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SUMMARY

Cytoplasmic lipid droplets (LDs) are found in all types of plant cells; they are derived from the endoplasmic

reticulum and function as a repository for neutral lipids, as well as serving in lipid remodelling and sig-

nalling. However, the mechanisms underlying the formation, steady-state maintenance and turnover of

plant LDs, particularly in non-seed tissues, are relatively unknown. Previously, we showed that the LD-asso-

ciated proteins (LDAPs) are a family of plant-specific, LD surface-associated coat proteins that are required

for proper biogenesis of LDs and neutral lipid homeostasis in vegetative tissues. Here, we screened a yeast

two-hybrid library using the Arabidopsis LDAP3 isoform as ‘bait’ in an effort to identify other novel LD pro-

tein constituents. One of the candidate LDAP3-interacting proteins was Arabidopsis At5g16550, which is a

plant-specific protein of unknown function that we termed LDIP (LDAP-interacting protein). Using a combi-

nation of biochemical and cellular approaches, we show that LDIP targets specifically to the LD surface, con-

tains a discrete amphipathic a-helical targeting sequence, and participates in both homotypic and

heterotypic associations with itself and LDAP3, respectively. Analysis of LDIP T-DNA knockdown and knock-

out mutants showed a decrease in LD abundance and an increase in variability of LD size in leaves, with

concomitant increases in total neutral lipid content. Similar phenotypes were observed in plant seeds,

which showed enlarged LDs and increases in total amounts of seed oil. Collectively, these data identify LDIP

as a new player in LD biology that modulates both LD size and cellular neutral lipid homeostasis in both

leaves and seeds.

Keywords: Arabidopsis thaliana, endoplasmic reticulum, LDAP, LDIP, lipid droplet, neutral lipids, organelle

biogenesis, protein targeting.

INTRODUCTION

Cytoplasmic lipid droplets (LDs) are evolutionarily con-

served organelles that compartmentalize storage lipids

such as sterol esters and triacylglycerols (TAGs). Struc-

turally, LDs consist of a neutral lipid core uniquely

enclosed by a single phospholipid monolayer and coated

with a diverse array of ‘coat’ proteins that either bind the

LD surface directly or embed themselves into the mono-

layer (Murphy, 2012). The formation of LDs occurs de novo

between the leaflets of the endoplasmic reticulum (ER)

membrane in what is considered to be a complex, multi-

step process (Thiam and Forêt, 2016; Barneda and Chris-

tian, 2017; Chen and Goodman, 2017). Briefly, the synthe-

sis and accumulation of TAG within the ER bilayer serves

to initiate the core of a nascent LD, which is thought to

occur at specialized sites (subdomains) of the ER. Then,

through the concerted action of various ER membrane and
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soluble cytoplasmic proteins that are recruited to the grow-

ing LD, along with the continued addition of TAG to the LD

core and coordinated changes in the phospholipid compo-

sition of the LD monolayer, the LD matures and eventually

detaches from the ER into the cytoplasm; in some

instances it can stay permanently connected with the ER.

While the mechanistic details underlying these events have

begun to be elucidated, albeit less so for plant LDs (Chap-

man et al., 2012; Pyc et al., 2017), the general process of

LD biogenesis appears to be relatively well conserved

among evolutionarily diverse species (Thiam and Beller,

2017). There is also a growing appreciation that LDs, long

considered to be static fat depots that merely serve as

energy reservoirs, are far more dynamic in nature and

function in a multitude of cellular and physiological pro-

cesses (Welte and Gould, 2017).

In plants, ER-derived cytoplasmic LDs have mostly been

studied in pollen and oilseeds; in the latter they are

responsible for providing the required carbon and energy

for pre-photosynthetic development of the germinated

seedling. In seeds, oleosins are the predominant LD coat

proteins and play a role in both the formation and stabiliza-

tion of LDs during seed desiccation (Huang, 1996; Purkr-

tova et al., 2008; Laibach et al., 2015; Pyc et al., 2017).

However, LDs are present in virtually all plant cell types,

many of which are devoid of oleosins. This observation

has recently led to increased efforts to identify LD proteins

in non-seed tissues/organs (Gidda et al., 2013; Horn et al.,

2013; Davidi et al., 2015; Huang and Huang, 2016; Brocard

et al., 2017), as well as to probe the function of LDs in cell

types that do not specialize in fat storage (Shimada et al.,

2014; Gidda et al., 2016; McLachlan et al., 2016; Zhang

et al., 2016).

Lipid droplet-associated proteins (LDAPs) are among the

proteins implicated recently in LD biology in non-seed tis-

sues (Horn et al., 2013). These are considered to be func-

tionally similar to the small rubber particle proteins

(SRPPs) involved in the formation and stabilization of poly-

isoprenoid-containing LDs in rubber-producing plants

(Berthelot et al., 2016). In Arabidopsis, LDAPs constitute a

three-member family (termed LDAP1–3) of ubiquitously

expressed LD coat proteins that are critical for the proper

maintenance and regulation of LDs during various devel-

opmental and stress-related processes (Gidda et al., 2016).

For instance, the abundance of LDs in leaves varies

throughout the diurnal cycle, and this process is regulated,

at least in part, by LDAP. Further, despite similarities of the

LDAPs in terms of their ability to modulate LD abundance,

exposure of plants to heat or cold stress results in the dif-

ferential induction of LDAP genes, and analysis of loss-of-

function mutants confirmed that specific LDAPs are

required for the proliferation of LDs under different stress

conditions (Gidda et al., 2016). Consistent with these

results, the LDAPs have also been implicated in drought

stress response as well as in overall plant growth and

development (Kim et al., 2010, 2016; Seo et al., 2010; Bro-

card et al., 2017), suggesting broader roles for LDAPs and

LDs in plant physiological processes and stress adapta-

tions.

Given that LDAPs are involved in multiple aspects of LD

biology, and that LD coat proteins are known to function in

general as part of highly regulated protein–protein interac-

tion networks in other organisms (Tsai et al., 2015; Kolkhof

et al., 2017), we employed Arabidopsis LDAP3 as ‘bait’ in a

yeast two-hybrid (Y2H) assay screen to identify new pro-

teins involved in biogenesis and/or function of plant LDs.

We chose LDAP3 as the specific ‘bait’ since it is the most

highly and ubiquitously expressed LDAP gene in Arabidop-

sis, including in seeds (Gidda et al., 2016). One of the inter-

acting proteins identified was Arabidopsis At5g16550,

which, depending on the database, is annotated to be of

unknown function or a putative voltage-dependent L-type

calcium channel subunit, but has regions of similarity to

the mycobacterial membrane protein large (MmpL) family

of proteins and the promethin protein in mammals, both

of which are known to be involved in various aspects of

lipid metabolism (Yu et al., 2004; Viljoen et al., 2017). Here,

we provide evidence that At5g16550, which we refer to

hereafter as LDIP (LDAP-interacting protein), is a bona fide

constituent of LDs in plant cells which physically interacts

with LDAP3 on the LD surface; furthermore, it is also found

on oleosin-containing LDs derived from germinated Ara-

bidopsis seedlings. Analysis of two independent mutants

with disruptions in LDIP gene expression revealed pro-

nounced changes in LD abundance and morphology in

plant leaves, with a reduction in the number of LDs and

increases in LD size and variability, as well as increases in

the total neutral lipid content in leaves. Similar changes in

LD morphology and neutral lipid content were observed in

LDIP mutant seeds. Together, these and other results iden-

tify LDIP as a new component of the cellular machinery

involved in the modulation of LD abundance and size

in plants; further, this proper compartmentalization is

required for the maintenance of neutral lipid homeostasis

in both leaves and seeds.

RESULTS

Identification of LDIP as a new LD protein in plant cells

The use of LDAP3 as ‘bait’ in a Y2H screen against a nor-

malized Arabidopsis cDNA library resulted in identification

of nine candidate interacting proteins (Table 1). To deter-

mine whether any of these proteins represented a new LD

protein constituent, each was fused to the C-terminus of

green fluorescent protein (GFP) then transiently expressed

via Agrobacterium tumefaciens infiltration into Nicotiana

benthamiana tobacco leaves and visualized using confocal

laser-scanning microscopy (CLSM). As shown in Figure S1
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in the Supporting Information, GFP-At5g16550 (GFP-LDIP)

was the only fusion protein that localized to Nile red-

stained LDs. All other candidate proteins displayed exclu-

sively cytoplasmic localizations, except for GFP-At1g55190

(i.e. PRA7) and GFP-At3g21190 (i.e. MSR1), which were

localized to the ER and Golgi, respectively (Figure S1). As

shown Figure 1(a), high-magnification images of LDIP

appended to a monomeric version of GFP (mGFP-LDIP) in

tobacco epidermal cells revealed distinct toroidal shapes

that encircled the Nile red-stained LD cores, indicating that

mGFP-LDIP is localized to the surface of the LD (Figure 1a).

Localization to LDs was also observed in BODIPY-stained

epidermal and mesophyll cells of tobacco leaves when

LDIP was fused to the Cherry fluorescent protein (Cherry-

LDIP) (Figure 1a). Similarly, Cherry- and mGFP-tagged LDIP

co-localized with the LD marker proteins oleosin-mGFP

and LDAP3-Cherry (Figure 1a).

To confirm that LDIP represents a bona fide LD protein

in plants, 2-day-old, germinated Arabidopsis seedlings

were harvested and homogenized and then LDs were puri-

fied by differential centrifugation. The resulting total cell

and isolated LD fractions were then analysed using Wes-

tern blotting or mass spectrometry (MS)-based proteomics.

Antibodies were raised to a unique peptide sequence in

Arabidopsis LDIP (see Experimental Procedures for details)

and the quality of antibodies was verified by Western blot

analysis of proteins extracted from tobacco leaves tran-

siently expressing either Cherry-tagged or non-tagged

LDIP. As shown in Figure 1(b), bands of the expected sizes

were observed for both Cherry-LDIP (about 55.4 kDa) and

native LDIP (about 26.6 kDa) proteins. A band of the

expected size for native LDIP was also observed in total

protein extracts derived from Arabidopsis seedlings, and

this protein was strongly enriched in the purified LD frac-

tion (Figure 1b). Moreover, the presence of LDIP in these

fractions was confirmed by label-free quantitative pro-

teomics, which showed that while LDIP occurs at relatively

low abundance it was clearly enriched in the purified LD

fraction, along with several other known LD marker pro-

teins (Figure 1c). Marker proteins for various other subcel-

lular compartments, however, were not enriched in the LD

fraction (Figure 1c) (refer to Tables S1 and S2 for all the

proteomics data obtained). Taken together with the results

above, these data indicate that LDIP represents a new LD

protein in plants.

LDIP is a plant-specific protein that is constitutively

expressed in Arabidopsis

To gain insight to the evolutionary history of LDIP and the

distribution of homologues within the plant kingdom, phy-

logenetic analyses were performed comparing the

deduced polypeptide sequence for Arabidopsis LDIP with

other protein sequences encoded in extant genomic data-

bases. The results indicated that LDIP is a plant-specific

protein with closely related homologues found throughout

most of the plant kingdom, including in bryophytes, gym-

nosperms, monocots and dicots (Figure 2a). However, no

homologues were detected in algal species or in yeasts

Table 1 List of candidate LDAP3-interacting proteins identified by yeast two-hybrid (Y2H) analysis

AGI no.a Name
Y2H
associationb Descriptionc

SUBA
localizationd

GFP
localizatione

At2g39990 EIF2 Strong (1) Translation initiation factor eIF2 p47 subunit homologue Nucleus,
cytoplasm

Cytoplasm

At3g21190 MSR1 Strong (2) O-fucosyltransferase family protein Golgi Golgi
At4g08320 TPR8 Strong (1) Tetratricopeptide repeat (TPR)-like superfamily protein Nucleus Cytoplasm
At1g55190 PRA7 Weak (1) PRA1 (prenylated rab acceptor) family protein Vacuole ER
At1g79690 NUDT3 Weak (1) Nudix hydrolase homolog 3 Cytoplasm Cytoplasm
At5g13420 TRA2 Weak (2) Aldolase-type triosephosphate isomerase (TIM barrel) family

protein
Plastid Cytoplasm

At5g16550 LDIPf Weak (6) Unknown protein; putative voltage-dependent L-type calcium
channel subunit

ER LD

At5g17920 ATMS1 Weak (1) Cobalamin-independent synthase family protein Cytoplasm Cytoplasm
At5g24420 PGL5 Weak (1) 6-phosphogluconolactonase 5 Cytoplasm Cytoplasm

aThe Arabidopsis gene identifier (AGI) number represents the systematic designation given to each locus, gene and its corresponding pro-
tein product(s) by The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org).
bStrong and weak interacting ‘prey’ proteins identified in the Y2H screen based on the relative growth of yeast on selective media. The num-
ber of times that each ‘prey’ protein was identified in the screen is indicated in parentheses.
cInformation on protein function and/or homology summarized from TAIR, Araport (https://www.araport.org) and SUBA (Subcellular Local-
ization Database for Arabidopsis Proteins; http://suba.live/).
dProtein intracellular (consensus) localization based on SUBA.
eIntracellular localization of C-terminal GFP-tagged fusion protein in Agrobacterium-infiltrated tobacco leaf epidermal cells (refer to Fig-
ure S1).
fNamed LDIP (lipid drop-associated protein-interacting protein) in this study.
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(a)

(b) (c)

Figure 1. Localization of lipid drop-associated protein (LDAP)-interacting protein (LDIP) in plant cells.

(a) Representative confocal laser-scanning microscopy images of tobacco leaf cells transiently (co)expressing (as indicated by labels) mGFP- or Cherry-tagged

LDIP and either oleosin-mGFP or LDAP3-Cherry, or stained with the neutral lipid-selective dye Nile red or BODIPY. For each set of images the corresponding

merged and differential interference contrast (DIC) images or the corresponding image of endogenous chlorophyll autofluorescence of the mesophyll cells (mid-

dle row, right set of images) is shown; all other sets of images in (a) are of leaf epidermal cells. Also, images of the mesophyll cells are a z-stack series, whereas

all other images shown are single (individual) optical sections. Boxes (top row) represent the portion of the cell shown at higher magnification to the right,

revealing the localization of mGFP-At5g16550 (LDIP) to the surface of several, individual Nile red-stained lipid droplets (LDs). Bar = 20 lm.

(b) Western blot analysis of total cell protein extracts from tobacco leaves transiently transformed (via Agrobacterium infiltration) with Cherry-tagged LDIP or

non-tagged LDIP and total cell protein and isolated LD protein extracts from 2-day-old Arabidopsis seedlings. The relative positions of expressed Cherry-LDIP or

non-tagged LDIP in tobacco or native (endogenous) LDIP in Arabidopsis are indicated with arrowheads. Positions of molecular mass markers are also indicated.

Also shown is the corresponding Coomassie-stained gel of the same protein extracts that were analysed by Western blotting with anti-LDIP IgGs.

(c) Identification of LDIP in the label-free LD proteome of Arabidopsis seedlings. The identical 2-day-old Arabidopsis seedling total cell protein and LD fractions

used in (b), as well as two additional replicates (n = 3), were subjected to LC-MS/MS-based shotgun proteomic analysis. Protein levels were calculated using the

intensity-based quantification (iBAQ) label-free algorithm. The values were normalized, setting the sum of all abundances to 1000. Depicted are iBAQ values for

LDIP and selected known LD and non-LD proteins (AGI numbers and protein names were obtained from the TAIR database) as the mean of the total values of

three separate samples (�SD). Also depicted is the corresponding LD/total cell enrichment ratio as determined for each protein. See Table S1 and S2 for the

iBAQ values and enrichment ratios for all proteins identified in all samples.
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and metazoans. In Arabidopsis, LDIP is present as a single

copy, whereas two or sometimes three homologues exist

in some other plant species (Figure 2a), reflecting whole-

genome duplication events known to have occurred during

plant evolution (Paterson et al., 2010).

To determine the expression pattern of LDIP in Ara-

bidopsis, reverse transcription–polymerase chain reaction

(RT-PCR) assays were used to assess the transcript levels

in mRNA derived from various organs at different develop-

mental stages. As shown in Figure 2(b), LDIP is expressed

at comparable levels in all organs examined during plant

growth and development, including in mature dry seeds.

This expression pattern is similar to that of the Arabidopsis

LDAP genes, especially LDAP2 and LDAP3, which are also

constitutively expressed, including in seeds (Gidda et al.,

2016). However, the pattern is different from certain other

LD-specific proteins, such as oleosins, which are expressed

predominantly in seeds and pollen (Kim et al., 2002; Ische-

beck, 2016). Taken together, these observations suggest

that LDIP is probably involved in LD-related processes

throughout the entire plant life cycle, including in both

leaves and seeds.

LDIP contains an amphipathic a-helix-type LD targeting

signal

To further analyse the relationship of LDIP with LDs, we

next investigated whether the protein contains a discrete

LD targeting sequence. To help guide the design of these

experiments, we analysed the Arabidopsis LDIP sequence

along with several phylogenetically diverse homologues

using both polypeptide sequence alignments and hydropa-

thy profile analyses (Figure 3a, b). The results indicated

that each of the proteins has three fairly distinct regions: (i)

an N-terminal section (amino acid residues 1–106 in Ara-

bidopsis LDIP) that possess relatively little sequence simi-

larity/identity and is hydrophilic overall, with the exception

of a mildly hydrophobic segment (residues 50–65 in Ara-

bidopsis LDIP); (ii) a middle section (residues 107–211 in

Arabidopsis LDIP) consisting of a more highly conserved

and strongly hydrophobic sequence, including several pre-

dicted transmembrane-spanning domains (Figure 3b); and

(iii) a C-terminal section (residues 212–249 in Arabidopsis

LDIP) that, similar to the N-terminal region, is a less con-

served and primarily hydrophilic sequence. Notably,

BLASTP analysis with Arabidopsis LDIP or its homologues

revealed little sequence conservation with any other pro-

teins, although the middle hydrophobic region possesses

some similarity to domains present in the MmpL family

and the mammalian promethin protein (Yu et al., 2004; Vil-

joen et al., 2017).

Based on this information, we constructed a series of

truncation mutants of Arabidopsis LDIP that were subse-

quently fused to the Cherry fluorescent protein, and then

transiently expressed the proteins in tobacco epidermal

cells to assess their subcellular localization. As shown in

Figure 3(c), Cherry-LDIP1–106, which lacks the C-terminal

and hydrophobic middle regions of the protein, localized

to LDs in a manner similar to full-length Arabidopsis LDIP

(Cherry-LDIP), indicating that the N-terminal region of the

protein (i.e. residues 1–106) is sufficient for targeting LDs.

Deletion of this region confirmed it was also necessary for

LD targeting, since Cherry-LDIP211–249, consisting of the C-

terminal section alone, and Cherry-LDIP107–249, consisting

of the C-terminal and hydrophobic middle sections

together, mislocalized to the cytoplasm and ER, respec-

tively (Figures 3c and S2).

To gain additional insight into the nature of the N-term-

inal LD targeting signal in Arabidopsis LDIP, we analysed

Figure 2. Phylogenetic analysis of lipid drop-associated protein-interacting

proteins (LDIPs) and expression of LDIP in Arabidopsis.

(a) Phylogenetic tree depicting the evolutionary relationship of LDIP-like

proteins across various plant species, including those found in distinct

clades corresponding (as indicated) to mosses, gymnosperms, monocots

and dicots. Each protein is labelled with the respective genus and species,

and numerically, including those that exist as multiple homologues in some

species. Arabidopsis LDIP (At1) is indicated with an asterisk.

(b) RT-PCR analysis of LDIP gene expression in various organs and develop-

mental stages in Arabidopsis, as indicated by labels. a-tubulin served as an

endogenous control.
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the 1–106 polypeptide sequence for possible structural fea-

tures including hydrophobic domains and amphipathic a-
helices, which are known to serve as LD targeting signals

in mammals and yeast (Kory et al., 2016; Bersuker and Olz-

mann, 2017). This analysis revealed a possible amphipathic

a-helix (Figure 3d) that corresponded to the moderately

hydrophobic sequence present in the N-terminal region

(residues 50–65, see Figure 3b). The amphipathic charac-

teristics of this hydrophobic region were relatively well

conserved in other LDIP homologues (Figures 3b and S3).

Moreover, analysis of the full-length Arabidopsis LDIP pro-

tein sequence using the structural homology-modelling

tool available at SWISS-MODEL showed that while there

were no sequences that were sufficiently similar for mod-

elling the entire 3D structure of the protein, a significant

portion of region 1–106 (residues 32–115; italicized in Fig-

ure 3a) matched several known protein structures available

in the database. Development of a homology model for

this N-terminal region of Arabidopsis LDIP revealed five

secondary structures (Figure 3e; see also Figure 3b), the

second of which was an a-helix that corresponded almost

perfectly to the region predicted to form the amphipathic

a-helix (Figure 3d, e).

To help determine the importance of the predicted

amphipathic a-helix sequence for LDIP targeting to LDs, we

generated two mutant versions of Cherry-LDIP1–106: (i)

Cherry-LDIP1–106 Mut1, whereby amino acids 50–65 in LDIP

comprising the hydrophobic sequence and the majority of

the amphipathic helix (Figure 3d), were deleted; and (ii)

Cherry-LDIP1–106 Mut2, whereby the two isoleucine residues

at positions 55 and 59 located near the centre of the

hydrophobic face of the amphipathic helix (refer to Fig-

ure 3d) were replaced with hydrophilic glutamic acids. As

shown in Figure 3(f), both mutant fusion proteins, in con-

trast to LD-localized, wild-type Cherry-LDIP1–106 (Figures 3c

and S2), mislocalized to the cytoplasm in tobacco leaf epi-

dermal cells, suggesting that LDIP contains an amphi-

pathic-helix-type LD targeting signal similar to that found

in other proteins that target to LDs via the cytoplasm.

LDIP interacts with itself and LDAP3 in yeast and plant

cells

We next performed a more detailed assessment of the

physical interactions between Arabidopsis LDIP and

LDAP3. As shown in Figure 4(a), co-expression of full-

length LDIP and LDAP3 as ‘bait’ and ‘prey’ fusion proteins,

respectively, in the Y2H system resulted in cell growth

under selective conditions, as expected (see Table 1). Simi-

lar results were observed when the orientation of proteins

was switched between the bait and prey vectors (Fig-

ure S4), and also when LDIP was paired with itself (Fig-

ure 4a). Cell growth was not observed, however, when

LDIP was co-expressed with a mutant version of LDAP3

lacking its C-terminal 100 amino acids (i.e. LDAP3DC100)

(Figure 4a), which disrupts the association of LDAP3 with

LDs in plant cells (Gidda et al., 2016). Cell growth was also

abolished when each protein was expressed with the cor-

responding empty vector control, as expected (Figures 4a

and S4). Western blotting was used to confirm the pres-

ence of proteins in all yeast strains tested (Figure S5).

Taken together, these data indicate that LDIP and LDAP3

interact in yeast cells, and that LDIP is capable of homo-

typic association.

To characterize the interaction of Arabidopsis LDIP and

LDAP3 in planta, the proteins were fused to the C-terminal

half of cyan fluorescent protein (cCFP) and the N-terminal

half of the yellow fluorescent protein Venus, respectively,

which by themselves are not fluorescent. The resulting

fusion proteins were then transiently expressed in tobacco

leaf epidermal cells, and protein–protein interactions

assessed based on bimolecular fluorescence complemen-

tation (BiFC). Given that BiFC can result from false positive

interactions (i.e. the two halves of the fluorescent proteins

can assemble if the proteins being tested are merely in

close proximity to one another and are not necessarily

interacting (see Stefano et al. (2015) and Xing et al. (2016)),

two experiments were performed in parallel: tobacco

leaves were co-infiltrated with either cCFP-LDIP and nVe-

nus-LDAP3 or cCFP-LDIP and nVenus-LDAP3DC100, the lat-

ter serving as a negative control since LDAP3DC100 does

not target to LDs (Gidda et al., 2016). In addition, cells were

transformed with Cherry-Perox, which is a marker protein

that targets to peroxisomes (Ching et al., 2012) and was

used to identify transformed cells, regardless of whether a

BiFC signal was present or not. As shown in Figure 4(b)

and quantified in Figure 4(c), co-expression of cCFP-LDIP

and nVenus-LDAP3 resulted in numerous BiFC puncta, and

staining of these cells with monodansylpentane (MDH), a

blue-fluorescent neutral lipid dye (Yang et al., 2012), con-

firmed that the puncta were LDs (Figure 4d). Further, the

LDs were aggregated in a manner similar to the LDs in

cells transformed with GFP-LDIP (compare the images in

Figures 4d and S1). By contrast, co-expression of cCFP-

LDIP and nVenus-LDAP3DC100 resulted in significantly

fewer BiFC puncta compared with co-expression of full-

length proteins (Figure 4b, c). The decrease in fluorescence

of the negative control was not due to differences in trans-

gene expression, since RT-PCR analysis confirmed similar

levels of gene transcripts in both experiments (Figure S6).

Biochemical evidence in support of interaction of Ara-

bidopsis LDIP and LDAP was obtained using a GFP-based

affinity-capture method, whereby GFP-LDIP was first tran-

siently expressed in tobacco leaves, then leaves were

homogenized, proteins were solubilized in detergent and

GFP-LDIP and interacting proteins were isolated using the

GFP trap system (see Experimental Procedures for details).

Co-purifying proteins were then identified using MS and

peptide mass fingerprinting, which identified a number of
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different LD proteins, including endogenous tobacco

LDAPs and SEIPINs, as well as a tobacco homologue of

Arabidopsis LDIP (Figure 4e). These results were consistent

with Y2H analyses (Figure 4a), which showed both homo-

typic and heterotypic associations between LDIP and

LDAP3. Furthermore, co-expression in tobacco leaves of

GFP-LDIP with the Arabidopsis LEAFY COTYLEDON2

(LEC2) transcription factor, which induces genes for seed

oil-like synthesis in leaves (Santos Mendoza et al., 2005;

Vanhercke et al., 2017), resulted in co-purification of GFP-

LDIP with several tobacco oleosins (Figure 4e), which are

known to be induced by LEC2 when expressed in tobacco

leaves (Kim et al., 2013). None of these GFP-LDIP co-purify-

ing proteins were identified when GFP was expressed on

its own, with or without LEC2, in tobacco leaves (Fig-

ure 4e). Taken together, the data in Figure 4 provide strong

evidence that LDIP and LDAPs interact at the surface of

LDs, and furthermore that LDIP might have a role in con-

junction with oleosins in plant seeds.

Disruption of LDIP alters LD morphology and abundance

and increases neutral lipid content in leaves

To assess the function of LDIP in plants, we obtained

two Arabidopsis LDIP T-DNA mutants from the Arabidop-

sis Biological Resource Center: SALK_084555, which con-

tains a T-DNA inserted in the first intron, and

SAIL_335_H11, which contains a tandem T-DNA inserted

in the first exon (Figure S7). Each line was genotyped

and advanced to homozygosity, then expression of LDIP

was determined using RT-PCR. The results revealed that

SALK_084555 was a knockdown (KD) mutant with

reduced gene expression, while SAIL_335_H11 was a

knockout (KO) mutant with no full-length transcripts

detected (Figure S7).

Prior studies showed that the abundance of LDs in plant

leaves changes throughout the diurnal cycle, with the high-

est number of LDs being present at the end of the dark per-

iod and the lowest numbers present at the end of the light

period (Gidda et al., 2016). To determine whether disrup-

tion of LDIP had any effects on LDs in leaves, wild-type

(WT), KD and KO Arabidopsis lines were germinated on ½

MS plates, then 15-day-old seedlings were formaldehyde-

fixed at either the end of the dark cycle or the end of the

light cycle, followed by visualization of LDs with BODIPY

staining and CLSM. As shown in Figure 5(a), disruption of

LDIP resulted in progressive decreases in the abundance of

LDs in both KD and KO lines compared with WT. This trend

was observed at the end of both the dark and light periods

(Figure 5a). Furthermore, disruption of LDIP led to progres-

sively greater variation in LD size, with the appearance of

several prominent ‘supersized’ LDs (i.e. LDs ≥2 lm diame-

ter) in the KO leaves (Figure 5a). Indeed, these larger LDs

were even more obvious, and clearly external to chloro-

plasts, in three-dimensional (3D) projections of surface-ren-

dered, highly magnified CLSM images of cells (Figure 5a).

Supersized LDs were also observed in older (i.e. 28 days

Figure 3. Identification of a lipid drop (LD)-targeting signal in lipid drop-associated protein-interacting protein (LDIP).

(a) Deduced polypeptide sequence alignment of Arabidopsis LDIP and selected homologues. Proteins are labelled with the respective genus and species and

numerically, and correspond to the same labels as in Figure 2(a): Arabidopsis thaliana (At1), Brassica rapa (Br1), Linum usitatissimum (Lu3), Panicum virgatum

(Pv1) and Physcomitrella patens (Pp1). Identical and similar amino acid residues in each protein are highlighted red and blue or green and indicated with aster-

isks and colons or periods, respectively. Numbers above each row of sequences represent specific amino acid residues. The Arabidopsis LDIP sequence (i.e.

residues 32–115) that matches several known protein structures available in the SWISS-MODEL database is italicized and Roman numerals (I–V) and blue-

shaded boxes correspond to the regions within this sequence that are predicted to form distinct secondary structures, as illustrated in (e). Also indicated for the

Arabidopsis LDIP sequence is the region predicted to form an amphipathic a-helix (highlighted with a grey background; refer also to (d)), the overlapping, mod-

erately hydrophobic sequence (residues 50–65, dashed underline; refer also to (b)), and the middle, strongly hydrophobic section of the protein (residues 107–
211, solid underline; refer also to (b)).

(b) Hydropathy profiles of the deduced polypeptide sequence of Arabidopsis LDIP and selected homologues based on the TMHMM algorithm (Krogh et al.,

2001). Proteins shown are the same as those in (a). Note the strong hydrophobic sequence in the middle portion of each protein, as well as the relatively moder-

ate hydrophobic sequence located in the vicinity of residue 50 in each protein, indicated with the arrowhead in Arabidopsis LDIP.

(c) Truncation analysis of Arabidopsis LDIP targeting to LDs in tobacco leaf cells. Representative confocal laser-scanning microscopy (CLSM) images of leaf epi-

dermal cells transiently expressing (as indicated by labels) full-length or truncated versions Cherry-tagged LDIP along with the corresponding BODIPY-stained

LDs, as well as the corresponding merged and differential interference contrast (DIC) images for each set of images. The numbers in the name of each mutant

construct denote the amino acid residues in LDIP that were fused to Cherry fluorescent protein. Bar = 20 lm.

(d) Helical wheel projection of amino acid residues 48–65 in Arabidopsis LDIP. Shown is a portion of the Arabidopsis LDIP sequence (numbers represent specific

amino acid residues) that includes the region predicted by HeliQuest to form an amphipathic a-helix (residues 48–65, highlighted with a grey background), which

is also depicted in the a-helical wheel projection. Hydrophobic amino acid residues are coloured yellow, hydrophilic and charged residues are white and red or

blue, respectively. The direction of the arrowhead in the helical wheel indicates the position of the hydrophobic face along the axis of the helix. The sequence

predicted, based on SWISS-MODEL, to form an a-helix (residues 48–60, region II) is indicated by the blue-shaded box (refer also to (a) and (e)). The dashed line

indicates the sequence (i.e. residues 50–65) that was deleted from Cherry-LDIP1–106 Mut1; asterisks indicate the two isoleucine residues i.e. I55 and I59, that were

replaced with glutamic acid residues in Cherry-LDIP1–106 Mut2 (refer to (f)).

(e) Structural modelling of Arabidopsis LDIP. BLAST alignments performed at the SWISS-MODEL website identified a region in Arabidopsis LDIP, i.e. residues

32–115 (refer to (a)) that was sufficiently similar to proteins with known 3D structures that allowed for homology-based modelling. Shown (left panel) are the rel-

ative positions of the five secondary structures (domains I–V) modelled in the 32–115 amino acid sequence of LDIP. Shown also (right panel) is a close-up image

of the predicted a-helix, beginning at leucine 48 and ending at glycine 60 (i.e. domain II; refer also to (d)).

(f) Mutational analysis of the predicted amphipathic a-helix in Arabidopsis LDIP and effects on targeting to LDs in tobacco leaf cells. Representative CLSM

images of leaf epidermal cells transiently expressing (as indicated by labels) modified versions of Cherry-tagged LDIP1–106 (see text for details), along with the

corresponding BODIPY-stained LDs, as well as the corresponding merged and DIC images. Bar = 20 lm.
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old) leaves of KO plants (Figure S8), indicating that this LD

phenotype persists in other stages of plant growth and

development.

To determine whether the changes in LD abundance and

size in LDIP mutants affected leaf neutral lipid content,

total lipids were extracted from 15-day-old seedlings at the

end of both dark and light periods then neutral lipids and

polar lipids were isolated by solid phase extraction, and

fatty acid content determined using gas chromatography

with flame ionization detection (GC/FID). As shown in Fig-

ure 5(b), neutral lipids were progressively increased in the

KD and KO lines compared with WT, and these increases

were apparent at the end of the dark period and, in the KO

line, also at the end of the light period. Analysis of fatty

acid composition revealed that these increases were due

primarily to increases in linoleic (18:2) and linolenic (18:3)

acids (Figure 5b), which are the most abundant fatty acids

in leaf tissues (Li-Beisson et al., 2013). By contrast, analysis

of polar lipids showed no obvious changes in content or

composition between WT, KD and KO lines (Figure 5c),

suggesting that the effects of LDIP disruption were specific

to neutral lipid homeostasis.

Taken together, these data indicate that loss of LDIP

results in a decrease in LD abundance in plant leaves, an

increase in the variability of LD size, the appearance of

drastically enlarged LDs and changes in neutral lipid meta-

bolism that result in increases in total neutral lipid content.

Additional evidence that LDIP is responsible for these phe-

notypes comes from experiments where the KO line was

backcrossed with WT, which resulted in normal LDs in F1
plants, then a distribution of both normal and supersized

LDs in a sorting F2 population that was consistent with the

phenotype being associated with a single Mendelian locus

(Figure S9). Further, transformation of the KO line with

either non-tagged LDIP or Cherry-LDIP resulted in comple-

mentation of the supersized LD phenotype in T2 transgenic

Arabidopsis lines, and Cherry-LDIP targeted to LDs in these

plant lines, just as Cherry-LDIP did in WT plants when

expressed under control of its native promoter (Fig-

ure S10).

Disruption of LDIP alters LD morphology and increases

neutral lipid content in seeds

The observed expression of LDIP in seeds (Fig. 2), the co-

enrichment of LDIP and oleosins in LDs isolated from ger-

minated seedlings (Fig. 1c) and the co-immunoprecipita-

tion of LDIP and oleosins from tobacco leaves

transformed with LEC2 (Figure 4) prompted us to examine

whether disruption of LDIP had any effects on LDs and/or

neutral lipid content in seeds. As shown in Figure 6(a),

CLSM analysis of mature dry seeds stained with BODIPY

revealed the presence of noticeably enlarged LDs in

cotyledons of KD and KO lines compared with WT. Analy-

sis of lipids further revealed significant and progressive

increases in the oil content of mature dry seeds in KD

and KO lines relative to WT (Figure 6b), and these

increases were due to increases in nearly all of the seed

oil fatty acids (Figure 6c). The enlarged LDs and relatively

higher neutral lipid content persisted throughout germina-

tion and seedling establishment, and notably more so in

the KD line. While the reason for this more persistent

phenotype in the KD line is currently unclear, RT-PCR

analysis revealed that while the KO line did not produce

any normal-length transcripts (Figure S7), it did possess

transcripts that included a portion of the first exon of the

LDIP sequence and the T-DNA insert sequence (Fig-

ure S11). Since translation of this latter RNA would gener-

ate a truncated version of the LDIP protein that also

contains the LD targeting signal (Figure S11), perhaps this

truncated protein contributed to changes in the LD pro-

teome that affected the rate of breakdown of stored lipids

during seedling establishment, different from that of the

KD line. Regardless, by 4 days after the initiation of ger-

mination, the LDs and storage oil were largely degraded

in both the KD and KO lines, as in the WT (Figure 6a–c).
Taken together with the results presented above for

leaves (Figure 5), these data clearly identify LDIP as a new

and important player in neutral lipid metabolism and the

modulation of LD abundance and size.

DISCUSSION

Identification of LDIP as an LD-localized, plant-specific

protein

The identification and characterization of the Arabidopsis

LDAPs has increased our understanding of plant LD biology

as a whole and provided new insights into the roles of LDs,

particularly in non-seed tissues (Gidda et al., 2013, 2016;

Horn et al., 2013; Kim et al., 2016). To identify additional

proteins involved in LD biogenesis and/or function, we used

LDAP3 as bait in a Y2H screen and identified nine candidate

interacting proteins. Microscopic analysis of transiently

expressed fluorescent protein-tagged versions of all nine

proteins determined that only GFP-LDIP was targeted to

LDs (Figure S1), although the non-LD localization of the

others does not preclude them from having a role in LD-

related processes (e.g. LDs might interact with other orga-

nelles or with proteins in the cytoplasm). LDIP was subse-

quently confirmed as a bona fide constituent of LDs using a

variety of approaches, including co-localizations with oleo-

sin or LDAP at LDs in tobacco leaves (Figure 1), isolation of

LDs from germinating seedlings followed by Western blot-

ting or proteomics, which showed clear enrichment of Ara-

bidopsis LDIP in the LD fraction (Figure 1), and stable

expression of Cherry-tagged LDIP in transgenic plants,

which confirmed localization to LDs in Arabidopsis leaves

and complemented the LDIP KO phenotype (Figure S10).

Consistent with these data, LDIP was also identified as a
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Figure 4. Interaction of lipid drop-associated protein (LDAP)-interacting protein (LDIP) and LDAP3 in yeast and plant cells.

(a) Interaction of LDIP with itself and LDAP3 in the yeast two-hybrid (Y2H) assay. Yeast strains were co-transformed with the indicated pairs of GAL4-activating

domain (AD) and GAL4-binding domain (BD) fusion proteins or the corresponding ‘empty’ AD or BD plasmids, serving as negative controls. Serial dilutions of

cells were spotted onto plates containing either low-stringency [synthetic dextrose media lacking leucine and tryptophan (SD-Leu, Trp)] or high-stringency (SD-

Leu, Trp, His, Ade) selection, the latter of which requires protein–protein interactions for yeast growth.

(b) Interaction of LDIP and LDAP3 in the bimolecular fluorescence complementation (BiFC) assay in tobacco leaf cells. Representative confocal laser-scanning

microscopy (CLSM) images of leaf epidermal cells transiently (triple) transformed (via Agrobacterium infiltration) with Cherry-Perox, which serves as a transfor-

mation control, cCFP-LDIP, and either nVenus-tagged full-length LDAP3 or LDAP3 lacking its C-terminal 100 amino acid residues (nVenus-LDAP3DC100). Also
shown are the corresponding differential interference contrast images. Note the relative abundance of the BiFC puncta (arrowhead), which are aggregates of

LDs (refer to (d)), in areas of cells transformed (based on Cherry-Perox fluorescence) with cCFP-LDIP and nVenus-LDAP3, compared with cells transformed with

cCFP-LDIP and nVenus-LDAP3DC100; refer also to (c). Bar = 20 lm.

(c) Quantification of BiFC assays with LDIP and LDAP3 in tobacco leaf cells. Results from at least 20 areas of transformed epidermal leaf cells, similar to those

shown in (a), were analysed from three independent experiments, and the mean number of BiFC puncta per area (�SD) are plotted in the graph on the right.

Asterisks indicate significant difference at P ≤ 0.01 determined by Student’s t-test.

(d) LDIP and LDAP3 interact at LDs in the BiFC assay in tobacco leaf cells. Representative CLSM images of an individual BiFC puncta in a cCFP-LDIP and nVenus-

LDAP3-transformed leaf epidermal cell (refer to the example shown at lower magnification and indicated with an arrowhead in (b)) and the corresponding stain-

ing of LDs with monodansylpentane (MDH; false coloured magenta). Also shown is the corresponding image of co-expressed Cherry-Perox at peroxisomes, as

well as the merged image. The aggregation of LDs is presumably due to organelle ‘zippering’ caused by the dimerization of the reconstituted fluorescent pro-

tein, similar to that observed in GFP-LDIP-transformed cells (Figure S1). Bar = 5 lm.

(e) Pull-down of LDAP and LDIP in tobacco leaf cells. Listed are selected MS-identified N. benthamiana LD proteins that co-immunoprecipitated with expressed

GFP-LDIP or GFP alone, with or without co-expressed LEC2, in total protein extracts obtained from Agrobacterium-infiltrated tobacco leaves. Accession numbers

of N. benthamiana proteins were obtained from the N. benthamiana genome, available at the Sol Genomics Network (http://www.solgenomics.net). AGI num-

bers and protein names of Arabidopsis homologues were obtained from TAIR database. The quantities (normalized spectra counts) of the co-purifying proteins

were analysed using Scaffold software. Spectra counts of each protein were normalized to the average of the sums of all MS samples in the experiment.
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constituent of LDs in a recent proteomics study of LDs iso-

lated from Arabidopsis senescing leaves (Brocard et al.,

2017).

We also showed that LDIP is present as a single-copy

gene in Arabidopsis and, similar to the Arabidopsis LDAP

genes (Gidda et al., 2016; Kim et al., 2016), is expressed in

Figure 5. Effects of LDIP disruption on lipid droplets (LDs) and neutral lipid content in leaves.

(a) Abundance and size of LDs during the diurnal cycle in leaves of Arabidopsis LDIP mutant plants. Wild-type (WT) and LDIP knockout (KO) and knockdown

(KD) mutant lines (Figure S7) were grown on ½ MS plates for 15 days in a 16-h/8-h day/night cycle, then leaves were harvested at the end of the night or end of

the day, stained with BODIPY, and then the LDs examined by confocal laser-scanning microscopy. Representative images of BODIPY-stained LDs in leaves from

each line (as indicated by labels) are shown on the left and quantifications of LD number per area and LD diameter are indicated by the graphs on the right. The

blue colour in the micrographs is attributable to chlorophyll autofluorescence. Micrographs on the far right in each row of images are 3D projections of surface-

rendered, high-magnification (zoom in) Z-stack images of a selected region of the same cells shown in micrographs of the KO leaves; asterisks represent the

point of view for the 3D images and arrowheads indicate obvious examples of supersized LDs. Bars = 20 lm. Values of LD number are averages (�SD) from

three biological replicates, each replicate consisting of eight leaf samples per line. LD diameter was calculated using the same data set (i.e. micrographs). Single

and double asterisks in graphs represent statistically significant differences (relative to WT) at P ≤ 0.05 and P ≤ 0.01, respectively, as determined by Student’s t-

test.

(b) Neutral lipid content and composition of Arabidopsis leaves in 15-day-old seedlings at the end of the dark or end of the light period (as indicated in graph

legends) in WT and LDIP KD or KO mutant lines. FA, fatty acids; FW, fresh weight. Asterisks and arrowheads represent statistically significant differences at

P ≤ 0.01 and P ≤ 0.05, respectively, as determined by Student’s t-test.

(c) Polar lipid content and composition of Arabidopsis leaves in 15-day-old seedlings at the end of the dark or end of the light in (as indicated in graph legends)

WT and LDIP KD or KO mutant lines.
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a variety of organs and developmental stages, including

seeds (Figure 2). Like the LDAPs (Horn et al., 2013), as well

as the oleosins (Huang and Huang, 2015), LDIP is strongly

conserved amongst plant species (Figure 2), with no

homologues detected outside the plant kingdom, indicat-

ing it is a plant-specific, LD-localized protein. Further, these

general evolutionary similarities between LDIPs and

LDAPs, taken together with their physical interaction (Fig-

ure 4), imply that they may have co-evolved in terms of a

functional relationship.

LDIP is class II-type LD coat protein

LD proteins can target the LD surface either by binding the

lipids of the phospholipid monolayer and/or neutral lipid

core or by associating with other coat proteins (Kory et al.,

2016; Bersuker and Olzmann, 2017). In general, they are

divided into two classes: class I proteins, including the

oleosins, which target to the LD surface via the ER (Huang

and Huang, 2017), and class II proteins, which target

directly from the cytoplasm. When transiently over-

expressed in tobacco leaf cells, Cherry-LDIP localized to

LDs and the cytoplasm, but was never observed in associa-

tion with the ER, even after extended periods of transient

expression in tobacco (Figure S12) or when stably (ectopi-

cally) expressed in Arabidopsis plants (Figure S10), sug-

gesting that LDIP is a class II-type LD protein.

Class II LD proteins typically possess one or more

structural motifs that allow them to associate specifically

with LDs, such as an amphipathic a-helix or hydrophobic

domains (Kory et al., 2016). Hydropathy analyses and 3D

structural modelling revealed that amino acid residues

48–60 within Arabidopsis LDIP formed a potential amphi-

pathic a-helix, followed by a downstream, strongly

hydrophobic region (amino acids 107–211) (Figure 3) that

had limited sequence similarity to the promethin proteins

of mammals or MmpL proteins of mycobacteria. Subse-

quent mutational analyses showed that the N-terminal

region of LDIP (i.e. LDIP1–106), which contained the

amphipathic a-helix, was both necessary and sufficient

for LD targeting, while a mutant version of the protein

(i.e. LDIP107–249) containing the promethin/MmpL-like

domain, but lacking the N-terminal region, targeted to

the ER (Figure 3). This latter result might imply that the

ER is important for some aspect(s) of LDIP targeting and/

or function, as evidenced by LDIP being previously identi-

fied in the microsomal fraction of avocado mesocarp,

while avocado LDAPs were enriched in purified LDs

(Horn et al., 2013). LDs are also known to maintain inti-

mate associations with the ER (Chapman et al., 2012;

Gao and Goodman, 2015), and, as discussed in more

detail below, perhaps LDIP is localized to ER–LD junctions

prior to its localization to the LD surface. However, we

also cannot rule out the possibility that the localization of

the LDIP107–249 mutant to the ER simply reflects an arte-

fact of protein (mis)folding or a default targeting path-

way, since hydrophobic proteins lacking their normal

targeting information are often misdirected to the ER

(Walter and Johnson, 1994).

LDIP–LDAP3 interactions and potential mechanisms of

LDIP activity

LDIP was initially identified in a Y2H screen using LDAP3

as ‘bait’, and the physical association of LDIP and LDAP3

on LDs was confirmed using BiFC (Figure 4). Additional

Y2H studies suggested that LDIP can form homotypic asso-

ciations with itself (Figure 4) as well as bind to Arabidopsis

LDAP1 and LDAP2, although relatively less so with LDAP1

(Figure S13). Nonetheless, all of these interactions were

further supported by affinity-capture experiments, wherein

GFP-tagged LDIP was transiently expressed in tobacco

leaves then precipitated using affinity-capture methods,

with co-purifying proteins, most notably the tobacco LDIP

and LDAPs, being identified by MS and peptide mass fin-

gerprinting (Figure 4).

In considering the functional significance of the LDIP–
LDAP protein interaction, one hypothesis is that LDIP

serves as an anchor for targeting LDAP to the LD surface.

Prior studies have shown that recombinantly expressed

and purified LDAP (LDAP3) binds weakly and non-specifi-

cally to synthetic liposomes containing various phospho-

lipid compositions (Gidda et al., 2016), indicating that

other factors are probably involved in determining its LD-

specific association. The LDAPs are also generally hydro-

philic proteins, with no predicted membrane-spanning

regions or other obvious regions of strong hydrophobicity

(Gidda et al., 2016). As such, they probably need to interact

with other proteins for recruitment to and association with

the LD surface, and given the strong hydrophobic domain

within LDIP (Figure 4) it is possible that it serves as an

anchor for this process. Alternatively, it is possible that the

previously reported in vitro liposome-binding assays

(Gidda et al., 2016) did not faithfully recapitulate some

needed, but as yet unknown, aspect of the targeting condi-

tions, and thus LDAP might target specifically to LDs in a

protein-independent manner in vivo, or through interaction

with protein(s) other than LDIP.

Additional support for a functional connection between

LDIP and LDAP comes from analyses of knockout mutants

of both genes. We showed previously that disruption of

any of the three LDAP genes in Arabidopsis decreased the

number of LDs in 15-day-old leaves (Gidda et al., 2016),

and while we did not observe any apparent changes in the

size of LDs, a recent study of a LDAP1 knockout in Ara-

bidopsis senescing (42–49 days old) leaves, which contain

more neutral lipid than younger leaves, did show both a

decrease in the number of LDs and an increase in
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variability of LD size, with the appearance of some notice-

ably larger LDs (Brocard et al., 2017). This phenotype is

generally similar to the LDIP mutant phenotype described

here, which included a reduction in the number of LDs in

leaves and an increase in the variability of LD size, with the

appearance of some considerably larger LDs (i.e.

Figure 6. Effects of LDIP disruption on seed development and post-germinative growth.

(a) Representative confocal laser-scanning microscopy images of BODIPY-stained lipid droplets (LDs) in mature, dry seeds and seedlings 1, 2 or 4 days after the

onset of germination of wild type (WT) and LDIP knockdown (KD) or knockout (KO) mutant lines. Note the presence of larger LDs in the KD and KO seeds and

seedlings. Bar = 5 lm.

(b) Total lipid content on a fatty acid basis in WT and LDIP KD and KO mutant mature seeds and in seedlings during post-germinative growth. DW, dry weight;

FA, fatty acids. Results shown (and in (c)) represent averages (�SD) of three biological replicates, and arrowheads represent statistically significant differences

at P ≤ 0.05 determined by Student’s t-test.

(c) Fatty acid composition in WT and LDIP KD and KO mutant mature seeds and in seedlings during post-germinative growth.
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supersized LDs) (Figure 5). One potential model for

explaining these observations is that, as mentioned above,

LDIP is required for the association of LDAP with LDs,

which are subsequently important for stabilizing the LDs

and preventing LD–LD fusion, as previously proposed

(Gidda et al., 2016). In the absence of LDIP, LDAPs would

not associate with LDs as effectively, leading to a reduction

of LDAP proteins on the LD surface and a concomitant

increase in the propensity for LDs to fuse in the cytoplasm.

In this model, fusion of LDs would not only reduce LD

abundance but also lead to increases in the size of LDs.

The increase in LD size might also account for the

observed increase in neutral lipid content in LDIP mutant

plants, since the lower surface-to-volume ratio of larger

LDs would potentially reduce access of their TAG contents

to lipase enzymes. There is, however, an important differ-

ence in the phenotypes of LDIP and LDAP mutant plants:

disruption of LDAPs resulted in no change in the total neu-

tral lipid content of leaves (Gidda et al., 2016; Kim et al.,

2016), while disruption of LDIP nearly doubled the amount

of leaf oil (Figure 5). This suggests that (i) LDIP has func-

tions beyond just the recruitment and association of LDAP

to LDs and/or (ii) the model for interaction of LDIP and

LDAP is more complex, and the similarities in the LD phe-

notypes of the LDIP and LDAP mutants arise from distinct

underlying molecular mechanisms.

Disruption of LDIP in seeds also resulted in the appear-

ance of supersized LDs in the seed embryo and significant

increases in total seed oil content (Figure 6). At the cell

biology level, this enlarged LD phenotype is reminiscent of

the phenotype observed in oleosin KO mutants, where a

reduction of oleosin results in fusion of LDs in developing

seeds (Siloto et al., 2006; Schmidt and Herman, 2008; Shi-

mada et al., 2008; Miquel et al., 2014). At the biochemical

level, however, seed oil content is reduced in the oleosin

mutant background (Siloto et al., 2006) while it is increased

in the LDIP mutants. Indeed, in two different organ types

(leaves and seeds) and two different developmental stages

(mature seeds and 15-day-old leaves), disruption of LDIP

not only affects LD size but also increases total neutral lipid

content (Figures 5 and 6). On the other hand, this cellular

and biochemical phenotype is more similar to the pheno-

type observed when the Arabidopsis SEIPIN1 gene is over-

expressed in transgenic plants (Cai et al., 2015). SEIPIN

proteins are conserved ER membrane proteins that localize

specifically to ER–LD junctions and promote LD formation

(Chen and Goodman, 2017). The SEIPINs are also known

to form large multimeric complexes that recruit and inter-

act with multiple protein partners, thereby serving as

important organizing centres for LD production. Although

SEIPIN has no known enzymatic functions, SEIPINs in

yeast and mammals interact with several different

enzymes of the Kennedy pathway (Sim et al., 2013; Taluk-

der et al., 2015; Pagac et al., 2016), which couples LD

formation with localized synthesis of neutral lipids, includ-

ing metabolites such as diacylglyercol and phosphatidic

acid that are known to be essential for LD formation (Pol

et al., 2014). Also key to the growth of nascent LDs is the

coordinated synthesis and enrichment of certain phospho-

lipids within the LD monolayer. As such, the composition

of the phospholipid monolayer is an important determi-

nant of the size of LDs, as well as their propensity for sub-

sequent LD–LD fusion (Thiam et al., 2013; M’barek et al.,

2017). Indeed, the majority of genes identified in screens

for altered LD sizes in insect and yeast cells are involved in

phospholipid metabolism (Guo et al., 2008; Fei et al., 2011;

Li et al., 2016; Fan et al., 2017).

Given that the size of LDs is affected in LDIP mutants

and there is an increase in neutral lipid content (Figures 5

and 6), and that SEIPIN is one of the LD proteins that co-

purified with LDIP in affinity-capture experiments in

tobacco (Figure 4), one possibility is that LDIP functions at

an earlier step in LD biogenesis that also involves SEIPIN

activity. For instance, LDIP might serve at the cytoplasmic

surface of ER–LD junctions to modulate the phospholipid

content of a growing nascent LD, thereby affecting local

glycerolipid metabolism, which is also influenced by SEI-

PIN activity. In the absence of LDIP, however, phospho-

lipids might be altered or reduced, thereby promulgating

larger LDs and/or the fusion of normal-sized LDs into

supersized LDs, and redirecting glycerolipid intermediates

from phospholipid metabolism to neutral lipid synthesis.

In this scenario, LDIP would function as part of the machin-

ery that helps coordinate the ordered formation of nascent

LDs of a specific size and composition. Moreover, LDIP

could still serve as an anchor for the recruitment of LDAPs

to the growing LDs, although in seeds the LDAPs may be

supplanted by the oleosin proteins.

Lastly, it is also possible that LDIP might serve at a later

step in the LD life cycle by transferring neutral lipids from

LDs to other organelles. The hydrophobic MmpL domains

within mycobacterial MmpL proteins are known to associ-

ate to form complexes that transport various lipid com-

pounds across the plasma membrane to the outer cell wall

(Viljoen et al., 2017). Based on its MmpL-like domain

sequence (Figure 3) and its ability to self-associate (Fig-

ure 4), perhaps LDIP, in an analogous manner, is involved

in the transfer of lipids from LDs in plant cells, such that

disruption of LDIP results in the continued growth of LDs

and a subsequent increase in cellular neutral lipid content.

This model is somewhat difficult to reconcile in seeds,

however, where oil production is known to include both

rapid synthesis of oil as well as some turnover in the latter

stages of seed development due to peroxisomal b-oxida-
tion (Theodoulou and Eastmond, 2012). While a reduced

transfer of lipids from LDs to peroxisomes in LDIP mutant

seeds might account for the increase in seed oil content of

mature seeds, there is apparently no defect in the
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mobilization of seed oil during post-germination growth,

i.e. the elevated seed oil content in mature LDIP mutants

seeds was rapidly degraded and achieves nearly wild-type

levels in 4-day-old seedlings (Figure 6). Furthermore, dis-

ruption of LDIP results in a decrease in LD abundance in

leaves (Figure 5), which would not be expected if LDIP

served primarily in the transfer of neutral lipids out of LDs.

As such, if LDIP is indeed involved in lipid transfer, it is

perhaps more likely that the activity is required for modu-

lating the phospholipid content of the monolayer, either

during LD formation, as discussed above, or during a later

stage in the lifecycle of mature LDs. Current studies are

now aimed at distinguishing between these various possi-

bilities and also determining whether LDIP is required for

the targeting of LDAPs to LDs.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and transformations

All Arabidopsis (Arabidopsis thaliana)-based experiments
employed the WT Columbia-0 (Col-0) ecotype and derivatives
thereof, including the T-DNA insertional mutant lines [i.e. LDIP-KD
(SALK_084555) and LDIP-KO (SAIL_335_H11)] obtained from the
Arabidopsis Biological Resource Center (ABRC; https://abrc.osu.ed
u). Unless indicated otherwise, Arabidopsis plants were cultivated
in soil in an environmental room with a 16-h/8-h day/night cycle at
22°C and 50 lE m�2 sec�1 light intensity, or seeds were sterilized
and plated on plates containing ½ MS media (Murashige and
Skoog, 1962), then stratified for 3 days in the dark at 4°C before
being moved into a growth chamber for the initiation of germina-
tion, with similar growth conditions to those described above. For
the WT 9 ldip KO cross, F1 and F2 seeds (progeny) were collected
and plated on full-strength MS plates containing 50 lg ll�1 Basta
(phosphinothricin; Gold Biotechnology, https://www.goldbio.com/).
BODIPY-stained LDs in all F1 and F2 seedlings that survived selec-
tion were analysed by CLSM and a chi-square test was used to
determine the significance of the segregation pattern of the F2
progeny. LDIP-KO plants were stably transformed (via A. tumefa-
ciens infiltration, strain GV3101) with pMDC32/mCherry-LDIP using
the floral dip method (Clough and Bent, 1998). The procedures for
A. tumefaciens growth, transformation, infiltration and processing
of leaf material for microscopy have been described elsewhere
(McCartney et al., 2005; Cai et al., 2015).

Nicotiana benthamiana plants used for all A. tumefaciens-
mediated transient expression experiments were grown in soil at
22°C with a 16-h/8-h day/night cycle and 50 lE m�2 sec�1 light
intensity. Leaves of 28-day-old N. benthamiana plants were infil-
trated with A. tumefaciens (strain LBA4404 or, for co-immunopre-
ciptations, GV3101) carrying selected binary vectors.
Agrobacterium tumefaciens transformed with the tomato bushy
stunt virus gene P19 was also included in all infiltrations to
enhance transgene expression (Petrie et al., 2010).

Gene cloning and plasmid construction

Molecular biology reagents were purchased from New England
Biolabs (https://www.neb.com/), Thermo Fisher Scientific (https://
www.thermofisher.com/) or Invitrogen (http://www.invitrogen.c
om/), and custom oligonucleotides were synthesized by Sigma-
Aldrich (http://www.sigmaaldrich.com/). Sequence information for
all primers used in gene cloning and plasmid construction is

available upon request. All DNA constructs were verified using
automated sequencing performed at the University of Guelph
Genomics Facility. Plasmids harbouring full-length open reading
frames (ORFs) for each of the candidate proteins identified in the
LDAP3 Y2H screen, including LDIP, were obtained from the ABRC,
then ORFs were PCR-amplified and subcloned into the plant
expression binary vector pMDC43 using Gateway technology (Cur-
tis and Grossniklaus, 2003). pMDC43 contains the ORF of dimeric
GFP, followed by a multiple cloning site (MCS), and the 35S cauli-
flower mosaic virus promoter [as do all other plant expression
vectors used in this study, with the exception of LDIPp::Cherry-
MMPL (see below)]. pMDC43/mGFP-LDIP, consisting of a
monomerized version of GFP (mGFP) linked to the N terminus of
LDIP, was generated using PCR-based site-directed mutagenesis,
whereby the leucine at position 221 in the GFP ORF in pMDC43/
GFP-LDIP (serving as the template DNA) was replaced with a
lysine (Zacharias et al., 2002). pMDC32/Cherry-LDIP was con-
structed by amplifying the full-length ORF of LDIP and cloning the
resulting PCR products into pRTL2/Cherry, a plant expression vec-
tor containing the monomeric red fluorescent protein Cherry
(Gidda et al., 2011). Thereafter, the coding region for the Cherry-
LDIP fusion protein was subcloned into pMDC32 using Gateway
technology. All the truncation and site-specific mutations of
Cherry-LDIP used for analysing the putative LD targeting of LDIP
signal were generated by PCR-based site-directed mutagenesis
with pRTL2/Cherry-LDIP or pRTL2/Cherry-LDIP1–106 as a template,
followed by subcloning into pMDC32. pMDC32/GFP and pMDC32/
Cherry, respectively encoding GFP and Cherry alone, and serving
as cytoplasmic marker proteins, were constructed by amplifying
the ORF of each fluorescent protein from pRTL2/GFP (Clark et al.,
2009) or pRTL2/Cherry, then subcloning into pMDC32. pMDC99/
LDIPp::Cherry-MMPL, consisting of Cherry-LDIP driven by the
native LDIP promoter sequence, was constructed by PCR amplify-
ing (with genomic DNA as template) the 490-nucleotide sequence
upstream of the LDIP ORF (and downstream of the ORF adjacent
to LDIP in the Arabidopsis genome) then subcloning the resulting
PCR products into pRLT2/Cherry-MMPL. Thereafter, the entire
LDIPp::Cherry-MMPL sequence was cloned into pMDC99 using
Gateway technology.

Plasmids used for BiFC assays were generated based on the
Gateway-compatible vectors pDEST-VYNE/nVenus and pDEST-
SCYCE/cCFP, which encode the N-terminal and C-terminal halves
of Venus and CFP, respectively (Gehl et al., 2009), and were
obtained from the ABRC. The full-length ORF of LDIP and LDAP3
or LDAP3DC100, whereby a premature stop codon was intro-
duced into the LDAP3 ORF, resulting in a 100-amino-acid long
C-terminal truncation (Gidda et al., 2016), were PCR-amplified
from their respective pRTL2-based plasmids and then subcloned
into pDEST-VYNE/nVenus or pDEST-SCYCE/cCFP using Gateway
technology.

Other plant expression binary vectors used in this study have
been described elsewhere, including the following: pMDC32/
LDAP3-Cherry and OLEO1-mGFP, encoding Arabidopsis LDAP3
and oleosin isoform 1 appended to Cherry and mGFP, respectively
(Horn et al., 2013; Gidda et al., 2016); ST-mRFP, encoding the N
terminus of a rat trans-Golgi sialyl transferase appended to the
monomeric red fluorescent protein (Boevink et al., 1998); pBIN/ER-
GK and pBIN/ER-RK, encoding ER (lumen)-localized green and red
fluorescent fusion proteins, and referred to in this study as GFP-
ER and RFP-ER, respectively (Nelson et al., 2007) [obtained from
the ABRC, clone numbers CD3-955 and CD3-959); pMDC32/Cherry-
PTS1, encoding Cherry linked to type 1 peroxisomal matrix target-
ing signal and referred to in this study as Cherry-Perox (Ching
et al., 2012); and pORE04/LEC2 and pORE04/P19, encoding
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Arabidopsis LEC2, a regulator of seed development, and the
tomato bushy stunt virus RNA-silencing suppressor p19 (Petrie
et al., 2010).

For Y2H library screening, the full-length ORF of Arabidopsis
LDAP3 was PCR-amplified from pRTL2/LDAP3-Cherry (Gidda et al.,
2016) then subcloned into the ‘bait’ vector pGBKT7-DNA-BD
(Clontech). Similarly, for directed Y2H assays, the LDAP3 ORF was
subcloned from pRTL2/LDAP3-Cherry into the ‘prey’ vector
pGADT7-AD, and the ORF of Arabidopsis LDIP was PCR-amplified
from a plasmid encoding the full-length LDIP ORF obtained from
the ABRC (see above) and cloned into pGADT7-AD and pGBKT7-
DNA-BD. pGADT7-AD/LDAP3DC100 was generated using PCR-
based site-directed mutagenesis with pGADT7-AD/LDAP3 serving
as the template.

LD isolations and intensity-based quantification (iBAQ)

label-free proteomics

Two hundred and fifty milligrams of Arabidopsis seed (Col-0)
was sterilized and stratified for 4 days in the dark at 4°C and then
grown for 2 days in long-day conditions at 22°C on ½ MS med-
ium plates without sucrose. Seedlings were ground in sand and
4 ml of grinding buffer [10 mM sodium phosphate buffer, pH 7.4,
0.5 mM Lohman’s reagent and 10 mM N-ethylmaleimide (Sigma-
Aldrich)] for 1 min with a mortar and pestle. The resulting homo-
genate was spun for 10 sec at 100 g and a 100 ll aliquot of the
supernatant (‘total cell protein’ sample) was precipitated in 90%
(v/v) ethanol at �20°C. The rest of the supernatant was cen-
trifuged at 20 000 g for 20 min at 4°C and the resulting fat pad
was washed twice with grinding buffer and finally delipidated in
ethanol at –20°C. The protein pellet (‘LD fraction’ sample) was
washed twice with ethanol, dried and resuspended in 6 M SDS
and 5% (w/v) urea. Protein concentrations were determined with
a Pierce BCA protein assay kit (Thermo Fisher Scientific). Ten
micrograms of protein was run on a 12% SDS-PAGE gel until it
entered into the separation gel. The Coomassie blue-stained pro-
tein bands were then excised and processed as described by
Shevchenko et al. (1996). Peptides were desalted over a Supelco
C18 column (Sigma-Aldrich) according to Rappsilber et al. (2007)
and then subjected to LC-MS/MS (Schmidtt et al., 2017). Protein
abundance was quantified using iBAQ label-free quantification
implemented in MaxQuant software (Schaab et al., 2012) and the
values were calculated as a percentage of all values in one sam-
ple. For a detailed description of the data acquisition and pro-
cessing see Methods S1. The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (Vizca�ıno et al., 2016) with the dataset identi-
fier PXD007192.

For Western blotting, protein extracts were separated by SDS-
PAGE and electroblotted onto Hybond� nitrocellulose (GE LifeS-
ciences, Mississauga, ON, Canada). Membranes were then incu-
bated with anti-LDIP IgGs and immunoreactive proteins visualized
using a Western Lightning� Plus-ECL kit and Blue XB film (Perki-
nElmer, Waltham, MA, USA). Rabbit anti-LDIP IgGs raised against
a synthetic peptide corresponding to the LDIP amino acid
sequence, -CNTISRHQHQDREVNIESTN- (residues 231–249), and
purified using an LDIP peptide-Sepharose-linked column were
generated by Cedarlane Labs (https://www.cedarlanelabs.com/).

Bioinformatics

Construction of the LDIP phylogenetic tree was carried out using
BioEdit (v.7.2.5) (Hall, 1999) with sequence alignments performed
using the embedded ClustalW software, followed by manual

adjustment, and phylogenetic reconstruction of the aligned
sequences performed using the embedded ProML Protein Maxi-
mum Likelihood program. The phylogram was generated using
TreeView (v.1.6.6) (Page, 1996). Polypeptide sequences of various
LDIP proteins were identified using the Protein Homologs tool at
Phytozome (http://www.phtozome.net) (Goodstein et al., 2011).
Other protein sequence alignments were performed using the
ClustalW algorithm at Prabi-Gerland (https://npsa-prabi.ibcp.fr/).
Hydropathy analyses of amino acid sequences were carried out
using the TMHMM server (http://www.cbs.dtu.dk/services/
TMHMM/) and helical wheel projections were generated using
HeliQuest (http://heliquest.ipmc.cnrs.fr) (Gautier et al., 2008).
Structural homology modelling was conducted using SWISS-
MODEL (https://swissmodel.expasy.org) (Biasini et al., 2014),
whereby the Arabidopsis LDIP polypeptide sequence was used as
a query to search for templates, then a structural homology model
was built for the N-terminal region of LDIP (amino acid residues
32–115) using default parameters.

RT-PCR and genotyping

Assessment of LDIP gene expression in leaves of 15-day-old WT
Arabidopsis and T-DNA transgenic lines, as well as the expres-
sion of LDIP and LDAP3 BiFC constructs in infiltrated N. ben-
thamiana leaves, was carried out using RT-PCR based on
procedures described by Cai et al. (2015) and Gidda et al. (2016).
LDIP and LDAP3 were amplified by 30 cycles of 94°C for 30 sec,
55°C for 30 sec and 72°C for 90 sec, while TUBULIN, ACTIN and
EF1a, serving as control genes, were amplified by 30 cycles of
94°C for 30 sec, 55°C for 30 sec and 72°C for 1 min. All reactions
contained 500 ng of total RNA. Specific forward and reverse pri-
mers used for RT-PCRs, as well as those used for genotyping of
LDIP T-DNA insertional transgenic lines, are provided in
Table S3.

Microscopy

Wild-type and transgenic Arabidopsis seeds and leaves, as well as
A. tumefaciens-infiltrated tobacco leaves, were processed for
CLSM imaging, including staining of LDs either with BODIPY 493/
503 (Invitrogen), Nile red (Sigma-Aldrich) or MDH (Abgent, http://
www.abgent.com/), as previously described (Cai et al., 2015;
Gidda et al., 2016). Micrographs of Arabidopsis and tobacco
leaves were acquired using either a Leica DM RBE microscope
equipped with a 639 Plan Apochromat oil-immersion objective
and TCS SP2 scanning head, or a Leica SP5 CLSM equipped with
a Radius 405-nm laser (Leica Microsystems, https://www.leica-mic
rosystems.com/). Micrographs of dry seeds and germinated seed-
lings were acquired with a Zeiss LSM710 with a 639 water-
immersion objective lens (Carl Zeiss Inc., https://www.zeiss.com/).
Excitations and emission signals for fluorescent proteins, LD
stains and/or chlorophyll autofluorescence collected sequentially
as single optical sections or Z-series in double- or triple-labelling
experiments are the same as those described in Gidda et al.
(2016); single-labelling experiments showed no detectable cross-
over at the settings used for data collection. 3D volume renderings
were generated using Volocity imaging software (v.6.3) (PerkinEl-
mer, http://www.perkinelmer.com/). The numbers and diameters
of LDs in leaves of Arabidopsis seedlings were quantified accord-
ing to Cai et al. (2015) using the Analyze Particles function in Ima-
geJ (v.1.43; https://imagj.net), and the significance assessments of
these data sets were performed using Student’s t-test. All fluores-
cence images of cells shown in individual figures are representa-
tive of at least two separate experiments, including at least three
separate transformations of tobacco leaf cells. Figure compositions
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were generated using Adobe Photoshop CS (Adobe Systems,
http://www.adobe.com/).

Y2H and BiFC assays

Screening of a Y2H library, consisting of Arabidopsis cDNA from
various plant tissues and cloned into the appropriate prey vector,
using Arabidopsis LDAP3 (pGBKT7/LDAP3) as ‘bait’, was carried
out with the Matchmaker Gold Y2H System (Clontech Laborato-
ries, Inc., http://www.clontech.com/) as described by the manufac-
turer. All yeast strains that grew on low-selection [synthetic
dextrose (SD) media lacking tryptophan and leucine, but contain-
ing X-a-Gal and Aureobasidin A] or high-selection (the same as
low-selection media, but also lacking histidine and adenine) were
designated as ‘weak’ or ‘strong’ interactors, respectively. Plasmids
were extracted from yeast cells to determine the identity of
encoded prey proteins using DNA sequencing. None of the prey
plasmids autoactivated the Y2H reporter genes when retrans-
formed into yeast cells with appropriate corresponding empty vec-
tors. Directed Y2H assays were carried out as described previously
(Richardson et al., 2011), and, unlike for Y2H screening, plates
used for high-stringency growth conditions consisted of SD media
lacking tryptophan, leucine, histidine and adenine. The results of
growth assays shown in figures are representative of those
obtained from analysing three isolated yeast colonies from at least
two independent transformations. In addition, all fusion proteins
were confirmed to be expressed properly by Western blot analy-
sis, as described above.

The BiFC assays in tobacco leaves were performed according to
Stefano et al. (2015). Briefly, leaves were infiltrated with Agrobac-
terium containing plasmids encoding cCFP-LDIP and nVenus
appended to either LDAP3 or LDAP3DC100, the latter serving as a
negative control based on guidelines described elsewhere for
assessing protein interactions using the BiFC assay (Lee et al.,
2012). All infiltrations also included Cherry-Perox, serving as a
transformation marker. Transformed cells in leaf areas were visu-
alized (via CLSM) based on Cherry fluorescence, and both Cherry
and reconstituted BiFC (cCFP/nVenus) fluorescence signals were
collected with identical image acquisition settings for all samples
analysed. ImageJ was used to quantify spectral counts from
acquired micrographs of at least 20 leaf areas from three separate
infiltrations. CLSM acquisition settings, amounts of Agrobac-
terium infiltrated and post-infiltration times were chosen based on
preliminary optimization experiments aimed at minimizing the
possibility of non-specific interactions based on guidelines for
assessing protein–protein interactions using the BiFC assay
described by Stefano et al. (2015).

Analysis of lipids

For analysis of the content and fatty acid composition of neutral
and polar lipids from Arabidopsis leaves, total lipids were
extracted from 500 mg (fresh weight, FW) of 15-day-old seedlings
grown on ½ MS medium, using a hexane/isopropanol method
(Hara and Radin, 1978) with the addition of C17:0 TAG (Sigma-
Aldrich) and C15:0 phosphatidychloline (Avanti Polar Lipids, Inc.,
https://avantilipids.com/) as internal standards. Total lipid extracts
in hexane were separated into neutral and polar lipids on solid-
phase extraction cartridges (Supelco Discovery DSC-Si 6 ml,
Sigma-Aldrich), as described (Gidda et al., 2016). To prepare fatty
acid methyl esters (FAMEs), 0.5 ml of 0.5 N sodium methoxide
solution in methanol was added to neutral or polar lipid extracts,
and samples were incubated at room temperature (22�C) for
25 min. The reaction was quenched with 1 ml of saturated NaCl
solution in water, and FAMEs were extracted with 1 ml of hexane.

The FAME samples were analysed on an Agilent HP 6890 series
GC system equipped with a 7683 series injector and autosampler
(Agilent Technologies, http://www.agilent.com/) and a BPX70
(SGE Analytical Science, http://www.sge.com/) capillary column
(10 m 9 0.1 mm 9 0.2 mm) with a constant pressure of 25 p.s.i.,
as described in Gidda et al. (2016). Compounds were identified by
comparing with the GLC-10 FAME standard mix (Sigma-Aldrich).
Analyses of the content and fatty acid composition of neutral and
polar lipids from dry seeds and germinated seeds were performed
as described in Gidda et al. (2016).

Co-immunoprecipitation using GFP-Trap-A beads

Leaves of approximately 28-day-old N. benthamiana plants were
transiently transformed (via Agrobacterium infiltration) with bin-
ary plasmids encoding GFP alone or GFP-LDIP and with and with-
out LEC2. Expression of GFP and GFP-LDIP was verified by CLSM
and transformed leaves were collected (3 days post-infiltration)
for protein extraction. Briefly, approximately 1.5 g of leaf material
was ground to a fine powder in liquid nitrogen using a mortar and
pestle. Then 3 ml of extraction buffer [50 mM TRIS-HCl, pH 7.5,
150 mM NaCl, 10% glycerol, 1% NP-40, 1 mM PMSF, Roche pro-
tease inhibitor cocktail (2 tablets/10 ml buffer)] (Roche Diagnos-
tics, http://www.roche.com/) was added to the tissue powder;
samples were transferred into 15-ml test tubes and incubated for
30 min on ice and vortexed every 10 min. Cell lysates were cen-
trifuged at 2500 g at 4°C for 10 min to remove cell debris and the
supernatants were further clarified by centrifugation at 16 000 g at
4°C for 20 min. Supernatants were then incubated with 30 ll of
GFP-Trap-A beads (ChromoTek, https://www.chromotek.com/) for
3 h at 4°C on a rotating shaker. After incubation, beads were
washed four times with extraction buffer and proteins bound to
the beads were then eluted with 100 ll of 49 SDS sample buffer
and heated at 70°C for 10 min. To confirm the presence of the
‘bait’ proteins (i.e. free GFP or GFP-LDIP), an aliquot of each
immunoprecipitated sample was separated by SDS-PAGE and
detected by Western blotting with anti-GFP antibodies (Thermo
Fisher Scientific). The remaining protein was concentrated at the
top of an SDS-PAGE resolving gel and the Coomassie blue-stained
protein bands were excised and submitted to the Michigan State
University Proteomics Core Service (https://rtsf.natsci.msu.edu/
proteomics/).

Processing of samples (gel bands) for MS analysis was carried
out by dehydrating the samples using 100% acetonitrile and incu-
bating with 10 mM dithiothreitol in 100 mM ammonium bicarbon-
ate (pH ~8) at 56°C for 45 min, followed by dehydration and
incubation in the dark with 50 mM iodoacetamide in 10 mM

ammonium bicarbonate for 20 min. Gel bands were then washed
with ammonium bicarbonate and dehydrated again. Sequencing-
grade modified trypsin (0.01 lg ll�1) in 50 mM ammonium
bicarbonate was added to the gel band and incubated at 37°C
overnight. Peptides were extracted by water bath sonication in a
solution of 60% acetonitrile and 1% trichloroacetic acid, vacuum
dried to about 2 ll and then re-suspended in 2% acetonitrile/0.1%
trifluoroacetic acid to 25 ll. Five microlitres was automatically
injected by a Thermo EASYnLC 1000 (Thermo Fisher Scientific)
onto a Thermo Acclaim PepMap 0.1 mm 9 20 mm C18 peptide
trap and washed for about 5 min. Bound peptides were then
eluted onto a Thermo Acclaim PepMap RSLC 0.075 mm 9

250 mm C18 column over 65 min with a gradient of 5% to 28%
buffer B (consisting of 99.9% acetonitrile and 0.1% formic acid) in
54 min, ramping to 100% buffer B at 55 min and held at 100%
buffer B for the duration of the run at a constant flow rate of
0.3 ll min�1. Eluted peptides were sprayed into a Thermo Fisher

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 92, 1182–1201

1198 Michal Pyc et al.

http://www.adobe.com/
http://www.clontech.com/
https://avantilipids.com/
http://www.agilent.com/
http://www.sge.com/
http://www.roche.com/
https://www.chromotek.com/


Q-Exactive MS using a FlexSpray spray ion source. Survey scans
were taken in the Orbitrap (70 000 resolution, determined at m/z
200) and the top 10 ions in each survey scan were then subjected
to automatic higher-energy collision-induced dissociation with
fragment spectra acquired at 17 500 resolution. The resulting
MS/MS spectra were converted to peak lists using Mascot Distiller
(v.2.6.1; http://www.matrixscience.com/) and searched against a
database of all N. benthamiana protein sequences available from
the Sol Genomics Network (v.0.4.4; http://www.solgenomics.net)
and appended with common laboratory contaminants (cRAP pro-
ject; http://www.thegpm.orgt) using the Mascot searching algo-
rithm (v.2.6.0). The Mascot output was then analysed using
Scaffold (v.4.7.5; http://www.proteomesoftware.com/) to proba-
bilistically validate protein identifications. Assignments validated
using the Scaffold 1% false discovery rate (FDR) confidence filter
are considered true. Mascot parameters for all databases were as
follows: (i) allow up to two missed tryptic sites; (ii) fixed
modification of carbamidomethyl cysteine, variable modification
of oxidation of methionine, deamidation of glutamine and
asparagine; (iii) peptide tolerance of �10 p.p.m.; (iv) MS/MS toler-
ance of 0.3 Da; and (v) FDR calculated using randomized database
search.

ACCESSION NUMBERS

Arabidopsis Information Resource numbers and/or GenBank

accession numbers for the Arabidopsis proteins described in

this study are as follows: LDIP (At5g16550, NP_568333),

LDAP3 (At3g05500, NP_187201), EIF2 (At2g39990, NP_

181528), MSR1 (At3g21190, NP_566677), TPR8 (At4g08320,

NP_001031594), PRA7 (At1g55190, NP_564679), NUDT3

(At1g79690, NP_565218), TRA2 (At5g13420, NP_196846),

ATMS1 (At5g17920, NP_001078599), and PGL5 (At5g24420,

NP_197830), OLEO1 (At4g25140, NP_194244), a-TUBULIN

(At5g44340, NM_123801), and LEC2 (At1g28300, NP_564304).

Other protein accession numbers: tomato bushy stunt virus

p19 (CAC01278) and N. benthamiana ACTIN (AY179605).

Accession numbers for LDIP homologues from various

plant species used in the construction of the phylogenetic

tree (Figure 2) and the protein sequence alignment (Fig-

ure 3) are provided in Table S4.
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