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SUMMARY

Production of hydroxy fatty acids (HFAs) in transgenic crops represents a promising strategy to meet our

demands for specialized plant oils with industrial applications. The expression of Ricinus communis (castor)

OLEATE 12-HYDROXYLASE (RcFAH12) in Arabidopsis has resulted in only limited accumulation of HFAs in

seeds, which probably results from inefficient transfer of HFAs from their site of synthesis (phosphatidyl-

choline; PC) to triacylglycerol (TAG), especially at the sn-1/3 positions of TAG. Phospholipase As (PLAs) may

be directly involved in the liberation of HFAs from PC, but the functions of their over-expression in HFA

accumulation and distribution at TAG in transgenic plants have not been well studied. In this work, the

functions of lecithin:cholesterol acyltransferase-like PLAs (LCAT-PLAs) in HFA biosynthesis were character-

ized. The LCAT-PLAs were shown to exhibit homology to LCAT and mammalian lysosomal PLA2, and to

contain a conserved and functional Ser/His/Asp catalytic triad. In vitro assays revealed that LCAT-PLAs from

the HFA-accumulating plant species Physaria fendleri (PfLCAT-PLA) and castor (RcLCAT-PLA) could cleave

acyl chains at both the sn-1 and sn-2 positions of PC, and displayed substrate selectivity towards sn-2-rici-

noleoyl-PC over sn-2-oleoyl-PC. Furthermore, co-expression of RcFAH12 with PfLCAT-PLA or RcLCAT-PLA,

but not Arabidopsis AtLCAT-PLA, resulted in increased occupation of HFA at the sn-1/3 positions of TAG as

well as small but insignificant increases in HFA levels in Arabidopsis seeds compared with RcFAH12 expres-

sion alone. Therefore, PfLCAT-PLA and RcLCAT-PLA may contribute to HFA turnover on PC, and represent

potential candidates for engineering the production of unusual fatty acids in crops.

Keywords: phospholipase A, lecithin:cholesterol acyltransferase-like PLA, hydroxy fatty acid, phosphatidyl-

choline, triacylglycerol, Physaria fendleri, Ricinus communis, Arabidopsis thaliana.

INTRODUCTION

Hydroxy fatty acids (HFAs; for a full list of the abbreviations

used in this study see Appendix S1 in the online Supporting

Information) are among the most valuable unusual fatty

acids for industrial applications (Ogunniyi, 2006; Bates and

Browse, 2011; Bates et al., 2014; McKeon, 2016; Mubofu,

2016). Hydroxy fatty acids are naturally present in the seeds

of a small number of plant species, including castor (Ricinus

communis), Hiptage benghalensis and Physaria fendleri

(synonym Lesquerella fendleri; Physaria hereafter), which
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contain up to 90% and 70% ricinoleic acid (12-hydroxyoc-

tadec-cis-9-enoic acid, 12-OH 18:1D9cis) and 60% lesquerolic

acid (14-hydroxyeicos-cis-11-enoic acid, 14-OH 20:1D11cis) in

their seed oil, respectively (Badami and Kudari, 1970; Chen,

2016; McKeon, 2016; Tian et al., 2019). Ricinoleic acid is syn-

thesized through the hydroxylation of oleic acid (18:1D9cis)

on the sn-2 position of phosphatidylcholine (PC) via the cat-

alytic action of fatty acid hydroxylase (Bafor et al., 1991; van

de Loo et al., 1995). This fatty acid can then undergo further

elongation to yield lesquerolic acid in the form of acyl-CoA

(Moon et al., 2001).

Despite the fact that PC is the site of HFA biosynthesis,

these fatty acids accumulate at high levels in storage tria-

cylglycerol (TAG) but are excluded from membrane lipids

in plants that naturally accumulate them (Millar et al.,

2000). This suggests that in addition to the traditional Ken-

nedy pathway (Kennedy, 1961), HFA turnover on PC and

the subsequent incorporation into TAG must operate effi-

ciently in these plants [for reviews see Bates and Browse

(2012) and Bates (2016)]. Turnover of PC was described by

Lands (1960), whereby the deacylation of PC and re-acyla-

tion of lysophosphatidylcholine (LPC) were suggested to

occur through the activities of phospholipase A (PLA) and

lysophosphatidylcholine acyltransferase (LPCAT), respec-

tively. The mechanism driving acyl editing, however, is

now understood to be far more complex, as an increasing

number of enzymes have been found to play a role (Chap-

man and Ohlrogge, 2012; Bates, 2016).

The PLAs comprise a complex group of enzymes that

catalyze the hydrolysis of phospholipids to liberate unes-

terified fatty acids and have many important physiological

roles in a broad spectrum of plant biological processes

(Wang, 2001; Munnik and Testerink, 2009; Canonne et al.,

2011; Kim et al., 2011; Chen et al., 2011; Li et al., 2013,

2015). In plant seeds that accumulate unusual fatty acids

such as HFAs, PLAs have also been reported to play a role

in releasing unusual fatty acyl groups from phospholipids

(Bayon et al., 2015; Lin et al., 2019). Three families of PLAs

have been identified in plants thus far based on the ester

bond position of the phospholipids that they act upon. The

families include PLA1, low molecular weight secretory

PLA2 (sPLA2) and patatin-like PLA (pPLA). PLA1 and sPLA2

catalyze the hydrolysis of phospholipids at the sn-1 and

sn-2 positions, respectively, while pPLA acts catalytically at

both positions [for a review see Wang (2001)].

Initial attempts to engineer plants to produce HFAs in

their seed oil involved the seed-specific over-expression of

OLEATE 12-HYDROXYLASE from the HFA-accumulating

castor plant (RcFAH12) in a non-HFA-accumulating plant

(such as Arabidopsis thaliana or Camelina sativa). Limited

success was achieved using this approach, with HFAs

accumulating to levels up to only approximately 17% of

the total seed fatty acids in transgenic lines (Broun and

Somerville, 1997; Smith et al., 2003; Lu et al., 2006; Lu and

Kang, 2008). This low level of accumulation was attributed

to inefficient transfer of HFA from PC to TAG in the trans-

genic plants, which further resulted in the feedback inhibi-

tion of fatty acid biosynthesis (Bates and Browse, 2011;

Bates et al., 2014; Lunn et al., 2019). To liberate HFA from

PC, certain castor PLAs acting on the sn-2 position of PC,

including sPLA2a (Bayon et al., 2015) and pPLAIII (Lin et al.,

2019), have been co-expressed with RcFAH12 in the Ara-

bidopsis fatty acid elongase1 (fae1) mutant background

(Kunst et al., 1992; Lu et al., 2006). The resulting transgenic

lines, however, exhibited dramatic decreases in seed HFA

content in both PC and TAG when compared with Ara-

bidopsis expressing RcFAH12 alone (Bayon et al., 2015; Lin

et al., 2019).

Previously, a lecithin:cholesterol acyltransferase-like PLA

was identified in Arabidopsis (AtLCAT-PLA) that does not

fall neatly into any of the current PLA clades. While this

enzyme is closely related to the Arabidopsis LCAT-PLA1

enzyme (Noiriel et al., 2004), it displays both PLA1 and PLA2

activities with a preference for hydrolyzing acyl groups at

the sn-2 position of PC (Chen et al., 2012). Since the physio-

logical functions of LCAT-PLA in plants have yet to be

explored, the aim of the current study was to examine its

possible contribution to the transfer of unusual fatty acids

from PC to TAG. The LCAT-PLAs from Physaria (PfLCAT-

PLA) or castor (RcLCAT-PLA) showed substrate selectivity

towards sn-1-palmitoyl-sn-2-ricinoleoyl-PC (Ric-PC) over sn-

1-palmitoyl-sn-2-oleoyl-PC (18:1-PC) when heterologously

produced in yeast. When the coding regions of LCAT-PLAs

from different species (Physaria, castor and Arabidopsis)

were over-expressed in the Arabidopsis RcFAH12/fae1 line,

respectively, no significant alteration in HFA levels was

observed in transgenic Arabidopsis seeds compared with

RcFAH12/fae1 lines, which contrasts with the dramatic

decreases observed with the expression of sPLA2a (Bayon

et al., 2015) or pPLAIII (Lin et al., 2019). Further lipid class

analysis revealed that the expression of PfLCAT-PLA or

RcLCAT-PLA, but not AtLCAT-PLA in a RcFAH12/fae1 back-

ground, enhanced the distribution of HFA at the sn-1/3 posi-

tions of TAG. Taken together, these results suggest that

PfLCAT-PLA and RcLCAT-PLA may contribute to HFA turn-

over on PC by preferentially cleaving sn-2-ricinoleoyl

chains, and thus have potential for manipulating production

of unusual fatty acids in transgenic plants.

RESULTS

Plant LCAT-PLAs are homologs of LCAT and mammalian

lysosomal PLA2

Considering the catalytic features of AtLCAT-PLA (Chen

et al., 2012), it was of interest to identify LCAT-PLAs from

P. fendleri (PfLCAT-PLA) and R. communis (RcLCAT-PLA)

and elucidate their possible roles in turnover of PC. Puta-

tive PfLCAT-PLA and RcLCAT-PLA homologs were isolated
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from P. fendleri and R. communis cDNAs and shown to

share 69.8% pairwise identity with each other, as well as

91% and 68.9% pairwise identities to AtLCAT-PLA, respec-

tively, at the amino acid level. To explore the evolutionary

relationship of plant LCAT-PLAs with other PLA and LCAT

family members, phylogenetic analysis was carried out

using sequences from various species. Plant PLAs were

shown to separate into five distinct subgroups, including

PLA1, phosphatidic acid-preferring PLA1 (PA-PLA1), sPLA2,

pPLA and LCAT-PLA1/LCAT-PLA (Figure 1). Plant LCAT-

PLAs are grouped with LCAT-PLA1 enzymes, which are clo-

sely related to LCAT and mammalian lysosomal PLA2

(LPLA2) and show homology to plant and yeast phospho-

lipid: diacylglycerol acyltransferase (PDAT) and plant phos-

pholipid: sterol O-acyltransferase (PSAT).

With the exception of sPLA2 enzymes, all PLAs possess

a highly conserved lipase motif. This motif consists of

GXSXG in all PLA1, PA-PLA1 and pPLAI and II proteins, and

XHSXG ([P/S/T/C/A/G]HS[M/L]G; Falarz et al., 2020) in plant

LCAT-PLAs and their close orthologs in the LCAT family

(Figure 1). More specifically, in plant LCAT-PLA, the first

Gly in the lipase motif is substituted with a Ser or Thr, with

the exception of LCAT-PLA from Columba livia (ClLCAT-

PLA), which contains the original lipase motif (Figure 1).

Similarly, plant PDAT, LCAT, PSAT and mammalian LPLA2

have a Pro, Ser or Ala in that position, whereas animal

LCAT and yeast PDAT have the original Gly. The lipase

motif contains the catalytic Ser of the active site, which is a

part of the catalytic triad/dyad. The Ser/Asp/His catalytic

triad is well conserved among PLA1, LCAT-PLA and other

LCAT-like proteins (LCAT-PLA1, LCAT, LPLA2, PDAT,

PDST). In contrast, Ser/Asp serves as an essential catalytic

dyad for lipid hydrolytic activity in pPLAI, pPLAII and yeast

phospholipase B (PLB) enzymes, whereas His/Asp acts as

the catalytic dyad in sPLA2 enzymes. Regarding pPLAIII, it

contains a distinctive non-canonical lipase GXGXG motif
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Figure 1. Phylogenetic relationship of lecithin:cholesterol acyltransferase-like phospholipase A (LCAT-PLA), lecithin:cholesterol acyltransferase (LCAT), PLA and

other related enzymes from plants and other species.

The maximum likelihood phylogenetic tree was constructed with IQ-TREE. Clades of PLA1, phosphatidic acid-preferring PLA1 (PA-PLA1), secretory PLA2 (sPLA2),

patatin-like PLA (pPLA), LCAT-PLA, LCAT and lysosomal PLA2 (LPLA2), phospholipid: diacylglycerol acyltransferase (PDAT) and phospholipid: sterol O-acyltrans-

ferase (PSAT) and phospholipase B (PLB) are shown in green, pink, light blue, purple, red, dark blue, orange and black, respectively. Results of lipase motif, cat-

alytic triad/dyad, and binding domain analyses and the predicted localization of each protein are shown in circle layers 1, 2, 3 and 4, respectively.
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instead of GXSXG and a conserved Gly/Asp catalytic dyad.

In addition, sPLA2 and pPLA enzymes also possess a Ca2+-

binding motif and phosphate- or anion-binding motif,

respectively.

The Ser/His/Asp catalytic triad is essential for plant LCAT-

PLA enzymatic activity

To gain insight into the function of the conserved Ser/His/

Asp catalytic triad in plant LCAT-PLAs (Figure 2a–c), the

structure of PfLCAT-PLA was predicted using SWISS-

MODEL software and Homo sapiens LPLA2 (RCSB 4x92.1)

as a template (Glukhova et al., 2015). The three-dimen-

sional model included amino acid residues 30–435, which

exhibits 23.01% amino acid identity with the template and

contains the catalytic triad residues Ser182, Asp391 and

His416. The values of GMQE and QMEAN for the structure

were 0.44 and �3.64, respectively, indicating that the

model is of good quality. The predicted PfLCAT-PLA model

structure exhibits an a/b-hydrolase fold with a canonical

Ser/His/Asp catalytic triad (Rauwerdink and Kazlauskas,

2015) and active site residues localized within loop regions

in the middle of the structure (Figure 2e, boxed). As

expected, the catalytic triad residues form polar interac-

tions with one another. The hydroxy group of Ser182

appears to form a hydrogen bond with His416, which in

turn forms a polar interaction with Asp391 (Figure 2f).

Site-directed mutagenesis of PfLCAT-PLA was utilized to

verify the importance of these residues in catalysis. As

shown in Figure 2(d), PfLCAT-PLA encodes an active

enzyme whereas mutation of Ser182, Asp391 or His416 led

to dramatic decreases in enzyme activity. The serine within

this catalytic triad is typically responsible for attacking the

carboxyl carbon in deacylation reactions during hydrolysis.

The abolition of PfLCAT-PLA activity through the conver-

sion of Ser182 to Ala confirmed its catalytic importance as

the nucleophile (Figure 2d,g). Similarly, the substitution of

His416 with Ala also drastically affected activity, as this

presumably resulted in a loss of the base which activates

the serine nucleophile (Figure 2h). In contrast, the loss of

Asp391 only led to a partial loss of enzyme activity (Fig-

ure 2d). This suggests that, in this mutant, Ser182 interacts

with His416 but the loss of Asp391 may reduce the ability

of histidine to interact with the serine hydroxy hydrogen,

resulting in a less active enzyme (Figure 2i).

This catalytic feature appears to be well conserved

among LCAT-PLAs from plants and animals (Figure S1).

Structural alignment of PfLCAT-PLA with homologous

enzymes from Arabidopsis (AtLCAT-PLA), R. communis

(RcLCAT-PLA), Physcomitrella patens (PpLCAT-PLA) and

Mus musculus (MmLCAT-PLA) yielded RMSD values of

0.066, 0.173, 0.370 and 2.642, respectively, indicating that

the PfLCAT-PLA structure was the most and least similar to

AtLCAT-PLA and MmLCAT-PLA, respectively. Despite some

variations in structure, the identities and locations of the

catalytic triad were highly conserved, indicating that these

enzymes may operate via a similar mechanism. Although

the M. musculus catalytic residues exhibited subtle differ-

ences in position, they possessed a similar orientation in

the active site pocket.

PfLCAT-PLA catalyzes the hydrolysis of PC at both sn-1

and sn-2 positions and preferentially catalyzes the

hydrolysis of sn-2-ricinoleoyl-PC over sn-2-18:1-PC

To characterize its enzymatic properties, PfLCAT-PLA,

heterologously produced in yeast, was subjected to nickel-

NTA affinity purification (Figure S2) and the resulting par-

tially purified enzyme was used in subsequent assays. The

soluble nature of PfLCAT-PLA was consistent with previous

observations on AtLCAT-PLA (Chen et al., 2012). PfLCAT-

PLA catalyzed the hydrolysis of acyl groups at both sn-1

and sn-2 positions of 18:1-PC and Ric-PC. Interestingly, this

enzyme preferentially catalyzed the hydrolysis of the sn-2-

oleoyl chain over the sn-1-palmitoyl chain of 18:1-PC, but

displayed a slightly higher activity towards the sn-1-palmi-

toyl chain than the sn-2-ricinoleoyl chain of Ric-PC (Fig-

ure 3a). The PLA1 and PLA2 activities of PfLCAT-PLA were

further analyzed using increasing bulk concentrations of

18:1-PC or Ric-PC (Figure 3b–e). Both PLA1 and PLA2 activi-

ties showed a similar response to increasing bulk concen-

trations of both PCs, whereby maximum enzymatic activity

was achieved at approximately 45 lM PC. The PLA1 and

PLA2 activity data for PfLCAT-PLA showed better fits to the

allosteric sigmoidal equation over the Michaelis–Menten

equation with Hill coefficient values of 2.27–2.60. It should
be noted that PfLCAT-PLA displayed similar apparent enzy-

matic kinetics towards the sn-1-palmitoyl chain of 18:1-PC

and the sn-1-palmitoyl chain of Ric-PC (Figure 3c,e), sug-

gesting that the acyl chain on the sn-2 position of PC may

have little effect on PLA1 activity. Conversely, the apparent

Vmax value of PfLCAT-PLA towards the sn-2-oleoyl chain of

18:1-PC was two-fold higher than that towards the sn-2-rici-

noleoyl chain of Ric-PC (Figure 3b,d), which indicates that

PfLCAT-PLA displayed higher specificity towards 18:1-PC

than to Ric-PC.

To examine the substrate specificity of PfLCAT-PLA

towards the sn-2 position of phospholipids, various sub-

strates including 18:1-PC, Ric-PC, sn-1-palmitoyl-sn-2-li-

noleoyl-PC (18:2-PC), and sn-1-palmitoyl- sn-2-linoleoyl-

phosphatidylethanolamine (18:2-PE) were supplied at

equal amounts in separate assays. Physaria LCAT-PLA was

able to use all tested PCs and PE (Figure 4a), but appeared

to prefer PC over PE and displayed the highest activity

towards 18:1-PC, followed by Ric-PC, 18:2-PC and finally

18:2-PE (Figure 4a). Consistent with previous enzyme assay

results (Figure 3b,d), the activity of PfLCAT-PLA for 18:1-PC

was about two-fold higher than for Ric-PC (Figure 4a). Sub-

sequently, the substrate selectivity of PfLCAT-PLA,

RcLCAT-PLA or AtLCAT-PLA for 18:1-PC or Ric-PC at the

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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sn-2 position was examined by mixing both PC species at

equimolar ratios (22.5 µM each) in each assay. All three

plant LCAT-PLAs showed higher selectivity for the sn-2-rici-

noleoyl chain of Ric-PC than the sn-2-oleoyl chain of 18:1-

PC (Figure 4b), with RcLCAT-PLA and PfLCAT-PLA display-

ing 3.3- and 2.3-fold higher activity with Ric-PC than 18:1-

PC, respectively, and AtLCAT-PLA exhibiting 1.5-fold

higher activity for Ric-PC than 18:1-PC (Figure 4b). Taken

together, the results of these in vitro assays suggest that

PfLCAT-PLA and RcLCAT-PLA contribute to the turnover of

PC by preferentially cleaving sn-2-ricinoleoyl chains.

PfLCAT-PLA and RcLCAT-PLA are expressed constitutively

with relatively high transcript levels in roots and

developing seeds

The expression of PfLCAT-PLA was assessed in different tis-

sues using quantitative real-time reverse transcription PCR

(qRT-PCR) and results indicated that PfLCAT-PLA was

expressed in all tissues tested, including roots, stems,

leaves, flowers and developing siliques at different develop-

mental stages (Figure 5). The highest levels of expression

were observed in PfLCAT-PLA roots, followed by develop-

ing siliques at 19, 17 and 10–14 days after pollination (DAP).

Confirmation of the qRT-PCR results was achieved through

the generation of transgenic Arabidopsis lines bearing a

cassette in which the PfLCAT-PLA promoter was fused to

the b-GLUCURONIDASE (uidA) reporter gene [Figure 6; pro-

moterless control of b-GLUCURONIDASE protein (GUS)

staining is shown in Figure S3]. As expected, these lines

exhibited GUS staining in various tissues and organs, with

the exception of trichomes, where no staining was

observed. Embryos displayed strong GUS staining in the

mid-stages of silique development, while staining appeared

to be absent in mature siliques. High levels of staining were
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Figure 2. Physaria fendleri lecithin:cholesterol acyltransferase-like phospholipase A (PfLCAT-PLA) contains a conserved Ser/Asp/His catalytic triad, whose muta-

tion dramatically affects the enzyme activity.

(a)–(c) Sequence logo showing the conserved nature of the catalytic triad of LCAT-PLA, including Ser (A), Asp (b) and His (c). (d) Enzyme activity of PfLCAT-PLA

and its mutants S182A, D391A and H416A using crude yeast recombinant proteins and 45 µM of 1-palmitoyl-2-[14C] oleoyl-phosphatidylcholine. The activity of

recombinant PfLCAT-PLA was set as 100%. Data represent mean � SD (n = 3 for PfLCAT-PLA; n = 4 for its mutants). Asterisks indicate a significant difference in

activity between the recombinant wild-type enzyme and mutant enzymes (t-test, P < 0.05). (e) Homology model of PfLCAT-PLA obtained using SWISS-MODEL

software. (f)–(i) Close-up view of the active site pockets of wild-type PfLCAT-PLA and its mutants S182A, H416A and D391A.
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also noted in roots, leaves and developing siliques. In floral

tissues, GUS staining was mainly observed in anthers and

stigmas, while there was little GUS staining in petals.

Relatively high levels of LCAT-PLA expression in the

developing seeds/endosperm of Physaria and castor were

also observed in previously released transcriptome data

(Troncoso-Ponce et al., 2011; Horn et al., 2016). From these

data, LCAT-PLAs were shown to make up a large compo-

nent of total PLA expression in the developing seed/en-

dosperm of Physaria and castor, accounting for 13.9–20.7%
and 12.4–50.0% of the total PLA transcript abundance,

respectively, depending on the stage of development (Fig-

ure S4). Taken together, these results suggest a possible

role for the encoded PfLCAT-PLA and RcLCAT-PLA

enzymes in catalyzing the removal of HFAs from PC in

developing seeds of castor and Physaria.

Expression of PfLCAT-PLA or RcLCAT-PLA with RcFAH12

increases the proportion of hydroxy fatty acid at the sn-1/

3 positions of triacylglycerol in the seeds of transgenic

Arabidopsis

To gain insight into the possible role of LCAT-PLAs in seed

oil formation, cDNA encoding PfLCAT-PLA, RcLCAT-PLA or

AtLCAT-PLA was fused to the seed-specific Napin pro-

moter and transformed into the Arabidopsis CL7 line (bear-

ing an RcFAH12 over-expression cassette in an fae1

mutant background; Kunst et al., 1992; Lu et al., 2006).

Transgenic T2 seeds, along with untransformed CL7 con-

trol seeds, were then subjected to in-depth seed oil analy-

ses. None of the transgenic Arabidopsis lines expressing

any of the three LCAT-PLAs exhibited significant alter-

ations in total seed lipid content when compared with the

CL7 control lines (Figure 7a). In CL7 lines, HFA made up

14.87 � 2.78% of total fatty acids, while PfLCAT-PLA and

RcLCAT-PLA over-expressing lines accumulated

17.21 � 0.66% and 17.07 � 0.78% HFAs in their seeds,

respectively; increases that were not significantly higher

than the CL7 control lines (Figure 7b, Table S1). In con-

trast, AtLCAT-PLA over-expressing lines exhibited HFA

(14.05 � 1.42%) levels that were similar to those seen in

CL7 control lines (Figure 7b). To examine the distribution

of HFAs in polar and neutral lipids, total lipids from mature

T2 seeds of CL7 control and transgenic Arabidopsis lines

were separated on TLC plates into polar lipid and TAG frac-

tions. In the seeds of the PfLCAT-PLA and RcLCAT-PLA

over-expressing lines, HFA content within the TAG and

polar lipid fractions was slightly, but insignificantly,

increased compared with control CL7 lines (Figure 7c,

Table S2). In contrast, AtLCAT-PLA over-expressing lines

showed a slight but insignificant decrease in HFA content

in TAG, and no significant difference in polar lipid fractions

(Figure 7c, Table S2). A TAG positional analysis was also

(b) (d)

(c) (e)

(a)Figure 3. Physaria fendleri lecithin:cholesterol acyl-

transferase-like phospholipase A (PfLCAT-PLA) dis-

plays phospholipase A1 and A2 activities.

(a) PfLCAT-PLA catalyzes the hydrolysis of sn-1-

palmitoyl-sn-2-[14C] ricinoleoyl-phosphatidylcholine

(Ric-PC) or sn-1-palmitoyl-sn-2-[14C] oleoyl-PC (18:1-

PC) at both sn-1 and sn-2 positions. Enzyme activity

was assessed using 45 µM of Ric-PC or 18:1-PC. (b),

(c) Phospholipase A1 (PLA1) and PLA2 activities of

PfLCAT-PLA in response to increasing 18:1-PC con-

centrations from 2.5 to 90 µM. FFA, free fatty acid.

(d), (e) PLA1 and PLA2 activities of PfLCAT-PLA in

response to increasing Ric-PC concentrations from

2.5 to 90 µM. LPC, lysophosphatidycholine. Data

were fitted to the allosteric sigmoidal equation us-

ing GraphPad Prism. In (a) asterisks indicate signifi-

cant differences between the relative PLA1 and

PLA2 activities (t-test, P < 0.05). Data represent

mean � SD (n = 4).
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conducted to determine the regiospecific distribution of

HFAs in TAG. Over-expression of PfLCAT-PLA or RcLCAT-

PLA but not AtLCAT-PLA increased the proportion of HFAs

at sn-1/3 positions (Figure 7d), which was accompanied by

concomitant and significant decreases in 18:2 at these

positions (Table S3).

DISCUSSION

In recent years, interest in utilizing transgenic plants to

produce valuable lipids, such as HFAs, has gained momen-

tum since plants that naturally accumulate them are not

suitable for large-scale agriculture. The expression of

RcFAH12 in Arabidopsis seeds has been shown to lead to

HFA accumulation of up to 11% of total fatty acids in PC,

which is two-fold higher than that in castor and represents

a bottleneck for HFA production in Arabidopsis seed TAG

(Bates and Browse, 2011; van Erp et al., 2011). These find-

ings suggest that the endogenous Arabidopsis enzymes

are unable to efficiently remove HFAs from the sn-2 posi-

tion of PC, which is the site of HFA biosynthesis. In plants,

enzymes from three PLA families, including sPLA2, pPLA

and LCAT-PLA, have been reported to catalyze the libera-

tion of fatty acids from the sn-2 (or both sn-1 and sn-2)

position of PC (Li et al., 2011; Chen et al., 2012; Bayon

et al., 2015) and specialized versions of these enzymes in

HFA-accumulating plants may contribute to HFA turnover

in PC. While both castor sPLA2a and pPLAIII have been

shown to facilitate the removal of HFAs from PC in trans-

genic Arabidopsis RcFAH12/fae1 lines, the resulting HFA

was not efficiently incorporated into TAG (Bayon et al.,

2015; Lin et al., 2019). Since the function of LCAT-PLAs in

acyl editing has yet to be explored, the current study

aimed to identify and functionally characterize homologs

from Physaria and castor as a means of assessing their

role in HFA turnover on PC and potentially distinguishing

further candidates for the downstream manipulation of

unusual fatty acid production in transgenic plants.

A single LCAT-PLA homolog was identified in Physaria

and castor, respectively, and phylogenetic analysis indi-

cated that plant LCAT-PLAs grouped with LCAT-PLA1

*
*

*

(a)

(b)

PfLCAT-PLA
Figure 4. Lecithin:cholesterol acyltransferase-like

phospholipase A (LCAT-PLA) from Physaria, castor

or Arabidopsis preferentially catalyzes the hydroly-

sis of sn-1-palmitoyl-sn-2-[14C] ricinoleoyl-phos-

phatidylcholine (Ric-PC) over sn-1-palmitoyl-sn-2-

[14C] oleoyl-PC (18:1-PC).

(a) Substrate specificity of PfLCAT-PLA towards Ric-

PC, 18:1-PC, sn-2-[14C] linoleoyl-PC (18:2-PC) and

sn-2-[14C] linoleoyl-phosphatidylethanolamine

(18:2-PE). Enzyme activity was assessed using

45 µM of Ric-PC, 18:1-PC, 18:2-PC or 18:2-PE.

(b) Substrate selectivity of PfLCAT-PLA, RcLCAT-

PLA and AtLCAT-PLA towards Ric-PC and 18:1-PC.

Equal amounts of 18:1-PC and Ric-PC (22.5 µM each)

were mixed and used in the assay. Asterisks indi-

cate significant differences between the activities

towards Ric-PC and 18:1-PC (t-test, P < 0.05). Data

represent mean � SD (n = 4).
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proteins, which are closely related to LCAT, animal LPLA2,

PDAT and PSAT proteins (Figure 1). The conserved signa-

ture motifs of plant LCAT-PLAs and their close homologs

include a lipase motif (XHSXG) containing the catalytic Ser

of the active site, as well as a catalytic triad (Ser/Asp/His)

(Figures 1, 2a–c, and S1). The importance of the catalytic

triad was confirmed by site-directed mutagenesis, whereby

mutation of Ser182, Asp391 or His416 to Ala in PfLCAT-

PLA dramatically decreased enzyme activity (Figure 2d),

probably due to disruption of the catalytic nucleophile (Fig-

ure 2e–i).
Unlike the previously characterized Arabidopsis LCAT-

PLA1 with sn-1 regio-specificity of PC (Noiriel et al., 2004),

the in vitro assays implemented in this current study sug-

gested that PfLCAT-PLA is able to catalyze the hydrolysis

of fatty acyl chains at both the sn-1 and sn-2 positions of

PC (Figure 3), which is consistent with our previous results

with AtLCAT-PLA (Chen et al., 2012). The substrate satura-

tion plots of both PLA1 and PLA2 activities of PfLCAT-PLA

showed a sigmoidal response (Figure 3b–e), which is simi-

lar to the kinetic behavior of many other phospholipases

(Hendrickson and Dennis, 1984a,b; Burke et al., 1995; Mer-

kel et al., 1999). This sigmoidal behavior may indicate that

the enzyme requires more than one PC molecule to inter-

act with to induce a conformational change for activation

(Hendrickson and Dennis, 1984a,b). Indeed, interfacial acti-

vation is widely present in many lipases as a means of

facilitating a switch from closed to open conformations in

response to lipid binding (Mouchlis et al., 2014). In line

with this, a lid region and a membrane-binding domain

have been identified in mammalian LPLA2, which is a close

homolog of LCAT-PLA, although no solid evidence for a

large conformational change upon membrane binding has

yet been reported (Glukhova et al., 2015).

It has been suggested that PLAs may contribute to the

selective transfer of HFAs from the sn-2 position of PC to

TAG (Bayon et al., 2015; Lin et al., 2019) but so far the spe-

cifics of this process remain elusive. Although castor

sPLA2a has been shown to be more efficient at catalyzing

the hydrolysis of Ric-PC than Arabidopsis sPLA2a, this

enzyme displayed higher specificity and selectivity for

18:1-PC than Ric-PC (Bayon et al., 2015). In the current

study, enzyme assay data indicated that both PfLCAT-PLA

and RcLCAT-PLA exhibited increased selectivity for Ric-PC

over 18:1-PC in the presence of mixed substrates (Fig-

ure 4b), although the enzymes showed a higher specificity

for 18:1-PC than Ric-PC (Figure 4a). Increased selectivity

for Ric-PC over 18:1-PC was also observed for AtLCAT-PLA,

but to a smaller degree than for PfLCAT-PLA or RcLCAT-

PLA (Figure 4b). Different enzymatic properties with

respect to substrate specificity and selectivity have also

been reported for other enzymes. For example, Brassica

napus diacylglycerol acyltransferase (DGAT) 1, which

exhibited four- to seven-fold higher specificity for 16:0-CoA

over 18:1-CoA in substrate specificity assays, incorporated

two- to five-fold higher amounts of 18:1 than 16:0 in sub-

strate selectivity assays with 18:1-CoA and 16:0-CoA in a

3:1 ratio (Aznar-Moreno et al., 2015). Moreover, qRT-PCR

and GUS fusion results both indicated that PfLCAT-PLA is

expressed at relatively high levels in developing seeds

(Figures 5 and 6), and analysis of previously released tran-

scriptome data revealed that LCAT-PLAs make up a sub-

stantial proportion of PLA transcripts in castor and

Physaria (Figure S4), which supports the possible involve-

ment of LCAT-PLAs in HFA enrichment in plants producing

hydroxy seed oils. Taken together, PfLCAT-PLA or RcLCAT-

PLA may be more effective than AtLCAT-PLA in catalyzing

the hydrolysis of Ric-PC, and thus may contribute to turn-

over of HFA in PC. Further in vitro and in vivo studies of

LCAT-PLAs will be necessary to explore their enzymatic

properties and physiological roles in this context. Addition-

ally, PfLCAT-PLA is also expressed in other tissues, with

roots being the highest (Figure 5). Previously, different

PLAs have been shown to function in root development

through the release of free fatty acids and LPC or lysophos-

phatidylethanolamine signaling molecules (Lee et al., 2010;

Rietz et al., 2010). Considering that PfLCAT-PLA is able to

utilize different substrates in addition to Ric-PC (Figure 4a),

which is not present in non-seed tissues, PfLCAT-PLA may

have currently unknown physiological functions in these

tissues. It will also be interesting to probe the potential

structural differences between PfLCAT-PLA and AtLCAT-

Figure 5. Physaria fendleri lecithin:cholesterol acyltransferase-like phospho-

lipase A (PfLCAT-PLA) is expressed throughout Physaria fendleri develop-

ment.

Quantitative real-time RT-PCR analysis of PfLCAT-PLA expression in various

P. fendleri tissues and developmental stages, including root, stem, leaf, flo-

ral tissue and siliques at 10–14, 17, 19 and 21 days after pollination (DAP).

Data represent means of the relative PfLCAT-PLA transcript (2�DCT) from

three replicates � SD with 18S rRNA as the internal reference gene.
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PLA based on the derived structural models. However, no

homologous enzyme has been crystallized in the presence

of a phospholipid substrate to date, making it difficult to

make reliable speculation on the structural basis of the

preference of PfLCAT-PLA for HFA-containing PC.

Recently, both castor sPLA2a and pPLAIII were shown to

be able to efficiently remove HFAs from PC in correspond-

ing transgenic Arabidopsis lines, but the cleaved HFAs

failed to be incorporated into TAG as shown by dramatic

decreases of HFA content in seed oil (Bayon et al., 2015;

Lin et al., 2019). Interestingly, the current study shows that

over-expressing PfLCAT-PLA, RcLCAT-PLA or AtLCAT-PLA

in Arabidopsis CL7 lines (over-expressing RcFAH12 in an

fae1 mutant background) did not significantly affect total

lipid content and HFA accumulation within seed oil com-

pared with untransformed CL7 lines (Figure 7). More

importantly, the over-expression of PfLCAT-PLA or

RcLCAT-PLA increased the proportion of HFAs on the sn-1/

3 positions of TAG (Figure 7d), despite there being only

small but insignificant increases in HFA accumulation in

TAG and polar lipid fractions being noted (Figure 7c). This

probably resulted from an increase in the efficiency of HFA

removal at the sn-2 position of PC, and the subsequent

incorporation of HFA into sn-1/3 positions of TAG catalyzed

by other enzymes such as sn-glycerol-3-phosphate acyl-

transferase (GPAT) and DGAT. Since the most rapid PC

and TAG exchange appears to occur during mid-stages of

seed development, further analysis of HFA distribution in

PC and TAG in developing seeds may provide more infor-

mation on the effect of LCAT-PLA on PC turnover, repre-

senting an interesting future direction for research. On the

other hand, AtLCAT-PLA had no effect on HFA distribution

in TAG (Figure 7d), although it also preferred Ric-PC over

18:1-PC in vitro (Figure 4).

While over-expression of PfLCAT-PLA or RcLCAT-PLA

was able to enrich the HFA content at the sn-1/3 positions

of TAG compared with CL7 controls, the final HFA content

within total seed oil and seed TAG only reached about

(a)

(b)

(c)

(g)

(h)

(j)

(n)
(o)

(p)

(q)

(r) (s)

(i)

(d)

(e)

(f)

(k) (l) (m)

Figure 6. Beta-glucuronidase staining of transgenic

PfLCAT-PLA-uidA transcriptional fusion Arabidopsis

lines.

The promoter region of the Physaria lecithin:choles-

terol acyltransferase-like phospholipase A (LCAT-

PLA) gene was fused to a uidA reporter gene then

stably expressed in transgenic Arabidopsis. Tissues

include a young seedling (a), root and root hair of

young seedling (b), first leaf and trichome of young

seedling (c), first leaf of young seedling (d), stem

long-section (e), stem cross-section (f), young

rosette leaf and trichome (g), middle rosette leaf

(h), old rosette leaf (i), young flower (j), stigma of

young flower (k), anther and filament of young

flower (l), petal of young flower (m), mature flower

(n), stigma of mature flower (o), anther and fila-

ment of mature flower (p), developing silique at dif-

ferent stages (q), cut silique (r) and developing

seeds and embryo (s). Pictures are representative of

at least 16 independent T1 lines. For (a), (d), (e)–(j),
(n), (q) and (r) scale bars = 1 mm; for (b), (c), (k)–
(m), (o), (p) and (s) scale bars = 0.1 mm.
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17.2% (Figure 7). The HFA levels seen in our transgenic

lines are much lower than the ricinoleic acid (about 90%)

and lesquerolic acid (about 60%) seed TAG contents found

in castor and Physaria, respectively. Co-expression of mul-

tiple enzymes involved in HFA biosynthesis, channeling

and incorporation into TAG may be required to elicit these

high levels in non-HFA-accumulating oilseed plants. Sub-

strate-selective PLAs, such as LCAT-PLAs, are expected to

function together with a long-chain acyl-CoA synthetase

(LACS) that preferentially activates HFA to HFA-CoA, which

is the active form of fatty acid for further utilization in TAG

biosynthesis. The released HFA-CoA can then be utilized

by the acyl-CoA-dependent reactions of the Kennedy

(1961) pathway of TAG synthesis or captured by acyl-CoA-

binding proteins and shuttled towards TAG biosynthesis

(Du et al., 2016; Li-Beisson et al., 2017). While the previous

co-expression of castor LACSs with sPLA2a in transgenic

Arabidopsis RcFAH12/fae1 lines did not increase HFA accu-

mulation in TAG (Bayon et al., 2015), it may be that HFAs

cleaved by castor sPLA2a were not efficiently activated to

HFA-CoA by the co-produced LACSs. It is also possible that

the activated HFA-CoA failed to be transported to the cor-

rect subcellular compartment for TAG biosynthesis, poten-

tially due to the lack of an acyl-CoA-binding protein that

specifically binds HFA-CoA. The co-expression of cDNAs

encoding enzymes in the Kennedy and acyl editing path-

ways may provide another potential requirement for trans-

ferring cleaved HFAs to TAG biosynthesis. Castor and

Physaria both contain enzymes that contribute to the

enrichment of HFA in TAG, probably through enhanced

(c)

(d)

(a)

(b)

Figure 7. Over-expression of Physaria fendleri lecithin:cholesterol acyltransferase-like phospholipase A (PfLCAT-PLA) or castor LCAT-PLA affects the stereo-

chemical position of hydroxy fatty acids (HFAs) in lipids of transgenic Arabidopsis CL7 lines.

(a) Total lipid content in the seed oil of T2 seeds of transgenic Arabidopsis CL7 lines.

(b) The HFA content in the T2 seeds of transgenic Arabidopsis CL7 lines.

(c) The HFA distribution in triacylglycerol (TAG) and phospholipids (PL) from T2 seeds of transgenic Arabidopsis CL7 lines over-expressing plant LCAT-PLA.

(d) Stereochemical position of HFA in TAG. Data represent mean � SD. For (a) and (b) n = 8 independent transgenic lines; for (c) and (d), n = 3 independent

transgenic lines (shown as red dots in a and b). Asterisks indicate significant differences in the HFA content of the Arabidopsis over-expressing plant LCAT-PLA

lines and control lines (t-test, P < 0.05).
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selectivity for HFA-containing substrates. These include

DGAT 1 and 2 (Kroon et al., 2006; McKeon and He, 2015),

lysophosphatidic acid acyltransferase (LPAAT) 2 (Chen

et al., 2016; Shockey et al., 2019), GPAT9 (Lunn et al., 2019;

Shockey et al., 2019), LPCAT (Lager et al., 2013), PDAT (van

Erp et al., 2011) and phosphatidylcholine diacylglycerol

cholinephosphotransferase (Hu et al., 2012). Considering

that these enzymes may form a transferase interactome

(Xu et al., 2019), the collective expression of cDNAs encod-

ing multiple transferases may provide even further

enhancement in terms of the efficiency of transferring

HFAs from PC to TAG. Indeed, the co-expression of castor

GPAT9, LPAAT and PDAT1 in Arabidopsis RcFAH12/fae1

lines resulted in the accumulation of HFAs at sn-1, -2 and -

3 positions of TAG, thus boosting HFA content (Lunn et al.,

2019). Additionally, unlike the accumulation of ricinoleic

acid (C18-HFA) in castor, Physaria possesses lesquerolic

acid (C20-HFA) in its seed oil, which results from the elon-

gation of C18-HFA through the catalytic action of the fatty

acid condensing enzyme 3-ketoacyl-CoA synthase 3 (Moon

et al., 2001). Thus, the collective expression of any number

of genes encoding these additional enzymes, along with

LCAT-PLAs and FAH12, from HFA-accumulating species, is

likely to enhance the production of these unusual fatty

acids in transgenic oilseed plants.

In conclusion, unique LCAT-PLAs have been isolated

from Physaria and castor, which display both PLA1 and

PLA2 activities and substrate selectivity towards Ric-PC

over 18:1-PC. Expression of PfLCAT-PLA or RcLCAT-PLA in

the transgenic fae1 Arabidopsis over-expressing RcFAH12

resulted in enrichment of HFAs at the sn-1/3 positions of

TAG. Taken together, these results suggest that PfLCAT-

PLA and RcLCAT-PLA could contribute to HFA turnover in

PC and are potentially useful in engineering HFA produc-

tion in transgenic plants.

EXPERIMENTAL PROCEDURES

Sequence analysis and protein structure prediction

Multiple sequence alignments of the putative LCAT-PLA and PLA
proteins from different animal and plant species were carried out
using the L-INS-i method implemented in the MAFFT web server
(https://mafft.cbrc.jp/alignment/server/, accessed 4 September
2019) (Katoh and Standley, 2013). The best-fit model for protein
alignment (WAG + F + I + G4) was identified using the IQ-TREE
web server (http://iqtree.cibiv.univie.ac.at/, accessed 4 September
2019) (Trifinopoulos et al., 2016) based on the Bayesian informa-
tion criterion score. The phylogenetic tree was then constructed
with the maximum likelihood method using IQ-TREE and visual-
ized with iTOL v.4 (Letunic and Bork, 2016). The WebLogo server
(https://weblogo.berkeley.edu/logo.cgi, accessed 4 September
2019) was used to show the sequence logo of the catalytic triad of
LCAT-PLA from different species, including Arabidopsis lyrate
(AlLCAT-PLA, XP_002867917), A. thaliana (AtLCAT-PLA, AF421149,
At4g19860; AtLCAT-PLA1, AF421148, At3g03310), B. rapa (BrLCAT-
PLA, XP_009133245), Columba livia (ClLCAT-PLA, XP_005512683),

C. sativa (CsLCAT-PLA, XP_010439651), Chlorella variabilis
(CvLCAT-PLA, XP_005851868), Glycine max (GmLCAT-PLA,
XP_003529428), Guillardia theta (GtLCAT-PLA, XP_005819812),
Medicago truncatula (MtLCAT-PLA, XP_003607877), Nicotiana
tabacum (NtLCAT-PLA1, AAQ05032), P. fendleri (PfLCAT-PLA,
MN817234), P. patens (PpLCAT-PLA, XP_001782233), R. communis
(RcLCAT-PLA, 30060.m000520; RcLCAT-PLA1, 29929.m004538),
Sorghum bicolor (SbLCAT-PLA, XP_002460515), and Zea mays
(ZmLCAT-PLA, ACR34350). The structures of LCAT-PLA from P.
fendleri, Arabidopsis, castor, P. patens and M. musculus were pre-
dicted using SWISS-MODEL software with H. sapiens LPLA2

(RCSB 4x92.1) as a template (Glukhova et al., 2015).

Plant growth conditions

Arabidopsis CL7 and other transgenic plants were grown in
growth chambers at 22°C with a photoperiod of 18 h day/6 h night
and a light intensity of 250 lmol m�2 sec�1. The CL7 line contains
an RcFAH12 over-expression cassette in an fae1 mutant back-
ground (Kunst et al., 1992; Lu et al., 2006) and is often used for the
production of HFAs of 18 carbons. P. fendleri was grown in a
growth chamber with a 16 h/8 h day/night cycle at 23°C with 50%
relative humidity and a light intensity of 125lmol m�2 sec�1. Plant
samples were harvested and snap frozen in liquid nitrogen prior
to use.

Isolation of LCAT-PLA full-length cDNAs from P. fendleri

and R. communis and mutagenesis of PfLCAT-PLA

Total RNA was isolated from P. fendleri siliques at 17 DAP using
the RNeasy Mini Kit (Qiagen, https://www.qiagen.com/). First-
strand cDNA was synthesized from total RNA using the Quanti-
Tect Reverse Transcription Kit (Qiagen) according to the manufac-
turer’s instructions. Primers specific to conserved regions of
AtLCAT-PLA (Ag4g19860) were used to amplify a fraction of the
PfLCAT-PLA-coding region using P. fendleri cDNA as a template.
The 50 and 30 ends of the full-length PfLCAT-PLA-coding region
were amplified using rapid amplification of cDNA ends (RACE)
with the GeneRacer Kit (Invitrogen, https://www.thermofisher.c
om/). The full-length coding region of PfLCAT-PLA was further
amplified from cDNA using primers corresponding to its 50 and 30

ends, and the resulting amplicon was cloned into the pYES2.1/V5-
His TOPO yeast expression vector (Invitrogen). Site-directed muta-
genesis was used to introduce mutations into the PfLCAT-PLA
coding sequence through overlapping PCR, and the resulting
PfLCAT-PLA mutants were ligated into the pYES2.1 vector. The
full-length coding sequence of RcLCAT-PLA was amplified using a
previously generated endosperm cDNA library (Chen et al., 2004)
as the template and was cloned into the pYES2.1 vector. The stop
codon from each sequence was removed for in-frame fusion with
a C-terminal V5-His tag. The identity of all sequences was con-
firmed through sequencing. All primers used in the current study
are shown in Table S4.

Heterologous expression of LCAT-PLAs in yeast

Constructs containing the native PfLCAT-PLA, RcLCAT-PLA and
AtLCAT-PLA (Chen et al., 2012), as well as variant PfLCAT-PLAs,
were individually transformed into wild-type Saccharomyces cere-
visiae (Inv Sc1 strain, Invitrogen) using the S.c. EasyComp Trans-
formation Kit (Invitrogen). In brief, yeast transformants were first
selected on solid minimal medium [0.67% (w/v) yeast nitrogen
base and 0.2% (w/v) synthetic complete medium lacking uracil]
containing 2% (w/v) dextrose. Subsequently, the successful trans-
formants were transferred to liquid minimal medium containing
2% (w/v) raffinose, and the resulting cultures were then used to
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inoculate minimal medium containing 2% (w/v) galactose and 1%
(w/v) raffinose at an initial OD600 value of 0.4 for induction of gene
expression. The yeast strains were grown at 30°C with shaking at
220 r.p.m., and yeast cells were harvested for enzyme extraction.

Enzyme extraction and partial purification

Crude proteins containing the recombinant LCAT-PLAs were
extracted as described previously (Chen et al., 2012). In brief, yeast
cells were suspended in 1 ml of lysis buffer containing 50 mM 2-
amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl pH 7.6,
600 mM sorbitol, 1 mM EDTA and 1mM phenylmethylsulfonyl fluo-
ride and were homogenized with 0.5 mm glass beads using a
bead beater (BioSpec Products, https://biospec.com/). The crude
homogenates were then centrifuged for 10 min at 12 000 g at 4°C
to remove cell debris and glass beads. The supernatant was fur-
ther centrifuged at 100 000 g at 4°C for 70 min to separate micro-
some and cytosolic fractions. For partial purification of the
recombinant LCAT-PLA proteins, the supernatant was further incu-
bated with Nickel-NTA agarose resin (Thermo Scientific, https://
www.thermofisher.com/), which was recovered by applying to a
fritted glass column, washing and then eluting with 500 mM imi-
dazole. The protein concentration of each sample was determined
using the Bradford method (Bradford, 1976).

Phospholipase A assays

The PLA assays were performed as described previously (Chen
et al., 2012). In brief, the assay mixture contained 50 mM citrate
buffer (pH 5.0), 10 mM CaCl2, 0.05% Triton X-100, 45 µM of 1-palmi-
toyl-2-[14C] oleoyl-PC (18:1-PC; American Radiolabeled Chemicals,
https://www.arcincusa.com/) and 0.5 µg of purified protein or
30 µg of crude cytosol protein in a total volume of 200 µl. The
reaction was initiated by adding crude or partially purified recom-
binant LCAT-PLA and incubated at 30°C for 4 min before being
quenched with 1000 µl of chloroform:methanol (1:1, v/v) and
200 µl of 0.15 M acetic acid. The chloroform phase was recovered
by centrifugation, concentrated under a nitrogen stream and then
applied onto a TLC plate (0.25 mm silica gel, DC-Fertigplatten,
Macherey-Nagel, https://www.mn-net.com/). The TLC plate was
developed with chloroform:methanol:water:acetic acid (65:25:4:1,
v/v/v/v) and the resolved lipids were visualized by phosphorimag-
ing (Typhoon Trio Variable Mode Imager, GE Healthcare, https://
www.gehealthcare.com/). Spots corresponding to free fatty acids
and LPC were scraped and radioactivity was quantified by scintil-
lation counting (LS 6500 multipurpose scintillation counter, Beck-
man-Coulter, https://www.beckmancoulter.com/).

For the substrate specificity assay, 45 µM of 18:1-PC, 1-palmi-
toyl-2-[14C] linoleoyl-PC (18:2-PC; American Radiolabeled Chemi-
cals), 1-palmitoyl-2-[14C] linoleoyl-phosphatidylethanolamine
(18:2-PE; American Radiolabeled Chemicals) or 1-palmitoyl-2-[14C]
ricinoleoyl-PC [Ric-PC; synthesized as described by Bana�s et al.
(1992)] was used in each reaction. For the substrate selectivity
assay, equal amounts of 18:1-PC and Ric-PC (22.5 µM each) were
used in the assay. The reaction was initiated by adding crude or
partially purified recombinant LCAT-PLA and incubated at 30°C for
4 min before being quenched with 1000 µl of chloroform:metha-
nol (1:1, v/v) and 200 µl of 0.15 M acetic acid as mentioned above.
Reaction mixtures were separated on TLC plates as described pre-
viously and the corresponding free fatty acid spots were scraped
off, extracted using chloroform (Bligh and Dyer, 1959) and applied
onto TLC plates. The TLC plates were then developed with hex-
ane:diethyl ester:acetic acid (50:50:1, v/v/v) to separate oleic acid
and ricinoleic acid, and their corresponding spots were scraped
off for scintillation counting.

For kinetic studies of purified PfLCAT-PLA, enzyme assays were
performed using 0.5 µg of partially purified protein and the con-
centration of [14C] 18:1-PC or [14C] Ric-PC was varied from 2.5 to
90 µM. The apparent kinetic parameters were calculated by fitting
the data to the Michaelis–Menten or allosteric sigmoidal equa-
tion using the program GraphPad Prism version 6.0 (GraphPad
Software, https://www.graphpad.com/).

Gene expression analysis

Physaria fendleri root, stem, leaf and floral tissue, as well as sili-
ques at 10–14, 17, 19 and 21 DAP were harvested for gene
expression analysis. Total RNA extraction and subsequent first-
strand cDNA synthesis were carried out using the protocols
described in a previous section. Quantitative RT-PCR assays
were performed on a 7900HT Fast Real-Time PCR System
(Applied Biosystems, https://www.thermofisher.com/) using Plat-
inum SYBR Green qPCR master mix (Invitrogen) and 18S rRNA
as a reference. The primers utilized for PfLCAT-PLA and 18S
rRNA amplification are listed in Table S4. Histochemical GUS
assays were carried out using various tissues from T1 transgenic
lines bearing the PfLCAT-PLAp-uidA vector (Singer et al., 2010).
Images were collected using an Olympus SZ61 microscope with
attached digital camera (Olympus, https://www.olympus-global.c
om/).

Generation of transgenic Arabidopsis

To create a PfLCAT-PLAp-uidA transcriptional fusion vector for
GUS staining, an 1817 bp fragment of the PfLCAT-PLA gene, with
its 30 end immediately upstream of the transcriptional start codon,
was amplified from P. fendleri genomic DNA. This fragment was
inserted upstream of a cassette compromising the uidA-int
sequence (Ohta et al., 1990) and nopaline synthase transcriptional
terminator (NOS-t) within the pGreen 0029 background (Hellens
et al., 2000). For seed-specific over-expression of LCAT-PLAs, the
coding sequences of PfLCAT-PLA, AtLCAT-PLA and RcLCAT-PLA,
respectively were inserted between the seed-specific Napin pro-
moter and the NOS-t within a modified pPZP-RCS1 binary vector
(Goderis et al., 2002; Mietkiewska et al., 2014).

All constructs were individually introduced into Agrobacterium
tumefaciens strain GV3101 via electroporation, and in the case of
pGreen-derived vectors the pSOUP helper plasmid (Hellens et al.,
2000) was co-transformed. The subsequent A. tumefaciens-medi-
ated transformation of the Arabidopsis CL7 line was performed
using the floral dip method (Clough and Bent, 1998). T1 seeds
from transformed plants were germinated on selective medium
containing kanamycin (50 lg ml�1 in ½ MS medium) and resistant
T1 plants were transferred to soil and grown in growth chambers
for GUS staining analysis or to produce T2 seeds for seed oil anal-
ysis. The presence of particular transgenic constructs was con-
firmed by PCR using DNA extracted from the leaf tissue of T1 or T2

lines.

Lipid analysis of Arabidopsis seeds

Total lipid analysis of T2 seeds was performed using direct trans-
methylation as described previously (Mietkiewska et al., 2014;
Singer et al., 2016). Briefly, after stabilizing seed moisture content
in desiccators, approximately 10 mg of seeds were weighed, fol-
lowed by the addition of 100 µg of triheptadecanoin (C17:0 TAG)
internal standard. The seeds were then directly transmethylated
through the addition of 2 ml 3N methanolic HCl and incubated for
16 h at 80°C. The resulting fatty acid methyl esters (FAMEs) were
extracted twice with hexane and analyzed on an Agilent 6890N
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Gas Chromatograph (Agilent Technologies, https://www.agilent.c
om/) with a 5975 inert XL Mass Selective Detector or a flame ion-
ization detector as described previously (Mietkiewska et al., 2014;
Singer et al., 2016).

For lipid class analysis, total lipids were first extracted from
approximately 50 mg of T2 seeds, and were resolved on TLC plates
(Macherey-Nagel) with hexane/ether/acetic acid (50:50:2, v/v/v). Cas-
tor oil was loaded in a separate lane as the standard. After visualiza-
tion by spraying with 0.05% primulin solution (acetone:water, 80:20,
v/v), the corresponding TAG and polar lipid spots were scraped into
screw cap tubes for transmethylation by incubating in 2 ml 3N
methanolic HCl at 80°C for 1 h, and the resulting FAMEs were sub-
jected to gas chromatography-mass spectrometry (GC-MS) analysis.
For the analysis of fatty acid distribution between sn-2 and sn-1/3
TAG, TAG spots (containing all TAG molecular species) recovered
from the silica gel were extracted twice with diethyl ether, and dried
under N2. One milliliter of 1 mM TRIS-HCl buffer (pH 8.0), 100 µl of
2.2% CaCl2 and 250 µl of 0.1% deoxycholate were added to each
TAG sample, which was then subjected to digestion through the
addition of pancreatic lipase (pancreatic lipase type II, Sigma, https://
www.sigmaaldrich.com/) as described previously (Luddy et al.,
1964). The resulting sn-2 monoacylglycerol was separated on a silica
gel-coated TLC plate with hexane:diethyl ether:acetic acid (70:140:2,
v/v/v), visualized with 0.05% primulin solution, and then subjected to
transmethylation and GC-MS analysis.

Statistical analysis

Data are shown as mean � standard deviation. Significant differ-
ences between two groups were assessed using Student’s t-test in
Excel software.
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