10

11

12

13

14

15

16

17

18

19

A fluorescence-based assay for quantitative analysis of phospholipid:diacylglycerol

acyltransferase activity

Lucas Falarz ', Yang Xu !, Stacy D. Singer °>, Guanqun Chen !**

! Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, Alberta,

Canada, T6G 2P5

? Department of Biological Sciences, University of Manitoba, Winnipeg, Manitoba, Canada, R3T 2N2

3 Agriculture and Agri-Food Canada, Lethbridge Research and Development Centre, Lethbridge,

Alberta, Canada T1J 4B1

*Corresponding author: Phone: +1 (780) 492-3148; Email: gc24(@ualberta.ca; Fax: + 1 (780) 492-4265

(G. Chen)

Keywords: PDAT; fluorescent diacylglycerol; nitrobenzoxadiazole; triacylglycerol biosynthesis; in

Vitro assay


tel:780-492-3148
tel:780-492-3148
tel:780-492-3148
mailto:gc24@ualberta.ca
mailto:gc24@ualberta.ca

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Abbreviations

16:0,18:1-DAG, 1-palmitoyl-2-oleoyl-sn-glycerol;
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Abstract

Phospholipid:diacylglycerol acyltransferase (PDAT) catalyzes the acyl-CoA-independent
triacylglycerol (TAG) biosynthesis in plants and oleaginous microorganisms and thus is a key target in
lipid research. The conventional in vitro PDAT activity assay involves the use of radiolabeled
substrates, which, however, are expensive and demand strict regulation. In this study, a reliable
fluorescence-based method using nitrobenzoxadiazole-labeled diacylglycerol (NBD-DAG) as an
alternative substrate was established and subsequently used to characterize the enzyme activity and
kinetics of a recombinant Arabidopsis thaliana PDAT1 (AtPDAT1). We also demonstrate that the
highly toxic benzene used in typical PDAT assays can be substituted with diethyl ether without
affecting the formation rate of NBD-TAG. Overall, this method works well with a broad range of
PDAT protein content and shows linear correlation with the conventional method with radiolabeled

substrates, and thus may be applicable to PDATSs from various plant and microorganism species.
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1. Introduction

Storage lipids, which comprise mainly triacylglycerols (TAGs), are biologically and economically
important molecules. TAG is composed of a glycerol backbone and three long-chain fatty acids, and is
stored in high quantities (up to 70% of the microalgal biomass and seed weight in some oilseed plants)
as an energy source in many organisms (Hu et al., 2008; Li-Beisson et al., 2016). Indeed, various
species have been examined as potential sources of vegetable oils and/or fatty acids, which can be used
for food, feed, biofuel and industrial purposes. For instance, docosahexaenoic acid (DHA) produced in
certain microalgae has important nutraceutical applications, while ricinoleic acid found in castor
(Ricinus communis) seeds is used as a feedstock for the production of high performance polymers,
coatings, varnishes, lubricants, cosmetics and surfactants (Dyer et al., 2008; McKeon, 2016; Mutlu &
Meier, 2010).

The formation of different TAG species is largely controlled by the substrate specificity of the
acyltransferases that sequentially transfer fatty acyl chains to the sn-1, 2, and 3 positions of a glycerol
backbone (Xu et al., 2018). While the first two acylation steps are catalyzed by enzymes with acyl-CoA
as the sole acyl donor, the final step involving the acylation of diacylglycerol (DAG) to form TAG can
be carried out in either acyl-CoA-dependent and acyl-CoA-independent reactions, catalyzed by acyl-
CoA:diacylglycerol acyltransferase (DGAT) and phospholipid:diacylglycerol acyltransferase (PDAT;
EC 2.3.1.158), respectively. Although DGAT (especially DGAT1) appears to be the major contributor
to TAG biosynthesis in oil crops, PDAT, which uses membrane phospholipids as acyl donors to acylate
DAG (Fig. 1; Dahlqvist et al., 2000), also makes a significant contribution and plays an important role
in channeling unusual fatty acids into TAG in some plant species (Dahlqvist et al., 2000; Pan et al.,
2013; Stahl et al., 2004; van Erp et al., 2011; Xu et al., 2018). For example, PDAT from castor bean
(Ricinus communis) and hawk’s-beard (Crepis palaestina) preferentially incorporate ricinoleoyl and
vernoloyl moieties into TAG, respectively, while flax (Linum usitatissimum) PDAT prefers substrates

containing a-linolenic acid (Dahlqvist et al., 2000; Pan et al., 2013).
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Given the important role of PDAT in TAG biosynthesis, this enzyme is increasingly being used
as a target for the enhancement of oil content and development of designer specialty oils enriched in
desirable fatty acids using genetic engineering approaches (Bates et al., 2014; Dahlqvist et al., 2000;
Kim et al., 2011; Pan et al., 2013; van Erp et al., 2011; van Erp et al., 2015; Xu et al., 2018). In vitro
assays of PDATS to estimate their enzymatic activities, combined with in vivo studies, have been
proven to be a powerful approach with which to characterize these valuable enzymes (Stahl et al.,
2004; Yoon et al., 2012). However, in vitro assays of PDAT activities with radiolabeled substrates is a
standard biochemical method, which depends on the use of expensive radiolabeled chemicals and may
require separate laboratory areas, strict and tedious regulation processes, and extra training of
personnel. Therefore, it would be advantageous to establish alternative methods for such assays that do
not require the use of radiolabeled chemicals (McFie & Stone, 2011; Sakurai et al., 2018).

Fluorescent compounds have been used to replace those that are radiolabeled in certain in vitro
enzymatic assays, including those involving DGAT, previously (Huang et al., 2018; McFie & Stone,
2011; Sakurai et al., 2018; Sanderson & Venable, 2012). However, the quantification of PDAT activity
with non-radiolabelled substrates has yet to be established. The current study describes the
development of a fluorescence-based in vitro method for the quantification of PDAT activity. Using
phosphatidylcholine (PtdCho) as the acyl donor and DAG labeled with nitrobenzoxadiazole (NBD) as
the acyl acceptor, the activity of recombinant Arabidopsis thaliana PDAT1 (AtPDAT1) was quantified.
Moreover, alternative solvents to highly toxic benzene, which is typically used in PDAT assays, were
also assessed. This fluorescence-based method for in vitro PDAT assay is safer, less costly and more
convenient than the one using radiolabeled chemicals, and thus will increase the feasibility of future

PDAT studies.

2. Materials and Methods

2.1. Genes, enzymes and chemicals
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AtPDATI1 (AT5G13640) and Brassica napus DGAT1 (BnDGAT]1; GenBank accession No.:
JIN224473; used as a positive control for the production of NBD-TAG) were used in enzymatic assays.
The full-length AtPDATI coding sequence was previously isolated in our laboratory using cDNA
synthesized from total RNA extracted from 4. thaliana (Col-0) siliques as template. The AtPDATI
coding sequence was cloned into the pYES2/NT vector (Invitrogen, Burlington, ON, Canada) for yeast
heterologous expression using forward primer (5’- CAG AGC GGC CGC TAT GCC CCT TAT TCA
TCG GAA AAA GCC GAC -3’) and reverse primer (5°- GCT CTA GAT CAC AGC TTC AGG TCA
ATA CGC TCC GAC C - 3°). Similarly, the BnDGAT1 coding sequence was also previously isolated
in our laboratory and was cloned into the pYES2.1/V5-His TOPO vector (Invitrogen; Xu et al., 2017).
Lipids, including the fluorescent substrate 1-palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl) amino] dodecanoyl}-sn-glycero-3-phosphocholine (NBD-PtdCho), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (18:1,18:1-PtdCho), 1-palmitoyl-2-oleoyl-sn-glycerol (16:0,18:1-DAG), and oleoyl-
CoA were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 1-palmytoil-2-['*CJoleoyl-
sn-3-glycero-phosphocholine (16:0,['*C]18:1-PtdCho; 55 uCi/umol) was acquired from American
Radiolabeled Chemicals (St. Louis, MO, USA). Phospholipase C used for the synthesis of NBD-DAG

was purchased from Sigma-Aldrich (Oakville, ON, Canada).

2.2. Yeast transformation

Constructs containing AtPDATI and BnDGATI were individually transformed into the Saccharomyces
cerevisiae H1246 strain (MATo arel-A::HIS3, are2-A::LEU2, dgal-A::KanMX4, lrol-A::TRP1
ADE?2), which lacks the ability to synthesize TAG (Sandager et al., 2002), using the lithium
acetate/single-stranded carrier DNA/PEG method (Gietz & Schiestl, 2007). Briefly, S. cerevisiae
H1246 was cultivated in YPD medium (1% yeast extract, 2% peptone, 2% dextrose) at 30°C with
shaking at 220 rpm for 24 h. Subsequently, 2 ml of the yeast culture was used to inoculate 50 ml of

YPD medium and the yeast culture was grown at 30°C with shaking at 220 rpm until the cell
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concentration reached an ODgoo of 0.6 - 0.8. Yeast cells were then harvested by centrifugation at 3,000
g for 3 min, washed twice with sterile water and once with LiTE solution (100 mM lithium acetate, 10
mM Tris, | mM EDTA, pH 7.5). Yeast cells were subsequently resuspended in 1ml of LiTE solution.
For yeast transformation, 100 pl of the resuspended yeast cells were mixed with 5 pl of 2 pg/pl
deoxyribonucleic acid sodium salt from salmon testes (Sigma-Aldrich), 500 pl 40% PEG3350-LiTE
solution (40% PEG 3350, 100 mM lithium acetate, 10 mM Tris, 1 mM EDTA), 60 ul of DMSO, and
600 ng of the plasmid containing AtPDATI or BnDGATI coding sequences. The mixtures were
incubated at room temperature for 15 min, followed by heat shock at 42°C for 15 min. The yeast cells
were then spread on agar plates composed of solid minimal media lacking uracil [0.67% yeast nitrogen
base, 0.2% synthetic complete medium lacking uracil (SC-Ura), 2% dextrose, and 2% (w/v) agar] and
incubated at 30°C. Transformants were identified as colonies that grew in the absence of uracil. A yeast
strain containing LacZ developed in our laboratory previously was used as a negative control in

enzymatic assays (Xu et al., 2018).

2.3. Yeast cultivation and microsomal preparation

Yeast cultivation and microsomal preparation were carried out using a previously described method
with slight modifications (Xu et al., 2018). Briefly, S. cerevisiae H1246 strains hosting AtPDATI,
BnDGATI or LacZ were first grown in liquid minimal media lacking uracil (0.67% yeast nitrogen base,
0.2 % SC-Ura and 2% raffinose) at 30°C with shaking at 220 rpm for 24 h. These yeast cells were then
used to inoculate induction media (liquid minimal media containing 2% galactose and 1% raffinose) to
an initial ODeoo of 0.2. Cultures were then grown under the same conditions until the ODgoo reached
approximately 6.0. Yeast cells were harvested by centrifugation at 3,000 g for 5 min, washed once with
distilled water, and resuspended in a lysis buffer containing 20 mM Tris-HCI (pH 7.9), 2 mM
dithiothreitol, 10 mM magnesium chloride, ImM EDTA, 5% glycerol (by volume), and 300 mM

ammonium sulfate. Harvested yeast cells were disrupted through homogenization with 0.5 mm glass
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beads in a bead beater (Biospec, Bartlesville, OK, USA), followed by centrifugation at 10,000 g for 20
min. The supernatant was subsequently recovered and centrifuged at 100,000 g for 70 min, and the
resulting pellet (microsomal fraction) was resuspended in 0.1M potassium phosphate buffer (pH 7.2).

Protein concentration was measured using the Bradford method with bovine serum albumin as the

standard (Bradford, 1976). All steps were performed at 4°C.

2.4. Synthesis of NBD-DAG

NBD-DAG was synthesized from NBD-PtdCho in a reaction catalyzed by phospholipase C as
described previously (Sanderson & Venable, 2012). In brief, I mg of NBD-PtdCho was dissolved in
500 pl of a diethyl ether/ethanol mixture (98:2, by volume) in a screw cap culture tube. Subsequently,
15 ul of 0.02 M calcium chloride and 20 pl of phospholipase C (1 unit) were added to the glass tube.
The mixture was then incubated at room temperature with agitation for 2 h. Following the reaction,
lipids in the mixture were extracted using the Bligh and Dyer method (Bligh & Dyer, 1959), dried
under nitrogen gas, resuspended in 100 pl of chloroform/methanol (2:1, by volume) and spotted on a
pre-coated thin-layer chromatography (TLC) plate (SIL G-25, Macherey-Nagel, Diiren, Germany). The
TLC plate was developed in hexane/diethyl ether/methanol/acetic acid (70:30:5:1, by volume). The
NBD-DAG band was visualized under UV light, scraped, and transferred to a screw cap culture tube.
The synthesized NBD-DAG was extracted using the Bligh and Dyer method, dissolved in chloroform,

purged with nitrogen and stored at -20°C for further use.

2.5. In vitro DGAT assays

In vitro DGAT assays (used as a positive control for the production of NBD-TAG) were carried out
using microsomes containing recombinant BnDGAT]1, along with NBD-DAG and oleoyl-CoA as
substrates as described previously with slight modifications (Sanderson & Venable, 2012; Xu et al.,

2017). Briefly, reaction mixtures (50 pl) were composed of 238 mM HEPES-NaOH (pH 7.4), 3.85 mM
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MgCl,, 400 uM NBD-DAG, 0.02% Tween 20 (by volume), 18 pM oleoyl-CoA and 10 pl of
microsomes containing BnDGAT1 or LacZ (negative control). Reactions were initiated through the
addition of the yeast microsomes, and were incubated at 30°C for 60 min, followed by quenching with
100 pl of chloroform/methanol (2:1, by volume). All reactions (and hereafter) were performed in

triplicate.

2.6. In vitro PDAT assays
Unless otherwise indicated, PDAT assays were conducted as described previously (Dahlqvist et al.,
2000), except that NBD-DAG and unlabeled PtdCho were used in place of unlabeled DAG and
radiolabeled PtdCho as the acyl acceptor and acyl donor, respectively. Yeast microsomes containing 40
ug of protein were aliquoted to reaction tubes, flash-frozen in liquid nitrogen and freeze-dried
overnight. Subsequently, 1.5 nmol of NBD-DAG and 2.5 nmol of 18:1,18:1-PtdCho dissolved in 14 ul
of benzene were added to the microsomes. The benzene was immediately evaporated under a stream of
N> to avoid loss of enzymatic activity. The reaction was then initiated by adding 100 pl of 50 mM
potassium phosphate buffer (pH 7.2). The reaction mix, which had 15 uM of NBD-DAG and 25 uM of
18:1,18:1-PtdCho, was incubated at 30°C for 60 min, followed by quenching with 100 pl of
chloroform/methanol (2:1, by volume).

For the determination of the time course of NBD-TAG production, samples were collected from
0 to 120 min. To verify the effects of yeast microsome amount in the assay, the equivalent of 0-240 ug
of protein was individually used in the assays. To measure the enzymatic kinetics of AtPDATI,
different NBD-DAG concentrations in the range of 10 to 60 uM were used in the reactions. In order to
validate the fluorescence-based assay, we also carried out the conventional PDAT assay using
radiolabeled chemicals and a wide range of microsomal protein contents containing recombinant
AtPDAT]1 (0, 20, 40, and 80 pg of protein). In the conventional radioisotope-based PDAT assay, 1.5

nmol of 16:0,18:1-DAG and 2.5 nmol of 16:0,['*C]18:1-PtdCho (equivalent of 15 uM of DAG and 25
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uM of PtdCho in the final mixture) were dissolved in 14 pl of benzene to be added in the dried
microsomes. In the experiment to identify the ideal alternative solvent to benzene, 14 pl of diethyl ether

or ethanol were used to dissolve the substrates and all other parameters were kept the same.

2.7. Visualization of products formed in PDAT and DGAT assays

To separate the products formed in PDAT and DGAT assays with fluorescent chemicals, the
chloroform phases (lipid fractions) of quenched reaction mixtures were spotted on TLC plates, which
were then developed in diethyl ether/hexane/methanol/acetic acid (60:40:5:1, by volume). The TLC
plates were then dried and 10 pl of NBD-PtdCho (0.01 mg/ml) was spotted at the top of each plate as
an internal standard. The fluorescence of each spot was used for visualization purposes by scanning
TLC plates in a Typhoon FLA 9500 (GE Healthcare, Mississauga, ON, Canada) with excitation and
emission wavelengths of 495 nm and 519 nm, respectively. The photomultiplier tube (PMT) voltage
was set to 250 V. In terms of the conventional PDAT assay using radiolabeled chemicals, the products
of the enzymatic reactions were separated on TLC plates developed with hexane/diethyl ether/acetic
acid (80:20:1.5, by volume). The radiolabelled TAG formed was located with phosphorimaging in the

Typhoon FLA 9500 and quantified in a Beckman-Coulter LS6000.

2.8. Generation of a standard curve and quantification of NBD-TAG

A standard curve of NBD fluorescent intensity versus the amount of lipids was established as described
previously (Sanderson & Venable, 2012). In brief, 10 pl aliquots of a dilution series of NBD-DAG (in
the range of 0.5 pmol to 220 pmol) were loaded on TLC plates in triplicate. Fluorescence was detected
on a Typhoon FLA 9500 as described above, and the intensity of each spot was quantified using
ImageJ 1.52a (Schneider et al., 2012). The intensity of fluorescence was then plotted against the

amount of NBD-DAG, and the standard curve was generated by linear regression. To quantify NBD-
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TAG, fluorescent intensity was normalized using the NBD-PtdCho internal standard, and background

fluorescence was subtracted from the total reading of the NBD-TAG band.

2.9. Statistical analyses
Plots and statistical analyses were carried out with GraphPad Prism 8. Error bars represent the standard
deviation of the results. Student’s ¢-test was employed to compare the effects of different solvents in

the PDAT assay.

3. Results and Discussion
3.1. Establishment of a PDAT assay with NBD-labelled substrate
In previous studies, PDAT assays have been conducted using phospholipids with a radiolabeled acyl
chain at the sn-2 position and regular DAG as substrates (Dahlqvist et al., 2000; Stahl et al., 2004). To
avoid the use of radioactive chemicals, we examined the effectiveness of a fluorescence-based method
for assessing PDAT activity. The use of fluorescent substrates has also been estimated to reduce the
cost of DGAT assays by 75% (McFie & Stone, 2011), which would provide another benefit to the
development of a fluorescence-based PDAT assay. Lipids containing an NBD fluorescent group were
chosen for the establishment of this assay since NBD has been successfully used previously in in vitro
assays of other lipid biosynthetic enzymes, such as DGAT (McFie & Stone, 2011; Sanderson &
Venable, 2012).

On the commercial NBD-PtdCho, the relatively big NBD molecular group is linked to the end
of the acyl chain at the sn-2 position, which is transferred to the sn-3 position of DAG in the PDAT
reaction. To minimize the potential effects of the NBD molecular structure on PDAT assay, NBD-DAG

and regular PtdCho were used in this study. Since NBD-DAG is not commercially available, this
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compound was synthesized from NBD-PtdCho. This synthesized NBD-DAG contains a palmitoyl
chain at the sn-1 position and an NBD molecule linked to a dodecanoyl chain at the sn-2 position.

Similar to NBD-DAG, NBD-TAG, which is required to confirm the success of the PDAT
reaction with NBD-DAG as substrate, is also not commercially available. To overcome this,
recombinant BnDGAT1 was used to convert NBD-DAG to NBD-TAG. As shown in Fig. 2, NBD-
TAG synthesized by BhDGAT 1, which has been validated in the DGAT1 reaction, has the same
migration distance as the product of recombinant AtPDATI1 on a TLC plate, confirming that the
product of AtPDAT1 was indeed an NBD-TAG molecule. This result suggests that NBD-DAG can be
used as a substrate by PDAT for catalysis. Since the substrate binding-pocket of lysosomal
phospholipase Az, a homolog to PDAT, has been found to have a higher conformational flexibility to
accept different substrates (Glukhova et al., 2015), PDAT may have similar flexible regions that are
able to accept NBD-DAG.

In order to quantify NBD-TAG produced in PDAT assays, a standard curve was generated
based on the fluorescence of known quantities of NBD-DAG (Fig. 3). When different dilutions of
NBD-DAG (0.5 - 220 pmol) were spotted on a TLC plate, the lowest detectable amount of NBD-DAG
was 0.5 pmol (Fig. 3a). This detection limit is similar to that (0.1 pmol) reported in a previous study
(Sanderson & Venable, 2012), even though they worked with different fluorescence scanners and PMT
voltage (250 V in the present study versus 420 V in the other study). In any case, the production of
NBD-TAG by AtPDAT1 was substantially higher than 0.5 pmol in the enzymatic assay, and therefore
the detection limit observed here was sufficiently sensitive for our purposes.

When fluorescence intensity was plotted against the amount of NBD-DAG, a standard curve
was obtained by linear regression of the linear region from 0.5 pmol to 80 pmol of NBD-DAG (Fig.
3b). The amount (pmol) of NBD-TAG produced in PDAT reactions could then be quantified using the

equation NBD-TAG = 0.01519 x corrected fluorescence intensity (R>=0.979).
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3.2. Characterization of AtPDATI using a fluorescence-based PDAT assay
After confirming that a fluorescence-based method was suitable for in vitro PDAT assays, we further
investigated if this method would be suitable for the characterization of AtPDAT1. The time course of
the enzymatic assay indicated that the formation of NBD-TAG could increase in a linear fashion up to
a maximum of 60 min of reaction time (Fig. 4; R?> = 0.995). Unexpectedly, the microsomes of S.
cerevisiae H1246 expressing LacZ produced very low amounts of an unknown fluorescent compound
with a similar migration distance to NBD-TAG on TLC plates (Fig. 4), but PDAT reactions using
boiled microsomes as the enzyme source did not (Fig. 5), which suggests the presence of an unknown
but very weak enzymatic reaction in our LacZ negative control microsomes. Since S. cerevisiae H1246
is a quadruple mutant that lacks all genes necessary for neutral lipid biosynthesis (DGA 1, LROI, AREI,
and ARE?2; Sandager et al., 2002), the resulting bands in the negative control microsomal samples were
unlikely due to any presence of PDAT or TAG. These fluorescence signals generated in the negative
control samples were thus treated as a background signal and subtracted from the fluorescence signals
generated by the recombinant AtPDATI.

The effects of protein content on PDAT activity was also subsequently analyzed. As shown in
Fig. 6, the NBD-TAG formation increased in a linear fashion up to a maximum of 80 ug of microsomal
protein (R? = 0.974). The biosynthesis of fluorescent TAG did not increase any further with higher
enzyme amounts, which was likely due to a limitation of available substrates. This result is consistent
with a previous study involving a fluorescence-based assay of DGAT activity, where a protein content
above 50 pg did not yield any further increases in NBD-TAG production (McFie & Stone, 2011). In
addition, there was a good correlation (R? = 0.919) between the fluorescence-based PDAT assay and
the conventional assay that was carried out with 16:0,['*C]18:1-PtdCho and 16:0,18:1-DAG as the
substrates (Fig. 7).

The enzyme kinetics of AtPDAT]1 in response to different concentrations of NBD-DAG were

also assessed. As shown in Fig. 8, AtPDAT]1 displayed a Michaelis-Menten response to an increasing
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concentration of NDB-DAG with apparent Vmax and Ki, values of 11.1 pmol NBD-TAG/min/mg
protein and 32.6 uM, respectively. The data obtained with the conventional assay for AtPDAT]1 also
followed Michaelis-Menten kinetics with respect to 16:0,18:1-DAG with apparent Vmax and K, values
of 2.0 pmol NBD-TAG/min/mg protein and 39.5 uM, respectively. Similarly, lecithin:cholesterol
acyltransferase (LCAT), which belongs to the same family as PDAT, also shows Michaelis-Menten
kinetics (Pan et al., 2015; Sakurai et al., 2018). It should be noted that the obtained apparent K., values
of AtPDAT1 from the conventional and the fluorescence-based methods are close, whereas the
apparent Vmax values from both methods differ largely. The difference in the apparent Vmax values from
both methods is likely caused by the usage of different labeled substrates (['*C] PtdCho or NBD-DAG).
Since yeast microsomes contain a substantial amount of PtdCho, the added ['*C] PtdCho in the
conventional PDAT reaction system was diluted by the bulk membrane phospholipids, which leads to
underestimation of the formed ['*C] TAG and thus a lower calculated value of enzyme activity than the
real one. The apparent kinetic parameters of AtPDAT1 obtained with different assay methods may also
be affected by the properties of different PtdCho (16:0,[**C]18:1-PtdCho vs 18:1,18:1-PtdCho) and
DAG (16:0,18:1-DAG vs NBD-DAG) molecules used in the assays. When using microsomal fractions
as the enzyme source to assay the activity of membrane-bound PtdCho metabolic enzymes, such as
PDAT, the enzyme reaction rate is typically controlled by the accessibility of enzyme to the exogenous
substrates. A more polar substrate such as NBD-DAG may be easier to be diffused across the
endogenous membrane lipids during the benzene mediated substrate deliver process and reach the close
proximity to the enzyme for catalysis. In the future, it would be interesting to use purified PDAT for
kinetic studies where the accessibility of enzyme to the substrates is not potentially affected by the

microsomal lipids, leading to a less complex kinetic situation.

3.3. Substitution of benzene in PDAT assays
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Benzene is used in PDAT assays to dissolve and deliver substrates to the microsomal fractions. After
being added to the reaction tube, benzene must be immediately evaporated to prevent loss of protein
activity. Although benzene works well in PDAT assays, this solvent is highly hazardous. As a known
carcinogenic substance, benzene is also harmful to renal, cardiovascular, respiratory, and reproductive
systems (Bahadar et al., 2014). Even with safety measures such as fumehoods and special gloves to
avoid or minimize exposure to this compound, benzene poses a risk to the health of laboratory workers.
In order to identify an alternative solvent, diethyl ether and ethanol were tested as substitutes in our
PDAT assays, with all other conditions remaining the same. As shown in Fig. 9, the formation of NBD-
TAG with diethyl ether as the solvent was statistically equivalent to results obtained using benzene,
whereas NBD-TAG production was significantly lower with ethanol than with benzene as the solvent.
Diethyl ether was used as a safe anesthetic for medical purposes for many years though it has some
undesirable side effects such as post-anesthetic nausea and vomiting (Bovill, 2008). Therefore, this

low-toxic solvent can provide an excellent substitution for carcinogenic benzene in PDAT assays.

4. Conclusions

In summary, a fluorescence-based assay for the quantitative analysis of PDAT activity was established
in this study, which works well with a broad range of microsomal protein contents and reaction times,
and thus should provide a means to assay the activity of PDATs. Our results demonstrated that NBD-
DAG is a suitable substrate for in vitro assays of PDATS, especially for the identification of PDAT
activity, which is a safer, less costly and more convenient alternative to radioactive chemicals, despite
that the non-natural structure of the NBD-DAG may restrict the test of PDAT selectivity towards
different DAG molecular species. The fluorescence-based and the conventional PDAT assays have a
good correlation, which validates the fluorescence-based method. We also showed that the highly toxic
solvent benzene could be substituted with the low-toxic diethyl ether without affecting the formation

rate of NBD-TAG. In addition, this fluorescence-based PDAT method also set up the foundation for
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further adaptation and development for various research purposes, such as comparing various
substrates, using different NBD-labelled chemicals, and combining with HPLC to develop a robust
medium throughput protocol for PDAT assay. Although the use of microsomal fractions in the current
experiment has restrictions in testing PDAT acyl specificity of PtdCho due to the influence of
endogenous microsomal phospholipids, this method could be further improved to test acyl specificity

using purified PDAT.
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Figure legends

Fig. 1 Schematic representation of the enzymatic reaction catalyzed by phospholipid:diacylglycerol
acyltransferase (PDAT). PDAT catalyzes the transfer of an acyl chain from the sn-2 position of
phospholipid to the sn-3 position of DAG. PL, phospholipid; DAG, diacylglycerol; LPL,

lysophospholipid; TAG, triacylglycerol; FA, fatty acid

Fig. 2 A representative TLC plate displaying results of enzymatic assays using fluorescence-labeled
substrate. Microsomal preparations from the S. cerevisiae quadruple mutant H1246 transformed with
either AtPDAT1 and BnDGAT]1 were used as enzymes in the PDAT and DGAT assays, respectively.
For DGAT assay, fluorescent 1-palmitoyl-2-dodecanoyl-NBD-sn-glycero-3-glycerol (NBD-DAG) and
oleoyl-CoA were used as substrates. NBD-DAG spots are composed of 1,2-NBD-DAG (lower band)
and 1,3-NBD-DAG (upper band). Microsomes derived from yeast cells transformed with the LacZ
gene were used as the negative control. Following enzymatic assays, lipid fractions were extracted and
separated on TLC plates. NBD-TAG, NBD-labeled triacylglycerol. AtPDAT1, Arabidopsis thaliana
phospholipid:diacylglycerol acyltransferase 1; BnDGATI, Brassica napus acyl-CoA:diacylglycerol

acyltransferase 1

Fig. 3 Establishment of a standard curve for the quantification of phospholipid:diacylglycerol
acyltransferase (PDAT) activity. (A) Scanned image of a representative TLC plate showing the
fluorescence intensity of 1-palmitoyl-2-dodecanoyl-NBD-sn-glycero-3-glycerol (NBD-DAG) in a
series of molar concentrations. (B) Standard curve for the quantification of NBD-labeled molecular
NBD-DAG or NBD-triacylglycerol (NBD-TAG). The linear range varies from 0.5 pmol to 80 pmol of

NBD-DAG.
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Fig. 4 Time course curve of PDAT enzymatic reactions. Nitrobenzoxadiazole-labeled triacylglycerol
(NBD-TAG) produced from NBD-diacylglycerol (NBD-DAG) over time in the presence of
microsomal fractions from yeast heterologously expressing Arabidopsis thaliana
phospholipid:diacylglycerol acyltransferase 1 (AtPDAT1). Microsomes derived from yeast cells
transformed with the LacZ gene were used as a negative control. The reactions were catalyzed using 40
pg of microsomal protein in each case. All reactions were carried out with 1.5 nmol NBD-DAG, 2.5
nmol 18:1,18:1-PtdCho, 100 pul of phosphate buffer (pH 7.2) at 30°C. NBD-TAG production increases

linearly up to 60 min (R? = 0.995). Values represent mean + standard deviation (n = 3).

Fig. 5 Production of unknown product with a similar migration distance to nitrobenzoxadiazole-labeled
triacylglycerol (NBD-TAG). The compound is not present in the boiled microsomal fractions from

yeast transformed with LacZ, which suggests an enzyme-catalyzed reaction. The reactions were carried
out using 40 pg of microsomal protein in each case. All reactions were added 1.5 nmol NBD-DAG, 2.5

nmol 18:1,18:1-PtdCho, and 100 pl of phosphate buffer (pH 7.2) and incubated at 30°C for 60 min.

Fig. 6 Production of nitrobenzoxadiazole-labeled triacylglycerol (NBD-TAG) in an enzymatic reaction
catalyzed by Arabidopsis thaliana phospholipid:diacylglycerol acyltransferase 1 (AtPDAT1) at
different concentrations. Microsomes derived from yeast cells transformed with the LacZ gene were
used as the negative control and weak fluorescent signals generated were subtracted from the
corresponding AtPDAT1 reactions as background. Microsome protein contents varied from 0 to 240 pg
in the reactions. All reactions were carried out with 1.5 nmol NBD-DAG, 2.5 nmol 18:1,18:1-PtdCho,
100 pl of phosphate buffer (pH 7.2) at 30°C for 60 min. Values represent mean + standard deviation (n

=3).
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Fig. 7 Comparison between the fluorescence-based PDAT assay and the conventional assay with
radiolabeled chemicals for a wide range of microsomal protein amounts (0, 20, 40, and 80 pg)
containing Arabidopsis thaliana phospholipid:diacylglycerol acyltransferase 1 (AtPDAT1) shows a
good correlation (R? = 0.919). To avoid the influence of endogenous PtdCho on the conventional assay,
the amount of protein was kept constant at 80 pg by mixing microsomes derived from yeast cells
transformed with the AtPDATI and LacZ genes. The conventional assay reactions were carried out with

2.5 nmol 16:0,['*C]18:1-PtdCho, 1.5 nmol 16:0,18:1-DAG, 100 pul of phosphate buffer (pH 7.2) at 30°C

for 60min. Values represent mean =+ standard deviation (n = 3).

Fig. 8 Rate of nitrobenzoxadiazole-labeled triacylglycerol (NBD-TAG) production by AtPDAT1
reveals Michaelis-Menten kinetics to increasing NBD-diacylglycerol (NBD-DAG) and 16:0,18:1-DAG
concentrations (R?=0.997 and R? = 0.975, respectively). Plots were generated using GraphPad Prism
8. The final concentration of NBD-DAG or 16:0,18:1-DAG in reactions was increased from 10 uM to
60 uM. The final concentration of 18:1,18:1-PtdCho or 16:0,['*C]18:1-PtdCho was kept at 25 uM in all
reactions. Reactions were carried out at 30°C for 60 min. Values represent mean =+ standard deviation

(n=23).

Fig. 9 The effects of different solvents on fluorescence-based PDAT assays. Ethanol, diethyl ether or
benzene was used as solvents for the addition of substrates to microsomal fractions. Student’s t-tests
indicate that diethyl ether and benzene are equivalent in terms of NBD-TAG production, and both
solvents are significantly superior to ethanol in terms of triacylglycerol production (p<0.05). All
reactions were carried out with 1.5 nmol NBD-DAG, 2.5 nmol 18:1,18:1-PtdCho, 100 pl of phosphate

buffer (pH 7.2) at 30°C for 60 min. Values represent mean + standard deviation (n = 3).
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Fig. 1 Schematic representation of the enzymatic reaction catalyzed by phospholipid:diacylglycerol

acyltransferase (PDAT). PDAT catalyzes the transfer of an acyl chain from the sn-2 position of
phospholipid to the sn-3 position of DAG. PL, phospholipid; DAG, diacylglycerol; LPL,

lysophospholipid; TAG, triacylglycerol; FA, fatty acid
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Fig. 2 A representative TLC plate displaying results of enzymatic assays using fluorescence-labeled
substrate. Microsomal preparations from the S. cerevisiae quadruple mutant H1246 transformed with
either AtPDAT1 and BnDGAT]1 were used as enzymes in the PDAT and DGAT assays, respectively.
For DGAT assay, fluorescent 1-palmitoyl-2-dodecanoyl-NBD-sn-glycero-3-glycerol (NBD-DAG) and
oleoyl-CoA were used as substrates. NBD-DAG spots are composed of 1,2-NBD-DAG (lower band)
and 1,3-NBD-DAG (upper band). Microsomes derived from yeast cells transformed with the LacZ
gene were used as the negative control. Following enzymatic assays, lipid fractions were extracted and
separated on TLC plates. NBD-TAG, NBD-labeled triacylglycerol. AtPDAT1, Arabidopsis thaliana
phospholipid:diacylglycerol acyltransferase 1; BnADGAT1, Brassica napus acyl-CoA:diacylglycerol

acyltransferase 1
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Fig. 3 Establishment of a standard curve for the quantification of phospholipid:diacylglycerol
acyltransferase (PDAT) activity. (A) Scanned image of a representative TLC plate showing the
fluorescence intensity of 1-palmitoyl-2-dodecanoyl-NBD-sn-glycero-3-glycerol (NBD-DAG) in a

series of molar concentrations. (B) Standard curve for the quantification of NBD-labeled molecular

NBD-DAG or NBD-triacylglycerol (NBD-TAG). The linear range varies from 0.5 pmol to 80 pmol of

NBD-DAG.
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Fig. 4 Time course curve of PDAT enzymatic reactions. Nitrobenzoxadiazole-labeled triacylglycerol
(NBD-TAG) produced from NBD-diacylglycerol (NBD-DAG) over time in the presence of
microsomal fractions from yeast heterologously expressing Arabidopsis thaliana
phospholipid:diacylglycerol acyltransferase 1 (AtPDATI1). Microsomes derived from yeast cells
transformed with the LacZ gene were used as a negative control. The reactions were catalyzed using 40
ug of microsomal protein in each case. All reactions were carried out with 1.5 nmol NBD-DAG, 2.5
nmol 18:1,18:1-PtdCho, 100 pul of phosphate buffer (pH 7.2) at 30°C. NBD-TAG production increases

linearly up to 60 min (R? = 0.995). Values represent mean + standard deviation (n = 3).
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Fig. 5 Production of unknown product with a similar migration distance to nitrobenzoxadiazole-labeled
triacylglycerol (NBD-TAG). The compound is not present in the boiled microsomal fractions from

yeast transformed with LacZ, which suggests an enzyme-catalyzed reaction. The reactions were carried
out using 40 pg of microsomal protein in each case. All reactions were added 1.5 nmol NBD-DAG, 2.5

nmol 18:1,18:1-PtdCho, and 100 ul of phosphate buffer (pH 7.2) and incubated at 30°C for 60 min.
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Fig. 6 Production of nitrobenzoxadiazole-labeled triacylglycerol (NBD-TAG) in an enzymatic reaction
catalyzed by Arabidopsis thaliana phospholipid:diacylglycerol acyltransferase 1 (AtPDAT1) at
different concentrations. Microsomes derived from yeast cells transformed with the LacZ gene were
used as the negative control and weak fluorescent signals generated were subtracted from the
corresponding AtPDAT1 reactions as background. Microsome protein contents varied from 0 to 240 pg
in the reactions. All reactions were carried out with 1.5 nmol NBD-DAG, 2.5 nmol 18:1,18:1-PtdCho,
100 ul of phosphate buffer (pH 7.2) at 30°C for 60 min. Values represent mean + standard deviation (n

= 3).
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Fig. 7 Comparison between the fluorescence-based PDAT assay and the conventional assay with
radiolabeled chemicals for a wide range of microsomal protein amounts (0, 20, 40, and 80 ug)
containing Arabidopsis thaliana phospholipid:diacylglycerol acyltransferase 1 (AtPDAT1) shows a
good correlation (R? = 0.919). To avoid the influence of endogenous PtdCho on the conventional assay,
the amount of protein was kept constant at 80 pg by mixing microsomes derived from yeast cells
transformed with the AtPDATI and LacZ genes. The conventional assay reactions were carried out with
2.5 nmol 16:0,['*C]18:1-PtdCho, 1.5 nmol 16:0,18:1-DAG, 100 pul of phosphate buffer (pH 7.2) at 30°C

for 60min. Values represent mean + standard deviation (n = 3).
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Fig. 8 Rate of nitrobenzoxadiazole-labeled triacylglycerol (NBD-TAG) production by AtPDAT1
reveals Michaelis-Menten kinetics to increasing NBD-diacylglycerol (NBD-DAG) and 16:0,18:1-DAG
concentrations (R?= 0.997 and R? = 0.975, respectively). Plots were generated using GraphPad Prism
8. The final concentration of NBD-DAG or 16:0,18:1-DAG in reactions was increased from 10 uM to
60 uM. The final concentration of 18:1,18:1-PtdCho or 16:0,['*C]18:1-PtdCho was kept at 25 uM in all
reactions. Reactions were carried out at 30°C for 60 min. Values represent mean + standard deviation

(n=23).
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Fig. 9 The effects of different solvents on fluorescence-based PDAT assays. Ethanol, diethyl ether or
benzene was used as solvents for the addition of substrates to microsomal fractions. Student’s t-tests
indicate that diethyl ether and benzene are equivalent in terms of NBD-TAG production, and both
solvents are significantly superior to ethanol in terms of triacylglycerol production (p<0.05). All
reactions were carried out with 1.5 nmol NBD-DAG, 2.5 nmol 18:1,18:1-PtdCho, 100 pul of phosphate

buffer (pH 7.2) at 30°C for 60 min. Values represent mean + standard deviation (n = 3).
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