found to be an allosteric activator of BnaDGAT], specifically
binding to the folded segment of the hydrophilic N-terminal domain. The binding of
acyl-CoA in this site may induce the conversion of the enzyme into the more active state
in a process known as homotropic allosteric activation. Mutational analysis of this acyl-
CoA binding site resulted in a BnaDGAT] variant with lower apparent Vy,.x and lower

Hill coefficient than the native recombinant enzyme, suggesting the reduced ability of

162



the variant to transition into the more active state. Aside from being an important
intermediate in TAG biosynthesis, acyl-CoA has also been found to modulate the
activity of other enzymes. Palmitoyl-CoA is a feedback inhibitor of animal ACCase
(Ogiwaraet al., 1978), while 18:1-ACP serves as the counterpart inhibitor of the plant
plastidial ACCase (Andre et al., 2012). The same acyl-CoA binding motif site in the
hydrophilic N-terminal domain of BnaDGAT1 also binds CoA, which was characterized
as a non-competitive feedback inhibitor of BnaDGAT1. CoAs are normally esterified to
acyl chains, and the high levels of CoA indicate that the acyl-CoAs have been depleted
and that there is a need to slow down the use of acyl-CoAs in TAG biosynthesis. It is
possible that other enzymes involved in acyl-CoA metabolism may be regulated by acyl-
CoA:CoA ratio. As mentioned earlier, animal and plant ACCases are inhibited by
palmitoyl-CoA and oleoyl-ACP, respectively, and previous reports indicate that spinach
and rat liver ACCases are both activated by CoA (Laing and Roughan, 1982 and Yeh et
al., 1981). Future studies on other acyltransferases may be pursued to determine their
possible sensitivity to acyl-CoA:CoA ratio. Other enzymes have also been found to be
sensitive to the ratio of different metabolite forms, as the predominance of one form over
the other accurately gives an exact indication of the metabolic status of the cell. One
good example is the adenylate pool, which serves as important enzyme effector in
metabolism in addition to its role as energy carriers. Each adenylate form (ATP versus
ADP/AMP) generally exerts opposing effects on the activity of enzymes that are
responsive to at least two adenylates (Atkinson, 1966). As an example, ATP
allosterically inhibits animal PFK while AMP activates the enzyme (Plaxton, 1996).

Other enzymes regulated by the ATP:(AMP/ADP) ratio include isocitrate
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dehydrogenase (Kornberg and Pricer, 1950; Lin et al., 2001), muscle glycogen
phosphorylase (Barford et al., 1991), muscle 6-phosphofructo-1-kinase (Zancan et al.,
2008) and liver fructose-1,6-bisphosphatase (Marcus and Hosey, 1980).

The hydrophilic N-terminal regulatory domain of BnaDGAT] contains an
allosteric site for CoA and acyl-CoA. The purified and lipidated BnaDGAT 1 has a Hill
coefficient of 2.75, which may indicate the presence of more than two acyl-CoA binding
sites in one BnaDGAT1 dimer. Previous binding experiments with acyl-CoA and the
hydrophilic N-terminal domain of BnaDGAT1 support the presence of an allosteric site
in the N-terminal domain of BnaDGAT1 (Weselake et al., 2006), suggesting that a
dimeric BnaDGAT1 may bind four acyl-CoAs. Interestingly, a truncated BnaDGATI
with a deleted segment spanning the possible dimerization region still exhibited positive
cooperativity. This suggests that monomeric BnaDGAT1 with an allosteric site for acyl-
CoA undergoes homotropic allosteric activation. Homotropic activation achieved
through the binding of acyl-CoA at an allosteric site subsequently leads to a
conformational change in the catalytic domain causing an increase in activity. This
process of conformational shift can be further understood once a structure of the full
enzyme is available. It is possible that the ability of the hydrophilic N-terminal domain
of BnaDGATT to adjust activity based on the acyl-CoA/CoA pool is also present in
other enzymes which use acyl-CoA as substrate. This mode of regulation can be
considered as way for membrane-embedded BnaDGAT1 to communicate with the
metabolic status of the cytosol.

Phosphatidate (PA) is a very important signalling molecule in plants affecting

many processes related to growth, development, and stress responses (Testerink and
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Munnik, 2011). In addition to its role as signalling molecule, PA may also be an effector
modulating lipid homeostasis (Fig. 6.2). In this doctoral dissertation, PA was identified
as a feedforward activator of BnaDGATI1. The increased flux of substrates into the
Kennedy pathway calls for a need to stimulate BnaDGAT]1 as it catalyzes the final step
in TAG biosynthesis, and PA may play an important role in this synchronization.
Furthermore, PA has been found to activate cytidine triphosphate:phosphocholine
cytidyltransferase (CCT) (Craddock et al., 2015) and inhibit phosphoethanolamine N-
methyltransferase (PEAMT) (Jost et al., 2009), which are important regulatory steps in
the biosynthesis of PC. Increasing levels of PA result in the activation of CCT, which
provides phosphocholine for the formation of PC via the CCT pathway. This high PA
level may also indicate that precursor levels for CCT pathway are sufficient and there is
no need for additional PC biosynthesis via the PEAMT-catalyzed reaction. PA also
activates monogalactosyldiacylglycerol synthase 1 (MDGT1), which catalyzes a key step
in galactolipid biosynthesis in the chloroplast (Dubots et al., 2010).

The mechanism by which PA affects protein function is still unknown, although
there are studies that suggest that PA binding induces protein conformational changes
(Testerink and Munnik, 2005; Raghu et al., 2009). The interaction is proposed to be
mainly due to ionic/hydrogen bond interactions between the negatively charged
phosphate of PA and positively charged side chains of lysine or arginine residues

(Kooijman et al., 2007). The other proposed mechanism does not involve direct
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Figure 6.2. Phosphatidate (PA) is emerging as a key effector regulating lipid
homeostasis, in addition to being an important precursor for major membrane and
storage lipids. PA has been found to influence the activity of regulatory enzymes in
lipid biosynthesis such as cytidine triphosphate:phosphocholine cytidyltransferase
(CCT) and phosphoethanolamine N-methyltransferase (PEAMT) in PC biosynthesis,
diacylglycerol acyltransferase 1 (DGATT1) in TAG biosynthesis and MDG1 in
galactolipid biosynthesis. Other abbreviations: CDP-choline, cytidine diphosphate-
choline; DAG, 1,2-diacyl-sn-glycerol; G3P, sn-glycerol-3-phosphate; LPA,
lysophosphatidate; MDG1, monogalactosyldiacylglycerol synthase 1; MGDG,
monogalactosyldiacylglycerol; PAP, phosphatidic acid phosphatase; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PCholine, phosphocholine; TAG,
triacylglycerol. The information used to develop this figure are from Jost et al. (2009),

Dubots et al. (2010), Craddock et al. (2015), and the current findings.
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interaction with PA, but is based on the ability of PA to affect the curvature and charge
of the lipid bilayer. This may lead to altered membrane architecture, which may have a
direct consequence on the function of target proteins (Kooijman and Burger, 2009). The
presence of PA activated BnaDGAT]1 by possibly interacting directly with the enzyme
and favoring the transition into the more active state. The resulting conformational
change may have rendered the enzyme more resilient to substrate inhibition as observed
through kinetic analysis. Future characterization of the PA-binding site on BnaDGAT1
may reveal important insights on the specificity of PA binding and mechanism of
activation.

It would be interesting to consider the influence of PA in TAG biosynthesis in the
context of PC biosynthesis since this metabolite serves as feedforward activator of both
CCT and DGAT1. The concomitant activation of these two enzymes may be needed to
ensure that the increased accumulation of TAG is accompanied by increased PC
biosynthesis, so as to efficiently package into oil bodies, which is composed of a TAG
core surrounded by phospholipid monolayer. This coordination of CCT and DGAT1
activity may also ensure that the ER is not depleted of PC components used for oil body
formation when the seed is actively synthesizing TAG.

Lysophosphatidate acyltransferase (LPAAT) catalyzes the formation of PA from
LPA and acyl-CoA. The over-expression of a gene encoding a putative yeast sn-2
acyltransferase in Arabidopsis, B. napus or soybean has been shown to result in higher
seed oil content (Zou et al., 1997; Rao and Hildebrand, 2009). The over-expression of
LPAAT from B. napus also led to increased seed oil content in Arabidopsis

(Maisonneuve et al., 2010). Recently, heterologous expression of peanut LPAAT2 in
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Arabidopsis increased seed oil content in transgenic lines (Chen et al., 2015). Thus, it is
possible that the increased formation of PA due to increased sn-2 acyltransferase levels
may have stimulated DGAT]1 resulting in higher seed oil accumulation. The co-
expression of Cuphea LPAAT2 and DGATI in developing seeds of Camelina sativa also
led to higher medium chain fatty acids in the seed oil, indicating that LPAAT activity
thus may influence on DGAT1 (Iskandarov et al., 2017). In future work, it would be
interesting to check for a possible physical interaction between LPAAT2 and DGATI
which may allow direct channeling of PA generated by the LPAAT-catalyzed reaction to
the PA effector site on DGATI.

This doctoral dissertation also confirmed that BnaDGATT is a substrate of sucrose
non-fermenting-related kinase 1 (SnRK1). SnRK1 action has been shown to modulate
the key enzymes in anabolic pathways such as those involved in the biosynthesis of
sucrose, protein and isoprenoids (Fig. 6.3). In this doctoral dissertation, SnRK 1
catalyzed the phosphorylation of BnaDGAT]1 so as to down-regulate the activity of the
enzyme. Previously, mutation of this putative SnRK 1 phosphorylation site in
Tropaeolum majus DGATI abolished its down-regulatory effect resulting in an enzyme
variant with higher activity (Xu et al., 2008). This variant was able to increase seed oil
content in Arabidopsis to higher levels relative to the wild-type enzyme. Recently, it was
also shown that SnRK1 catalyzes the phosphorylation of WRINKLED1, a transcription
factor that positively regulates lipid biosynthesis (Zhai et al., 2017). This post-
translational modification of WRINKLEDI1 resulted in less lipid accumulation because
SnRK1-mediated phosphorylation rendered the transcription factor more susceptible to

ubiquitination and subsequent degradation.
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In summary, the results of this doctoral dissertation shed light on the regulation
of TAG assembly via DGAT1, which appears to have a relatively large influence on the
extent of seed oil accumulation in canola-type B. napus and other oleaginous organisms.
Structure-function studies to probe enzyme action and regulation were conducted using
purified recombinant enzyme and recombinant enzyme in yeast microsomes. The
hydrophilic N-terminal domain of BnaDGAT1 was shown to be the enzyme’s regulatory
domain, which includes two distinct segments, namely an IDR and folded segment.
Dimeric BnaDGAT]1 exhibited positive cooperativity with respect to increasing acyl-
CoA concentration presumably allowing the enzyme subunits to finely adjust their
activity based on acyl-CoA levels. The allosteric site for acyl-CoA was identified within
the folded segment of the hydrophilic N-terminal domain indicating that cooperativity
may also be partly accounted for by homotropic allosteric activation. In addition, the N-
terminal domain interacted with CoA, which was identified as a non-competitive
feedback inhibitor of the enzyme. CoA may accumulate under depleting acyl-CoA
conditions. The N-terminal domain may possibly act as a sensor of acyl-CoA:CoA ratio,
allowing the fine-tuning of the rate of intramembrane TAG formation in relation to
prevailing cytosolic conditions. In addition, PA was shown to activate BnaDGAT 1
through the feedforward activation. Since PA also activates CCT, PA mediated
activation of DGAT1 may ensure that the final step of TAG biosynthesis is coordinated
with effective oil body formation. Lastly, SnRK1-catalyzed phosphorylation was found
to decrease BnaDGAT]1 activity, thereby demonstrating that TAG biosynthesis is
directly modulated by SnRK1, which appears to be key regulator of carbon metabolism

in plants.
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APPENDIX (A) 1.
Combinatorial Engineering of Brassica napus Diacylglycerol Acyltransferase 1
by Combining Previously Identified Amino Acid Residue Substitutions
A.1.1. Introduction

Diacylglycerol acyltransferase 1 (DGAT1) catalyzes the acyl-CoA-dependent
acylation of 1,2-diacyl-sn-glycerol to produce triacylglycerol (TAG), which is the
predominant component of seed oil (Liu et al., 2012). In some oleaginous plants, the
level of DGAT activity during seed development may have a substantial effect on the
flow of carbon into TAG (Perry and Harwood, 1993; Weselake et al., 2008; 2009).
Seed-specific over-expression of Arabidopsis DGATI (AtDGATTI) in Arabidopsis (Jako
etal., 2001) and AtDGATI or Brassica napus DGATI in canola-type B. napus resulted
to increased seed oil content (Weselake et al., 2008; Taylor et al., 2009). Moreover,
detailed investigation of the B.napus TAG biosynthetic pathway during seed
development showed that TAG assembly exerts greater regulatory control than fatty acid
biosynthesis in determining the extent of oil accumulation (Weselake et al., 2008; Tang
etal., 2012). DGATI has been extensively used in numerous metabolic engineering
studies to boost oil content in different oleaginous organisms (Weselake et al., 2009;
Runguphan and Keasling, 2013).

Protein engineering of enzymes involves the introduction of amino acid residue
substitutions in the target enzyme and subsequent selection of more active variants. A
number of desired enzymatic properties have been obtained through directed evolution
including higher catalytic efficiency, improved thermal stability, modified substrate

specificity and even novel functionalities (Tao and Cornish, 2002). Protein engineering

221



of lipid metabolic enzymes have had substantial impact on the food and petrochemical
alternative industries. Previously, many lipase variants have been engineered with
modified properties such as increased activity and altered stereoselectivity, and these
variants have found numerous applications in the biotechnology industry (Pleiss et al.,
2000). Protein engineering of lipases have been easily performed using rational design
as many lipase three-dimensional (3D) structures have already been reported (Anobom
et al., 2014). Without a 3D structure, directed evolution provides an alternative
approach, which involves the introduction of random amino acid residue substitutions in
the amino acid sequence of the target enzyme. Random modifications of amino acid
sequences are easily obtained using several available methods. The bottleneck in
directed evolution is the selection of variants that demonstrate the desired
characteristics. In this regard, our group developed a high-throughput system for
screening for high performance variants of BnaDGAT1, which increase TAG content
when introduced into yeast (Saccharomyces cerevisiae) or tobacco (Nicotiana
benthamiana) leaves (Siloto et al., 2009a; Chen et al., 2017).

Fifty BnaDGAT1 variants were previously shown to individually increase TAG
more effectively than the wild-type enzyme when introduced into S. cerevisiae (Chen et
al., 2017). These variants include a total of 104 different mutations distributed among 81
amino acid residue positions within the polypeptide. Several single site mutants were
chosen and further characterized. The best performing ones were identified as L441P
and [447F. Transient expression of /447F or L441P in tobacco leaves, together with
WRINKLED], resulted in about a 33% or 70% increase, respectively, in leaf TAG

content when compared to wild-type BnaDGAT1 (Chen et al., 2017). The current study
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was aimed at further driving the directed evolution of BnaDGAT]1 to the limits of yield
and efficiency by combining previously identified amino acid residue substitutions

shown to enhance enzyme performance.

A.1.2. Materials and methods
A.1.2.1. Construct preparation of BnaDGAT1 combinatorial library

All experiments were based on wild-type isoform BnaC.DGAT1.a (Greer et al.,
2015), which is referred to as BnaDGAT 1. Thirty-five beneficial amino acid residues
substitutions were selected and divided into three groups (Table A.1.1). The encoding
mutations in each group were combined at all possible combinations in a pYES-NTC
vector and the gene library was obtained from GeneArt® Life Technologies. The three
libraries were received as E. coli glycerol stocks, which were subjected to plasmid
isolation to recover the gene library in plasmid form.
A.1.2.2. Yeast transformation, lipotoxicity selection, and screening

S. cerevisiae strain H1246 competent cells were prepared and transformed with the

plasmid libraries according to the efficient method described by Gietz and Schiestl
(2007). The transformants were plated on solid synthetic media lacking uracil with 2%
glucose (/y) and incubated at 30°C for 4 days. The yeast colonies were dissolved in
sterile water (10 mL per plate) and pooled together in a sterile flask. The solution
containing the yeast library was mixed and inoculated in 50 mL synthetic media lacking
uracil with 2% glucose (/). After 48 h, the culture was subjected to lipotoxicity

selection. The culture was inoculated in synthetic media lacking uracil with 50 mL
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Table A.1.1. Each of the three libraries encodes variants with the following amino acid

substitutions combined at all possible combinations.

Library 1 Library 2 Library 3
V52D R51Q S33T
S54T E100D A46P
S112R Al114P V82E
L136F M199T 1108T
F3021 V2021 K110N
F302L C286Y L164F

F302C G332A G290S

F308L V336M 1314M

V341L L438H Y386F

N3431 L441P M467K

F449L L445V F473L
1447F
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2%("/y) galactose and 1%(™/y) raffinose (induction media) with 1 mM oleic acid and
0.6%("/y) tyloxapol at a starting ODggo of 0.4 and incubated at 30°C. After 48 h, the
culture was re-inoculated in 50 mL induction media with 1 mM oleic acid and 0.6%
tyloxapol, grown at 30°C for 48 h and this cycle was repeated 5 times. For each round, 1
mL culture was harvested through centrifugation, washed twice with water, and finally
resuspended in 1 mL water. The culture was then subjected to Nile red assay based on a
previously optimized protocol (Siloto et al., 2009b). The cells were washed with water
prior to Nile red assay since tyloxapol and oleic acid can also react with Nile red dye and
affect the reading. The same set of procedures was done for positive (wild-type
BnaDGATT1) and negative (LacZ) controls. After the last round of lipotoxicity selection,
the cultures were plated onto solid synthetic media lacking uracil with 2% glucose (*'/y)
and grown for 48 h at 30°C.

About three thousand yeast colonies expressing various BnaDGAT]1
combinatorial mutants were individually picked and inoculated into 200 pL of synthetic
media lacking uracil with 2% glucose (*/,) in 96-well plates (autoclaved round bottom
96-well plate/Corning™ Polypropylene Plates Round). Each plate was sealed with
Thermo Scientific™ Easy Peel Heat Sealing Foil. The yeast library was incubated at
30°C. After 72 h, 10 pL of the initial culture was inoculated into 190 pL induction
media in 96-well plates and incubated at 30°C. After 72 h without shaking, 100 puL of
each culture was subjected to Nile red assay. Nile red assay was done based on the
procedure established previously by Siloto et al. (2009a; 2009b). Briefly, 100 uL of
yeast culture were incubated with 5 uLL of 0.1 mg/mL Nile red solution in methanol. The

change in fluorescent emission was measured before and after 5 minutes of adding Nile
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red solution using a Synergy H4 hybrid reader (Biotek). The total neutral lipid content
was measured as change in fluorescence for TAG over change in fluorescence for
phospholipid (PL).

For the second rounds of screening, the top 5.6% of yeast colonies expressing
various BnaDGAT1 combinatorial mutants were selected and inoculated into 96-well
plates again. Ten pL of stationary culture were inoculated into 190 pL of induction
media and the cultures were incubated at 30°C with shaking. After 24 h, 20 uL of the
overnight culture were inoculated into 450 pL of induction media in 96-deep-well plates
(Costar™ 96-Well Assay Blocks/07-200-700, sealed with permeable film (AeraSeal™,
Excel Scientific Polyester Sealing Film, Sterile/ESCBS-25) and incubated at 30°C with
shaking. After 72 h, the cultures were subjected to the Nile red assay.

The top 10% of yeast cultures during the second round were re-inoculated in 10
mL induction media in 50 mL Falcon™ conical tubes and screened again using the Nile
red assay. The best performing mutants were subjected to plasmid miniprep. The
isolated plasmids were subjected to DNA sequencing to establish their identities and

determine the combinations that produced the best results
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A.1.3. Results and discussion

A yeast library of BnaDGAT1 with the different combinations of beneficial
mutations was prepared using strain H1246 as a host, which is deficient of enzymes with
DGAT activity (Sandager et al., 2002). The library was first subjected to the lipotoxicity
selection assay through repeated incubation in media with oleic acid. Oleic acid is toxic
to yeast cells that cannot store fatty acids as TAG (Siloto et al., 2009b). This selection
step enriched the culture with cells producing highly active BnaDGAT]1 variants, and
impeded the growth of cells with inactive ones. Thereafter, the library was subjected to
three rounds of screening.

During the first round of screening, about three thousand yeast colonies were
picked and grown first in media with glucose as the carbon source, and then transferred
to an induction media wherein glucose was replaced by galactose and raffinose. The
BnaDGATI cDNAs were placed under the control of a galactose-inducible promoter.
After 72 h, the cultures were subjected to Nile red assay based on a previously optimized
protocol (Siloto et al., 2009b). The changes in fluorescence (AF TAG/AF PL) values for
each culture were determined. Of the colonies screened, only 12.73% exhibited similar
or higher ATAG/APL than the wild-type enzyme, indicating that majority of the multiple

combinations resulted in less active enzymes (Fig. A.1.1).
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& Greater than and equal
to WT

il Less than WT

Figure A.1.1. Results of the first screening of the BnaDGAT1 combinatorial
library. About 3000 colonies were picked and inoculated in 96-well plates. Each culture
was subjected to the Nile red assay where neutral lipid content is represented by the
change in fluorescence (AF) for triacylglycerol (TAG) divided by (AF phospholipid
(PL). AF PL is proportional to the amount of cells present. The pie chart shows the
performance of the BnaDGAT1 variants in terms of percentage relative to wild-type

(WT) BnaDGATI (WT).
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The top 5.6 percent of yeast cultures expressing the BnaDGAT1 combinatorial
variants were selected for the second round of screening, which involved culture growth
in 1 mL media in deep-well plates with aerated cover. The cultures were incubated at
30°C and subjected to Nile red assay after 72 h. The results of the second screening are
summarized in Figure A.1.2, which shows that more than 90% of the colonies screened
exhibited similar or higher oil content when compared to the wild-type enzyme.

The top 30 yeast cultures expressing the BnaDGAT1 combinatorial variants were
further analyzed in a third round of screening. The average AF TAG/AF PL are shown in
Figure A.1.3. All variants chosen resulted in higher cellular neutral lipid content than
the wild-type enzyme. The top 5 colonies were subjected to plasmid miniprep and the
plasmids were sent for DNA sequencing. These colonies were all found to have the same
sequence, having the same set of mutations. This indicated that the yeast expressing this

BnaDGATT1 variant predominated the culture during the lipotoxicity selection assay.
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K Greater than and equal
to WT

& Less than WT

Figure A.1.2. Results of the second screening of the BnaDGAT1 combinatorial
library. Each culture was subjected to the Nile red assay for determination of neutral
lipid content. The pie chart shows the performance of the BnaDGAT1 variants in terms

of percentage relative to wild-type (WT) BnaDGAT].
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Figure A.1.3. Results of the third screening of the BnaDGAT1 combinatorial
library. Each culture was subjected to the Nile red assay for determination of neutral
lipid content. Change in fluorescence (AF) for triacylglycerol (TAG) is proportional to
the amount of TAG accumulated by the yeast culture while AF phospholipid (PL) is

proportional to the amount of cells present.
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The best combination was found to have the following amino acid substitutions:
V52D, S54T, F302L, F309L, N3431 and F449L. The predicted topology of BnaDGAT1
shows the locations of these mutations within the polypeptide (Fig. A.1.4). The first
amino acid substitutions are located within the hydrophilic N-terminal region, which
was previously identified as the regulatory domain of BnaDGAT]1 (Chapter 4). These
amino acid residue substitutions sites are specifically located within the IDR, which
facilitates dimerization and has an autoinhibitory function. It would be interesting to
probe further the short segment spanning the two amino acid residue substitutions since
this segment may house an important regulatory motif. The other amino acid
substitutions identified are found in the membrane-bound regions surrounding the
predicted substrate binding sites and catalytic histidine. One of the mutations is within
the 9" predicted transmembrane domain, which was recently found to contain several
amino acid residue substitutions identified during directed evolution (Chen et al., 2017).

The best combinatorial variant was then compared with L441P, which is
identified as the best single site variant. When subjected to Nile red assay, however, the
combinatorial variant was not superior to variant L441P (Fig. A.1.5). A recent kinetic
study demonstrated that .44 1P was less sensitive to substrate (acyl-CoA) inhibition than

wild-type BnaDGATI (Xu et al., unpublished data).
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Figure A.1.4. Topology diagram of BnaDGAT]1 as predicted by TMHMM Server
V2.0. The positions of the amino acid residue substitutions present in the best
combinatorial variant (V52D, S54T, F302L, F309L, N343I and F449L) are indicated.
The predicted substrate binding sites for acyl-CoA and 1,2-diacyl-sn-glycerol are
indicated as S1 and S2, respectively. The predicted catalytic histidine is also shown in

the topology.
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Figure A.1.5. Nile red assay result of yeast H1246 producing the best BnaDGAT1
combinatorial library mutant (CM) compared to wild-type enzyme (WT) and the
best single site variant (L441P). Change in fluorescence (AF) for triacylglycerol (TAG)
is proportional to the amount of TAG in the yeast culture while AF phospholipid (PL) is

proportional to the amount of cells present.
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Previous work on C. americana and G. max identified DGAT1 variants with
higher affinity for oleoyl-CoA (Roesler et al., 2016). These variants were able to boost
the accumulation of oil in soybean somatic embryos to higher levels than the wild-type
enzyme. The best soybean variant with 14 amino acid substitutions also increased the oil
levels in soybean seeds by 16% higher relative to the wild-type enzyme. Recently, two
selected high performance BnaDGAT1 variants were transiently introduced into a
tobacco leaf expression system in combination with the transcription factor,
WRINKLEDI1 (Chen et al., 2017). Transformation of tobacco leaves with each of the
variant cDNA resulted in a substantial increase in TAG content compared to what could
be achieved with transformation with cDNA encoding wild-type enzyme. WRINKLED1
has previously been shown to enhance TAG accumulation in leaf tissue (Sanjaya et al.,
2011) and exerts a synergistic effect when introduced in combination with a DGAT
(Vanhercke et al., 2013). Future studies on the combinatorial BnaDGAT1 mutant may
involve the expression of this variant in a transient leaf expression assay to assess its

performance in a plant-based system.
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APPENDIX 2.

Partial Characterization of Brassica napus Diacylglycerol Acyltransferase 2
A.2.1. Introduction

Type 1 and 2 diacylglycerol acyltransferases (DGATSs) are membrane-bound
enzymes catalyzing the acyl-CoA-dependent biosynthesis of triacylglycerol (TAG).
DGAT?2 is smaller in size and has less transmembrane regions than DGAT]1 (Liu et al.,
2012). In Arabidopsis, DGAT1 appears to be the key player in the acyl-CoA-dependent
TAG biosynthesis. Arabidopsis mutant lines with inactivated DGAT1 exhibited a
substantial reduction in oil content whereas DGAT2 knockout plant did not exhibit any
change in oil levels (Katavic et al., 1995; Routaboul et al., 1999; Zhang et al., 2009a).
Furthermore, when DGAT2 was knocked out in Arabidopsis with inactivated DGATI,
no further reduction in oil content was observed (Zhang et al., 2009a). Determining the
relative contributions of acyl-CoA-dependent and acyl-CoA-independent TAG
biosynthesis to seed oil accumulation in Arabidopsis is in need of further investigation.
The case seems to be different for mammals as DGAT knockout mice resulted in
reduced accumulation of TAG, whereas DGAT?2 knockout mice succumbed to premature
death (Smith et al., 2000; Stone et al., 2004). In Saccharomyces cerevisiae, DGAT2
(Dgalp) and a PDAT (LRO1) enzyme are the main enzyme responsible for TAG
biosynthesis whereas DGAT]1 is absent in this yeast (Lardizabal et al., 2001; Sandager et
al., 2002).

Plant DGAT?2 has been suggested to play a major role in some species accumulating
fatty acids modified on PC. In castor (Ricinus communis), DGAT2 (ReDGAT2) was

highly expressed in seeds during active oil accumulation (Kroon et al., 2006).
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RcDGAT? also actively utilized ricinoleoyl-CoA and diricinolein as substrates in vitro.
It was also found that RcDGAT?2 exhibited enhanced acyl acceptor preference for
diricinolein over diolein and dilinolein (Burgal et al., 2008). Furthermore, ReDGATI
was found to have similar expression levels in seeds and leaves, and its seed expression
pattern did not correlate with oil accumulation (Kroon et al., 2006), although in vitro
assay also showed that ReDGAT1 can also use diricinolein as acyl acceptor (Xe et al.,
2004). Similarly, tung tree (Vernicia fordii) DGAT2 also exhibited preference for
forming trieleostearin, which is the most abundant molecular species of TAG in this
source (Shockey et al., 2006). The in vivo functionality of Arabidopsis DGAT2
(AtDGAT?2) was confirmed upon transient expression in N. benthamiana leaves (Zhou
et al., 2013) and through the use of a codon-optimized 4tDGAT?2 in S. cerevisiae strain
H1246, (Ayme et al., 2014). H1246 is a strain of S. cerevisiae which is devoid of
functional TAG-biosynthetic enzymes (Sandager et al., 2002).

This study aimed to characterize B. napus DGAT2 (BnaDGAT2) recombinantly-
produced in strain H1246 and to attempt purify the recombinant enzyme using the
protocol optimized for BnaDGAT1. This study involves the use of a codon-optimized
cDNA, as previously reported for AzDGAT2 (Ayme et al., 2014). Previous investigation
in our laboratory showed that non-codon optimized BnaDGAT?2 could not be be

functionally expressed in H1246 (Liu et al., 2012).
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A.2.2. Materials and methods
A.2.2.1. Identification of BnaDGAT?2 isoforms

A BLAST search was done using Arabidopsis DGAT?2 protein sequence as query
to identify possible BnaDGAT2 genes. Two cDNAs were selected and codon-optimized
for expression in S. cerevisiae H1246 The codon-optimized cDNAs were ordered from
BioBasic Inc. (Ontario) and cloned into the pYES-NTA vector (Invitrogen).
A.2.2.2. Expression in yeast H1246, fatty acid feeding experiments and Nile red
assay

Yeast H1246 was transformed with pYES-NTA-BnaDGAT2 vectors using the
S.c. EasyComp Transformation Kit (Thermo Fisher Scientific) and grown on solid
synthetic media lacking uracil with 2% glucose (*/y). Colonies were grown in synthetic
media lacking uracil with 2% glucose (*/,) for 24 h and then transferred into synthetic
media lacking uracil with 2%("/,) galactose and 1%("/y) raffinose (induction media).
The colonies were also inoculated in three induction media supplemented with different
types of fatty acids (oleic acid/18:1, linoleic acid/18:2, and a- linolenic acid/18:3). The
fatty acids were prepared as 0.5 M stock solutions in ethanol and added into the media to
a final concentration of 100 uM. The media was also supplemented with 0.1% (*/,)
tyloxapol to facilitate the dissolution of the fatty acids. After 96 h, cell cultures were
harvested (1 mL) and washed five times with 1 mL water to remove tyloxapol and fatty
acids. The final cell pellet was resuspended in 1 mL water and subjected to the Nile red
assay. The Nile red assay was done in a similar to Siloto et al. (2009a; 2009b). Briefly,
100 uL of yeast culture was placed in black 96-well plates and added with 5 puL of 0.1

mg/mL Nile red solution in methanol. The change in fluorescent emission was measured
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before and after 5 minutes of adding Nile red solution using a Synergy H4 hybrid reader
(Biotek). The total neutral lipid content is measured as change in fluorescence for TAG
over change in fluorescence for phospholipid.

A.2.2.3. Preparation of microsomes and BnaDGAT?2 activity assays

Yeast cells grown using the above conditions were harvested at an ODgg of 6.0.
The cell pellet was resuspended in lysis buffer (50 mM Tris—HCI buffer, pH 8.0,
containing 300 mM NacCl, 10% (*/) glycerol, 10 mM imidazole, 2 pg/mL pepstatin, 2
pug/mL leupeptin and 2 mM phenylmethylsulfonyl fluoride) and lysed through bead
beating. The cell lysate was recovered after spinning at 10,000 x g for 30 min and then
subjected to ultracentrifugation at 105,000 x g for 1 h. The 10,000-105,000 x g
microsomal pellet was recovered, resuspended in lysis buffer, and stored at -80°C. The
protein content of microsomes was determined using the Bradford assay using BSA as a
standard (Bradford, 1976).

For the DGAT assay, the reaction was performed at 30°C for 30 s to 1 min (10
min for BnaDGAT114.501) in a 60-pL reaction mixture containing 100 uM sn-1,2-
diolein (pre-dispersed in 0.2% [*/,]) Tween 20), 0.1-15 pM ["*C] oleoyl-CoA (60
mCi/mmol) or ['*C] palmitoyl-CoA (60 mCi/mmol), 200 mM HEPES-NaOH pH 7.4,
4.6 mM MgCl, and 1-10 pg protein. The enzyme reaction was initiated by addition of
the acyl-CoA and quenched with 10 pL of 10% (w/v) SDS. The final reaction mixture
was spotted onto a preparative TLC plate (0.25 mm Silica gel, DC-Fertigplatten) with a
separate lane for ['*C]-triolein standard. The plate was placed in a chamber with
hexane:diethyl ether:acetic acid (80:20:1, v/v/v), dried and visualized by

phosphorimaging (Typhoon Trio Variable Mode Imager, GE Healthcare). The TAG

239



spots were obtained, mixed with scintillant and placed in a Beckman-Coulter LS6500 to
quantify radioactivity
A.2.2.4. Western blotting, solubilization and chromatography of BnaA.DGAT2.b

Yeast H1246 cells expressing BnaA.DGAT2.b were inoculated in 5 mL synthetic
liquid media lacking uracil with 2% (*/,) raffinose and grown at 30°C. The culture was
transferred into 250 mL of the same media and grown for another 24 h. This pre-culture
was used to inoculate synthetic media containing 2% (*/y) galactose and 1% (*'/,)
raffinose at a starting ODgg value of 0.40. The cells were pelleted through centrifugation
at 6000 x g for 10 min when an ODgg value of 8 was reached.

To confirm expression and location of BnaDGAT?2 in SDS-PAGE, microsomal
BnaDGAT?2 was subjected to Western blotting. 15 and 10 ug protein were resolved
through SDS—PAGE followed by electroblotting onto polyvinylidene fluoride
membrane. The recombinant enzyme was probed with anti-HisG-HRP conjugated
antibody (Invitrogen) and detected through incubation with ECL. Advance Western
Blotting Detection Kit (Amersham) for 5 min. The blot was scanned using a variable
mode imager (Typhoon Trio+, GE Healthcare) and the protein bands were semi-
quantified using ImagelJ software (Schneider et al., 2012).

Purification of BnaDGAT?2 was then attempted using the protocol established for
purification of Bna.C.DGAT1.a (Chapter 3). The cell pellets were resuspended in Buffer
A (50 mM Tris-HCI pH 8.0, 300 mM NacCl, 10%("/y) glycerol, 10 mM imidazole, 2
pg/mL pepstatin, 2 ug/mL leupeptin and 2 mM phenylmethylsulfonyl fluoride), and
lysed by passing through a Benchtop homogenizer (Constant Systems) at 35 kpsi twice.

The microsomal fraction was recovered by centrifugation at 10,000 x g for 20 min and
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subsequent ultracentrifugation of the supernatant at 105,000 x g for 1 h at 4°C. The
microsomes were resuspended in 100 mL Buffer A with 1% DDM for 1 h with stirring
and centrifuged for 30 min at 30,000 x g. The supernantant containing the detergent-
solubilized proteins was mixed with 2 mL TALON® Metal Affinity Resin (Clontech)
for 2 h with rocking at 4°C. The resin was placed in a glass-fritted column and washed
with 20 column volumes of Buffer A with 15 mM imidazole. BnaDGAT2 was eluted in
Buffer A with 500 mM imidazole. BnaDGAT?2 was concentrated using Amicon Ultra-4
centrifugal filter units with 30,000 NMWL (EMD Millipore), and injected onto an
FPLC-Superdex 200 13/30 (GE Healthcare Life Sciences) size-exclusion column. The
column was pre-equilibrated with three column volumes of size-exclusion buffer (25
mM Tris-HCI at pH 8 containing 150 mM NaCl, 5% (v/v) glycerol, ] mM EDTA and

0.05% DDM). SDS-PAGE was used to analyze purified fractions.

241



A.2.3. Results and discussion
A.2.3.1. Identification of BnaDGAT?2 isoforms and in silico analysis

Four BnaDGAT?2 isoforms were identified from the database using AtDGAT?2 as
driver sequence. Multiple sequence alignment revealed that the four isoforms are highly
conserved all throughout the polypeptide (Fig. A.2.1). The protein is mainly
hydrophobic (shaded blue). Phylogenetic analysis showed that the DGAT2 family forms
a distinct clade from DGATI (Fig. A.2.2). The phylogenetic tree further showed that the
four BnaDGAT?2 isoforms can be grouped into two clades, wherein one clade is more
closely related to AtDGAT2. Previously, a similar grouping was observed for
BnaDGAT]1 where it was shown that the two clades exhibited different substrate
preference for a-linoleoyl-CoA (Greer et al., 2015; 2016).

All four proteins are predicted to have two transmembrane segments, with small
and large cytosolic N- and C-terminal regions, respectively (Fig. A.2.3). Previous
studies on tung tree DGAT2 showed that it is targeted to the ER(Shockey et al., 2006).
Previously, S. cerevisiae DGAT2 was shown to have four transmembrane segments
through cysteine-scanning mutagenesis (Liu et al., 2011). Murine DGAT2, on the other
hand, was found to have two transmembrane segments near the N-terminus through
introduction of epitopes, for immunchemical detection, throughout the polypeptide
(Stone et al., 2006). For both topology models, the N- and C- termini were both oriented

towards the cytosolic side of the ER.
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BnaA.DGATZ2a 1 MGEVRDFGAEDHI--PSNILHAVTAISICLSAIYLNLALVLFSLFFLPPSLSLLVLGLLS 58
BnaA.DGATZb 1 MGGFREFGADQHSS-SSNIFHSITAIVIWLGSVHLNVAIVLSSLIFLPPSLSLLVLGLLF 59
BnaC.DGATZ2a 1 MGKVRDFGAEDHI--PSNIFHB!T&ESEEESAIYLNLALVLISLFFLPP“-q- ZWVLGLLS 58
BnaC.DGATZ2b 1 MGGFREFGADEHSSSSSNLFHSVTAIVIWLGSVHLNVAIVLSSLIFLPPSLSLLVLGLLF 60

*k  kgkkkgak Ikppkgpkkk Kk ok gapEkghkpkdk Kk ghkEEIAARIAKKEKK

BnaA.DGATZ2a 59 LFIITPIDDRSKYGLELARYICKHAASYFPVILHVEDYEAFKPDRSYVFGYEPHSVWPIG 118
BnaA.DGATZ2b 60 LLIFTIPIDDRSKYGRMLARYICKHACSYFPVTLHVEDYEAFQPTRAYVFGYEPHSVWPIG 119
BnaC.DGATZ2a 59 LFIITPIDDRSKYGLELARYICKHAASYFPVILHVEDYEAFKPDRSYVFGYEPHSVWPFG 118

BnaC.DGATZ2b 61 LLIFIPIDDRSKYGRMLARYICKHACSYFPVTLHVEDYEAFQPTRAYVFGYEPHSVWPIG 120
Kk g kKK EKKKRER  KIXXKINEE  FRETER KNI EIRE g% K gk Rk AR LR * K 3 %

BnaA.DGAT2a 119 AVALVDLTGFMPLPNIKLLASNAIFYTPFLRHMWAWLGLASASRKSFSSLLESGYSCILV 178

BnaA.DGAT2b 120 EVALBDLTGFHPLPNIKVLASTAVFYTPFLRQIWTWLGLAPASRKNFASYLDSGYSCILV 179

BnaC.DGAT2a 119 AVALVDLAGFMPLPNIKLLASNAIFYTPFLRHMWAWLGLASASRKSFSSLLESGYSCILV 178

BnaC.DGAT2b 121 AVALADLTGFMPLPNIKVLASTAVFYTPFLRQIWTWLGLAPASRKNFASYLDSGYSCILV 180
dekkdk ok gkkkRdkkkokk g hkk Kpkokkkkd kg gk ghkkhk kkkk kyk kpkkkkkkhw

BnaA.DGAT2a 179 PGGVQETFELKHDVENVFLSSRRGFVRIAIEQGAPLVPVFCFGQSRAYKWWKPDCDLYFK 238

BnaA.DGAT2b 180 PGGVQETFEMKHDVENLFLSSRRGFVRIAMEHGTPLVPVFCFGQSRVYKWWKPDWNLYLK 239

BnaC.DGAT2a 179 PGGVQETFHELQHDVENVFLSSRRGFVRIAMEQGAPLVPVFCFGQSRAYKWWKPDCDLYFK 238

BnaC.DGAT2b 181 PGGVQETFHMKHDVENLFLSSRRGFVRIAMEHGTPLVPVFCFGQSRVYKWWKPDWNLYLK 240
dekk ko pRdk ko sk kR kR gk gk gk kR ko kkkkh Rk gk ok

BnaA.DGAT2a 239 LARAIRFTPICFWGVLGSPIPYRHPIHEVVVGKPIQVTKSLOPTDEEIDELHGQFVEALKD 298
BnaA.DGAT2b 240 LSRAIKFTPICFNGVFGSPIPFRHPLHV?VGKPIEVRKTLQETDEEIAKVHGQFVE!LKD 299
BnaC.DGAT2a 239 LARAIRFTPICFWGVFGSPIPYRHPIHEVVVGKPIQVAKSLOPTDEEIDELHGQFVEALKD 298

BnaC.DGAT2b 241 LSRAIKFTPICFWGVFGSPIPFRHPLEVVVGKPIEVRKTLOPTDEEIAKVHGQFVEALKD 300

gk g kkkkkkdk ok gk kokdk gk ko kkdkk gk kgkokkkkdkkk gz kkkkkkkkok
BnaA.DGAT2a 299 LFERHKAGAGYSDLQLNIL 317
BnaA.DGAT2b 300 LFERHKARAGFSDLQLNIL 318
BnaC.DGAT2a 299 LFERHKAGAGYSDLQLNIL 317
BnaC.DGAT2b 301 LFERHKARAGFSDLQLNIL 319

Figure A.2.1. Multiple sequence alignment of BnaDGAT?2 isoforms. Four isoforms

of BnaDGAT2 where identified from BLAST using AtDGAT?2 as query.
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BnaC.DGAT1.a
—BnaC.DGAT2a

L—BnaA.DGAT2a
r—BnaC.DGAT2b

L]

—BnaA.DGATZb
AtDGATZ

Figure A.2.2. Phylogenetic analysis of BnaDGAT?2 isoforms and AtDGAT?2 using

BnaC.DGAT1.a as outgroup. BnaDGAT?2 constitutes a distinct group from

BnaDGAT]1 and can be further classified into two clades.
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Figure A.2.3. TMTMM prediction for transmembrane helices for the four

BnaDGAT?2 isoforms. Two transmembrane helices near the N-terminus were predicted

for all the isoforms.

245



A.2.3.2. Recombinant BnaA.DGAT2.b is active when produced in H1246 yeast

BnaA.DGAT2.a and BnaA.DGAT2.b were selected for further investigation, and
were codon-optimized and purchased from a gene-synthesizer company. Each cDNA
was cloned into pYES-NTA and the resulting vector together with LacZ as negative
control was transformed into strain H1246. The transformed yeasts were grown in
induction media supplemented with different types of fatty acids and subjected to Nile
red assay (Fig. A.2.4). Introduction of BnaA.DGAT?2.b significantly enhanced neutral
lipid content in H1246 yeast with or without feeding of exogenous fatty acid.
Furthermore, the measured TAG content for BnaA.DGAT?2.b was significantly different
than the negative control (data not shown). In contrast, introduction of BnaA.DGAT2.a
did not result in enhanced neutral lipid content when compared to the LacZ control (Fig.
A.2.4). Insight into the substrate preference of BnaA.DGAT2.b could not be reliably
inferred though due to the small differences in neutral lipid content.

Microsomes were prepared from yeast producing the two recombinant
BnaDGAT? isoforms and then subjected to in vitro assay with [1-'*C] oleoyl-CoA as
acyl donor and 1,2-dioleoyl-sn-glycerol as acyl acceptor. BnaA.DGAT?2.a did not
exhibit any activity when compared to the negative control (Fig. A.2.5). On the other
hand, BnaA.DGAT?2.b was active, consistent with the results of the Nile red assay. This
isoform exhibited a specific activity of 10.70 = 0.67 pmol TAG/min/mg protein. The
reported microsomal BnaDGAT1 specific activity, however, is more than 300-fold

greater than that obtained for BnaA.DGAT2.b (Caldo et al., 2015; Greer et al., 2015).
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Figure A.2.4. Nile red assay of yeast H1246 expressing cDNAs encoding two
BnaDGAT?2 isoforms. Cultures were supplemented with oleic acid (18:1), linoleic acid
(18:2) or a-linolenic (18:3). The change in fluorescence (AF) for triacylglycerol
(TAG)/AF for phospholipid (PL) was determined. In essence, this represents neutral

lipid content normalized based on cell density.
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Figure A.2.5. In vitro assay of microsomal BnaDGAT?2 isoforms using [C] oleoyl-
CoA as acyl donor and sn-1,2-dioleoylglycerol as acyl acceptor. LacZ was used a

negative control. Abbreviations: NA, no activity detected; TAG, triacylglycerol.
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In vitro assays of microsomal or purified BnaDGAT]1 have shown that the
enzyme can effectively use acyl-CoAs representing all major fatty acids found in canola
seed oil (i.e., 16:0, 18:0, 18:1, 18:2 or a-18:3) (Greer et al., 2016; Chapter 3). The
ability of active forms of BnaDGAT1 or BnaDGAT?2 to utilize substrates containing
erucic acid (22:1), however, would also be interesting to explore. Canola-type B. napus
was developed from erucic acid-enriched B. napus by selecting for naturally occurring
mutations which result in a seed oil with low erucic acid content (McVetty et al., 2016).
Elongation of oleoyl-CoA to 22:1-CoA on the ER is inactivated in canola due to a
mutation in the gene encoding fatty acid elongase (Katavic et al., 2002). Microsomes
from microspore-derived embryos of B. napus was shown to effectively utilize 22:1-
CoA (Weselake et al., 1991) but this analysis has not been performed with isolated
DGAT isoforms of the enzyme. In addition, microsomal enzymes from B. napus seeds
also showed preference for 22:1-CoA over oleoyl-CoA when assayed at low
concentration (Cao and Huang, 1987). Another study also found that the sn-3 position
of TAG in seeds of high erucic acid B. napus lines contained high proportion of 22:1,
possibly due to enhanced selectivity of DGATSs for 22:1-CoA (Bernerth and Frentzen,
1990).

A.2.3.3. Solubilized BnaA.DGAT2.b aggregates during column chromatography

Attempted purification of BnaA.DGAT2.b was performed based on a previously
optimized protocol for BnaDGAT1 (Chapter 3). Microsomal proteins were first
solubilized using DDM and the solubilized proteins were subjected to Co affinity
chromatography and size-exclusion chromatography. The size-exclusion

chromatography profile as assessed by absorbance at 280 nm and SDS-PAGE analysis

249



of column fractions suggested that BnaA.DGAT2.b aggregated during chromatography
(Fig. A.2.6). The predominant protein band in the gel corresponded to the molecular
mass of the band obtained during western blotting. The activity was not determined as
the enzyme appeared not to exist in optimal form. The enzyme was eluted starting from
the void volume and up to a monomer peak suggesting that the BnaDGAT?2 isoform was
forming different states of oligomerization, which may have arisen from non-specific
aggregation of the protein. These results suggest that the protocol optimized for

BnaDGATT has to be modified for effective purification of BnaA.DGAT2.b
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Figure A.2.6. Attempted purification of BnaA.DGAT2.b using FPLC-size exclusion
chromatography. A, Western blot analysis of microsomal BnaDGAT?2 using anti-HisG-
HRP/ECL chemiluminescence detection system. B, SEC profile of the protein C, SDS-
PAGE of the peaks where BnaDGAT?2 are found. BnaDGAT?2 forms a monomeric peak
indicated by brown line and multiple higher order oligomers, which may be due to non-

specific aggregation. The void volume is indicated by a black triangle.
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In summary, four isoforms of BnaDGAT2 were identified and predicted to have
two transmembrane segments near the N-terminus. The activities of two selected
recombinant isoforms, encoded by clade I and II genes of the A genome of B. napus,
were characterized using the Nile red assay and in vitro assay for DGAT activity.
BnaA.DGAT2.b was found to be active while BnaA.DGAT?2.a did not show any
activity. Although the production level of recombinant BnaA.DGAT2.b appears to be
amenable for protein purification, the protein aggregated during size-exclusion

chromatography.

Additional information:
Amino acid sequence of BnaDGAT?2 isoforms:

>BnaA.DGAT?2.a (Uniprot ID: AOA0O78DNO07)
MGKVRDFGAEDHIPSNILHAVTAISICLSAIYLNLALVLFSLFFLPPSLSLLVLGLLSLFIIIPIDDRSKYGLKLARYICKHAASYFP
VTLHVEDYEAFKPDRSYVFGYEPHSVWPIGAVALVDLTGFMPLPNIKLLASNAIFYTPFLRHMWAWLGLASASRKSFSSL
LESGYSCILVPGGVQETFHLKHDVENVFLSSRRGFVRIAIEQGAPLVPVFCFGQSRAYKWWKPDCDLYFKLARAIRFTPIC
FWGVLGSPIPYRHPIHVVVGKPIQVTKSLQPTDEEIDELHGQFVEALKDLF ERHKAGAGYSDLQLNIL

>BnaA.DGAT2b (Uniprot ID: AOAO78H779)
MGGFREFGADQHSSSSNIFHSITAIVIWLGSVHLNVAIVLSSLIFLPPSLSLLVLGLLFLLIFIPIDDRSKYGRMLARYICKHAC
SYFPVTLHVEDYEAFQPTRAYVFGYEPHSVWPIGAVALADLTGFMPLPNIKVLASTAVFYTPFLRQIWTWLGLAPASRKN
FASYLDSGYSCILVPGGVQETFHMKHDVENLFLSSRRGFVRIAMEHGTPLVPVFCFGQSRVYKWWKPDWNLYLKLSRAI
KFTPICFWGVFGSPIPFRHPLHVVVGKPIEVRKTLQPTDEEIAKVHGQFVEALKDL FERHKARAGFSDLQLNIL

>BnaC.DGAT2a (Uniprot ID: AOA078GUSS)
MGKVRDFGAEDHIPSNIFHAVTAISICLSAIYLNLALVLISLFFLPPSLSLLVLGLLSLFIIIPIDDRSKYGLKLARYICKHAASYFP
VTLHVEDYEAFKPDRSYVFGYEPHSVWPFGAVALVDLAGFMPLPNIKLLASNAIFYTPFLRHMWAWLGLASASRKSFSS
LLESGYSCILVPGGVQETFHLQHDVENVFLSSRRGFVRIAMEQGAPLVPVFCFGQSRAYKWWKPDCDLYFKLARAIRFTP
ICFWGVFGSPIPYRHPIHVVVGKPIQVAKSLQPTDEEIDELHGQFVEALKDLFERHKAGAGYSDLQLNIL

>BnaC.DGAT2b (Uniprot ID: AOAO78FPB3)
MGGFREFGADEHSSSSSNLFHSVTAIVIWLGSVHLNVAIVLSSLIFLPPSLSLLVLGLLFLLIFIPIDDRSKYGRMLARYICKHA
CSYFPVTLHVEDYEAFQPTRAYVFGYEPHSVWPIGAVALADLTGFMPLPNIKVLASTAVFYTPFLRQIWTWLGLAPASRK
NFASYLDSGYSCILVPGGVQETFHMKHDVENLFLSSRRGFVRIAMEHGTPLVPVFCFGQSRVYKWWKPDWNLYLKLSR
AIKFTPICFWGVFGSPIPFRHPLHVVVGKPIEVRKTLQPTDEEIAKVHGQFVEALKD LFERHKARAGFSDLQLNIL
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Nucleotide sequence of codon-optimized BnaDGAT2:

>BnaA.DGAT2a
ATGGGTAAGGTTCGTGATTTCGGTGCTGAAGACCACATTCCATCTAACATCTTGCATGCTGTTACCGCTATCTCCATT
TGTTTATCCGCTATCTACTTGAACTTGGCCTTAGTCTTATTCTCCTTGTTCTTTTTGCCACCATCTTTGTCTTTGTTGGT
TTTAGGTTTGTTGTCTTTGTTCATTATCATCCCTATCGACGATAGATCTAAATACGGTTTGAAATTGGCTAGATACAT
CTGTAAGCACGCTGCTTCCTACTTTCCAGTTACTTTGCATGTCGAAGACTACGAAGCCTTCAAGCCTGATAGATCTTA
CGTTTTCGGTTACGAACCACATTCCGTTTGGCCAATTGGTGCTGTTGCTTTGGTTGATTTGACTGGTTTTATGCCATT
GCCAAACATCAAGTTGTTAGCTTCTAACGCCATTTTCTACACTCCATTCTTAAGACACATGTGGGCCTGGTTGGGTTT
GGCTTCTGCTTCCAGAAAGTCCTTCTCTTCCTTGTTGGAATCTGGTTACTCTTGTATCTTGGTTCCAGGTGGTGTTCA
AGAGACTTTCCATTTGAAGCACGACGTCGAAAACGTTTTCTTATCCTCTAGAAGAGGTTTCGTTCGTATTGCCATTG
AACAAGGTGCCCCATTGGTCCCAGTTTTCTGTTTTGGTCAATCTAGAGCCTATAAGTGGTGGAAGCCTGATTGTGAT
TTGTACTTCAAGTTAGCTCGTGCTATTAGATTCACTCCAATTTGCTTCTGGGGTGTTTTGGGTTCCCCTATTCCATACC
GTCACCCAATCCACGTTGTTGTCGGTAAGCCAATCCAAGTTACCAAGTCCTTGCAACCAACCGATGAAGAAATTGAT
GAATTGCATGGTCAATTCGTCGAGGCTTTGAAGGATTTGTTCGAAAGACACAAGGCTGGTGCTGGTTACTCCGATT
TGCAATTGAACATCTTATAA

>BnaA.DGAT2b
ATGGGTGGTTTTAGGGAATTTGGAGCTGATCAACATTCCTCTTCTTCGAACATTTTCCACTCCATTACAGCAATCGTT
ATTTGGTTAGGTTCTGTGCACTTGAATGTGGCGATTGTGTTGAGTTCGCTGATTTTCCTTCCGCCATCATTGTCCTTG
CTAGTGCTTGGATTGCTATTCTTGTTGATTTTCATTCCCATAGATGACAGATCAAAGTATGGGAGGATGTTAGCAAG
GTACATTTGCAAACATGCATGTAGTTATTTTCCGGTCACTTTGCATGTAGAGGATTACGAAGCATTCCAACCCACAA
GAGCCTATGTCTTTGGCTATGAACCTCATTCCGTATGGCCTATAGGTGCTGTTGCCTTAGCGGACTTGACTGGCTTT
ATGCCTCTGCCAAACATCAAAGTTCTGGCATCAACCGCTGTTTTCTATACACCGTTCTTACGTCAAATTTGGACGTGG
TTAGGTTTGGCACCAGCTTCAAGAAAGAATTTTGCCTCATATCTAGATAGTGGATACAGTTGTATCCTAGTACCAGG
TGGTGTTCAAGAAACGTTTCACATGAAGCATGATGTCGAGAATCTATTCCTGTCTAGCAGAAGAGGGTTTGTCAGA
ATCGCTATGGAACATGGCACTCCTTTGGTTCCAGTCTTTTGTTTTGGTCAATCTAGAGTGTACAAATGGTGGAAACC
AGATTGGAACTTATACTTGAAATTAAGCAGAGCTATAAAATTCACCCCAATATGCTTTTGGGGTGTATTTGGATCTC
CTATACCCTTTAGACACCCATTACATGTTGTTGTTGGCAAGCCAATAGAGGTACGTAAGACTCTTCAACCTACAGAT
GAAGAGATTGCCAAAGTTCATGGTCAGTTTGTCGAAGCCTTAAAGGACCTTTTCGAAAGACACAAAGCTAGAGCTG
GATTTAGCGACTTACAGTTGAATATCCTTTAA
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APPENDIX 3.
Contributions to Other Manuscripts and a Patent Application

Pan X, Chen G, Kazachkov M, Greer MS, Caldo KM, Zou J, Weselake RJ (2015)
In vivo and in vitro evidence for biochemical coupling of reactions catalyzed by
lysophosphatidylcholine acyltransferase and diacyglycerol acyltransferase. J Biol
Chem 290: 18068-18078
Contributions: I redesigned the lysophosphatidylcholine acyltransferase clone with
a protease site and a His10 affinity tag and performed preliminary studies on the

purification and solubilization of lysophosphatidylcholine acyltransferase.

Chen G, Xu Y, Siloto R, Caldo KMP, Vanhercke T, El Tahchy A, Niesner N, Chen
Y, Mietkiewska E, Weselake RJ (2017) High performance variants of plant
diacylglycerol acyltransferase 1 generated by directed evolution provide insights

into structure-function. Plant J Accepted
Contributions: I characterized BnaDGAT]1 single mutants through Nile red assay

and western blotting and reviewed the manuscript.

Xu Y, Chen G, Greer MS, Caldo KMP, Ramakrishnan G, Shah S, Wu L , Lemieux
MJ, Ozga J, Weselake RJ Different factors contribute to increased neutral lipid

content in yeast producing variants of plant diacylglycerol acyltransferase 1. J Biol

Chem. Accepted

Contributions: I provide insights in kinetic data analysis and reviewed the

manuscript.
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Weselake RJ, Chen G, Siloto R, Truksa M, Yang X, Caldo KMP. Plant DGAT-1
Variants. US Provisional Patent Application Serial No. 62/443,102. Filed on 6
January 2017.

Contributions: I characterized BnaDGAT1 single mutants through Nile red assay

and western blotting.
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