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Plant epidermal cells dedicate more than half of their lipid metabolism to the synthesis of cuticular lipids, which seal and

protect the plant shoot. The cuticle is made up of a cutin polymer and waxes, diverse hydrophobic compounds including

very-long-chain fatty acids and their derivatives. How such hydrophobic compounds are exported to the cuticle, especially

through the hydrophilic plant cell wall, is not known. By performing a reverse genetic screen, we have identified LTPG, a

glycosylphosphatidylinositol-anchored lipid transfer protein that is highly expressed in the epidermis during cuticle

biosynthesis in Arabidopsis thaliana inflorescence stems. Mutant plant lines with decreased LTPG expression had reduced

wax load on the stem surface, showing that LTPG is involved either directly or indirectly in cuticular lipid deposition. In vitro

2-p-toluidinonaphthalene-6-sulfonate assays showed that recombinant LTPG has the capacity to bind to this lipid probe.

LTPG was primarily localized to the plasma membrane on all faces of stem epidermal cells in the growing regions of

inflorescence stems where wax is actively secreted. These data suggest that LTPG may function as a component of the

cuticular lipid export machinery.

INTRODUCTION

A common feature of all terrestrial plants is the cuticle, a

hydrophobic structure that covers aerial surfaces, prevents

nonstomatal water loss, and provides protection against path-

ogens (Riederer, 2006). The cuticle consists of wax embedded in

and covering a polyester matrix called cutin (Jeffree, 2006).

Cuticular wax contains very-long-chain fatty acid derivatives,

such as alkanes and alcohols, with chain lengths >20 carbons,

and wax composition varies according to species, organ, and

developmental state (Samuels et al., 2008).Wax components are

synthesized by epidermal cells, especially during rapid elonga-

tive growth (Suh et al., 2005).

Export of cuticular wax to the cuticle is not fully understood. In

Arabidopsis thaliana, two ATP binding cassette (ABC) trans-

porters, ABCG12/CER5 and ABCG11/WBC11, have been

shown to be involved in wax transport (Pighin et al., 2004; Bird

et al., 2007), but the mechanism of export from the plasma

membrane (PM) through the surrounding aqueous cell wall to the

plant surface is unknown. This remains an interesting problem

because once awaxmolecule is extruded froman epidermal cell,

it must traverse a hydrophilic and charged extracellular environ-

ment (Samuels et al., 2008). The polysaccharide components of

the cell wall underlying the cuticle, such as pectin (Jeffree, 2006),

may also represent a physical impediment to cuticular wax

transport.

Lipid transfer proteins (LTPs) were proposed as candidates

that played a role in the delivery of wax components during the

assembly of the cuticle (Sterk et al., 1991; Yeats andRose, 2008).

Originally described as proteins that facilitate lipid transfer be-

tween liposomes in vitro (Kader et al., 1984), LTPs possess

several characteristics thatmake themsuitable for deliveringwax

to the cuticle: they have a hydrophobic cavity (Kader, 1996); they

are capable of binding fatty acids in vitro, and binding is impaired

upon disruption of the hydrophobic pocket (Zachowski et al.,

1998); and they are extracellular proteins and at <25 kD (Beisson

et al., 2003) are likely small enough to fit through the pores of the

plant cell wall (Baron-Epel et al., 1988). Nuclear magnetic reso-

nance data have demonstrated that wheat (Triticum aestivum)

LTP forms a complex with prostaglandin B2, suggesting that LTP

structures can accommodate larger hydrophobic compounds,

even those with large, planar functional groups (Tassin-Moindrot

et al., 2000). LTPs have been localized to the cell wall (Thoma

et al., 1993; Pyee et al., 1994), and they have been extracted from

plant surfaces with nonpolar solvents (Pyee et al., 1994). Genes

encoding LTPs are upregulated during drought-induced cuticu-

lar wax deposition (Cameron et al., 2006). While there has been

much speculation based on the above, indirect evidence, a direct

relationship between LTPs and cuticle deposition has not yet

been demonstrated experimentally.
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The objective of this study was to test whether LTPs are

required for cuticular wax deposition in the stems of the model

plant Arabidopsis. The Arabidopsis genome contains >70 anno-

tated LTP genes (Beisson et al., 2003). To narrow down the

number of candidate genes encoding LTPs that could act in

cuticular wax export, we decided to focus on those LTPs that

were highly expressed in the epidermis during cuticle biosyn-

thesis (Suh et al., 2005). This approach reduced the list of

candidate genes to five, and subsequent analyses of T-DNA

insertional mutants in the LTP genes of interest resulted in the

identification of LTPG, a gene encoding a glycosylphosphatidyl-

inositol (GPI)-anchored protein. Here, we report the functional

characterization of LTPG, using T-DNA mutant and RNA inter-

ference (RNAi) transgenic plants with reduced LTPG transcript

levels, in vitro lipid binding assays of recombinant LTPG, and

confocal analysis of the subcellular location of yellow fluorescent

protein (YFP)-LTPG.

RESULTS

Identification of ltpg-1

To test if LTPs are involved in cuticular wax deposition in

Arabidopsis stems, five candidate LTPs were chosen for further

analysis using microarray expression data based on two criteria

(Suh et al., 2005): the transcripts corresponding to LTPs were

abundant in the epidermis at the top of the inflorescence stem,

an area undergoing rapid expansion and cuticle deposition, and

there was a high ratio of LTP gene expression in the epidermis

compared with the whole stem (see Supplemental Table 1 on-

line). T-DNA insertional lines generated by the Salk Institute were

obtained from the ABRC for each LTP (Alonso et al., 2003).

Following PCR identification of homozygous individuals, the ltp

mutants were screened for the glossy or eceriferum phenotype

that may accompany changes in cuticular wax. Since some

mutants with altered wax load and/or composition do not display

this phenotype, quantitative screening using gas chromatogra-

phywith flame ionization detection (GC-FID)was also performed.

With the exception of At1g27950 (ltpg-1, SALK_072495), a gene

experimentally identified as a GPI-anchored protein in global

proteomics studies (Borner et al., 2003; Elortza et al., 2006), none

of the other mutant lines displayed reductions in stem cuticular

wax load (see Supplemental Table 1 online). Therefore, we

named this gene LTP-GPI-ANCHORED or LTPG. The T-DNA

insertion site was verified by sequencing to be in the only intron,

889 bp downstream from the predicted translation start site

(Figure 1A, top). RT-PCR analysis demonstrated that this muta-

tion resulted in reduced LTPG transcript abundance in ltpg-1

stems (Figure 1B).

ltpgMutants Have Reduced Stem Cuticular Wax

To determine the chemical phenotype of ltpg-1 mutant in detail,

GC-FID analyses were performed. ltpg-1 stems showed a 50%

reduction in alkanes (Figure 2A), the major class of components

of Arabidopsis stem wax, which led to a 25% reduction in total

wax load when compared with the wild type (Columbia-0 [Col-0])

(Figure 2B). No other wax components differed significantly from

the wild type. Examination of alkane chain lengths showed that

nonacosane (C29-alkane) levelswere reduced by 50%compared

with the wild type (Figure 2C). Alkanes of other chain lengths

were not significantly different from the wild type. Besides this

cuticular wax phenotype, ltpg-1 mutants were indistinguishable

from the wild type and displayed no organ fusions, unlike some

other mutants with cuticle defects (Kurdyukov et al., 2006; Bird

et al., 2007).

To compare the phenotypes of additional mutant alleles, two

independent transgenic plant lines expressing anRNAi construct

directed against LTPG were obtained from the Arabidopsis

Genomic RNAi Knockout Line Analysis project (Hilson et al.,

2004). Neither RNAi plant line, designated ltpg-i1 and ltpg-i2,

was a complete transcriptional knockout (Figure 1B), but their

wax coverage phenocopied the T-DNA mutant by displaying

reduced total cuticular wax loads (68% to 76% of wild-type

levels; Figure 2B) as a result of reduced C29-alkane (50 to 54% of

wild-type levels; Figure 2C). The amounts of other wax compo-

nents were statistically indistinguishable among ltpg-i1, ltpg-i2,

and the wild type.

Native Promoter–Driven LTPG and YFP-LTPG Expression

Rescue the Cuticular Wax Phenotype

To confirm that differences in wax load and composition were a

result of a mutation at the LTPG locus, and to determine the

subcellular location of LTPG, a genomic copy of the gene with

an internal fusion of citrine YFP (Griesbeck et al., 2001) was

Figure 1. LTPG Gene Structure and Expression of LTPG in T-DNA and

Transgenic RNAi Lines.

(A) Schematics illustrating the intron/exon pattern of LTPG and the

position of the T-DNA insertion in ltpg-1 (top). YFP was inserted into

LTPG (bottom) immediately following the predicted N-terminal signal

sequence cleavage site. Open boxes represent exons and solid lines

represent introns and untranslated regions.

(B) LTPG expression analysis by RT-PCR in primary inflorescence stems

of Arabidopsis, comparing the wild type (Col-0) with the mutant (ltpg-1)

and transgenic lines harboring RNAi constructs (ltpg-i1 and ltpg-i2) and

the YFP-LTPG fusion. ACTIN2 was used as an amplification and loading

control.
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generated for complementation of the ltpg-1 mutant. It was

necessary to clone the YFP in frame, downstream from the

predicted N-terminal signal sequence cleavage site (Bendtsen

et al., 2004), so as not to disturb endoplasmic reticulum (ER)

targeting and signal peptidase activity nor the C-terminal v-site

for the GPI-anchor attachment in the ER (Figure 1A, bottom).

Twelve independent lines expressing YFP-LTPG in the ltpg-1

mutant background were recovered, and 10 restored the total

wax coverage to wild-type levels (Figure 2B), rescuing the C29-

alkane phenotype (Figure 2C) and showing that the fusion protein

was biologically active. YFP-LTPG was as effective in comple-

menting the ltpg-1 mutant as the wild-type gene. This was

confirmed by analyses of 12 independent transgenic lines trans-

formed with the LTPG gene (see Supplemental Figure 1 online).

These results indicate that the detected wax phenotype was

caused by a mutation in the LTPG gene.

LTPG Displays Lipid Binding Activity

The feature of protein sequences that leads to their annotation as

LTPs is the conserved eight-Cys motif, but this alone is not a

sufficient predictor of lipid binding activity. The conserved eight-

Cys motif and a-helix structure is not unique to LTPs: it occurs in

several plant protease and amylase inhibitors as well as in

proteins of unknown function (José-Estanyol et al., 2004). Other

than the conservation of this motif, the percentage of sequence

identity of LTPG and structurally characterized LTPs is quite low.

When the 75 amino acids comprising the LTP-like domain of

LTPG are compared with the sequence of LTP from amaize (Zea

mays) seedling (PDB 1MZL), which is the closest solved x-ray

crystal structure (Han et al., 2001), identity is;20%. Therefore,

the predicted protein structure of LTPG was modeled. Both the

four amphipathic a-helices (Jpred; Cole et al., 2008) and eight

Cys residues capable of forming four disulfide bonds (DISUL-

FIND; Ceroni et al., 2006) were predicted (see Supplemental

Figure 2 online), leading to the question of whether the structure

of LTPG supports lipid binding.

To answer this question, an in vitro assay was performed using

purified LTPG and a fluorescent lipid substrate. To produce the

processed, soluble version of LTPG, which we named DLTPG,

the cDNA lacking both the N-terminal signal sequence and the

C-terminus, including the GPI-anchor attachment v-site was

expressed in Escherichia coli. The overexpressed protein was

purified byaffinity, ion exchange and then size exclusion chroma-

tography (see Supplemental Figure 3 online). To assess potential

lipid binding activity, DLTPG was titrated with the fluorescent

lipophilic probe 2-p-toluidinonaphthalene-6-sulfonate (TNS) that

fluoresces intensely when bound in a hydrophobic environment,

but weakly in aqueous solution. The binding isotherm of DLTPG

with TNS indicates a Kd of 12.6 6 2.2 mM (Figure 3, circles).

When DLTPG was denatured and reduced by boiling in DTT

prior to the TNS assay, the resulting TNS fluorescence was

decreased to close to background levels (Figure 3, squares),

suggesting that the intact protein structure is required for lipid

binding. While LTPG annotation as a putative LTP was based on

its conserved eight-Cys motif (Beisson et al., 2003), this result

provides experimental evidence supporting the hypothesis that

LTPG is a lipid binding protein.

LTPG Resides Primarily in the PM

Initial screening of the 10 lines complemented by expression of

the YFP-LTPG showed that the YFP fluorescence signal origi-

nated from theperiphery of the cell. SinceGPI-anchored proteins

are generally found on the extracellular leaflet of the PM, trans-

genic lines were stained with either propidium iodide or the styryl

dye FM4-64 (Bolte et al., 2004), markers for the cell wall and PM,

respectively. The YFP-LTPG signal colocalized with FM4-64 in

the PM of epidermal cells (Figures 4A to 4C). In some cells, YFP-

LTPG fluorescence was also detected in the cytoplasm as small

puncta that colocalized with endocytosed FM4-64 from the PM

(Figures 4D to 4F, arrowheads). YFP-LTPG did not localize to

Figure 2. Reduction of Stem Cuticular Wax Load in ltpg Mutants

Detected by Gas Chromatography.

(A) ltpg-1 mutants and lines expressing RNAi construct (ltpg-i1 and ltpg-

i2) have lower amounts of alkanes, the most abundant compound class

in wild-type wax. Alkane coverage was significantly different by analysis

of variance (ANOVA), F (4, 31.106) = 29.1112, P < 0.0001.

(B) Total stem wax coverage is reduced. ANOVA indicated significant

differences among genotypes, F (4, 32.127) = 10.9559, P < 0.0001.

(C) Examination of alkane chain lengths shows that only the C29 alkane

(nonacosane) is reduced in the mutants. ANOVA indicated significant

differences among genotypes, F (4, 31.106) = 29.1112, P < 0.0001. In the

lines expressing YFP-LTPG driven by the native promoter in the ltpg-1

mutant background, wax levels are not different from the wild type.

Asterisks indicate difference from the wild type by Games-Howell test

(P < 0.05). Values are means with SE for at least n = 10.
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anticlinal cell walls as determined by staining with propidium

iodide (Figures 4G and 4I, inset). Epidermal cells stained with the

ER counterstain hexyl rhodamine B showed that the strong

peripheral YFP-LTPG signal did not colocalize with the ER (see

Supplemental Figures 4A to 4C online).

To determine whether LTPG is also localized in the cell wall

adjacent to the cuticle, we collected a z-series of images through

the depth of the epidermal cell layer using spinning-disk confocal

microscopy and assembled it into a three-dimensional data set,

which could be sampled in the x, y, and z dimensions. In addition

to the YFP signal observed at the PM as shown above, a weaker

signal at the periclinal cell wall was seen, giving the appearance

of two parallel fluorescent lines (Figure 4A, inset).When the signal

from the YFP-LTPG was merged with the propidium iodide cell

wall label, the fluorescence signals colocalized (see Supplemen-

tal Figure 5 online, arrowheads). The YFP-LTPG signal detected

in the cell wall could not be found in the absence of the PMsignal,

such as under conditions of strong plasmolysis.

LTPG Is Localized to All Faces of Epidermal Cells

Because GPI-anchored proteins can have polar distribution

(Lisanti et al., 1989; Fischer et al., 2004), it was important to

determine if the YFP-LTPG was present in the PM on all faces of

epidermal cells or only on the outer periclinal cell face near the

cuticle (Figure 5A). Examination of three-dimensional recon-

structions from z-series images generated by two-photon imag-

ing showed that YFP-LTPG is found on all sides of the epidermal

cells (Figure 5B). Anticlinal faces appeared brighter than the

periclinal faces due to the presence of appressed PMs from

adjacent cells doubling the signal and the configuration of the

pinhole in two-photon imaging, which leads to overestimation of

intensity in the z-dimension. Nevertheless, these results clearly

demonstrate that LTPG is not limited to the PM facing the cuticle.

LTPG Is Found in Epidermal Cells of Expanding Regions of

Inflorescence Stems

Our early observations of YFP-LTPG localization in the stem

epidermis revealed the presence of the YFP-LTPG fluorescence

signal in puncta, presumably in the secretory system, in addition

to the PM. This YFP fluorescence in puncta was only detectable

in young epidermal cells, but not in mature cells, suggesting that

there might be developmental differences in the subcellular

Figure 3. Recombinant Purified DLTPG Binds the Lipophilic Probe TNS.

Recombinant LTPG (DLTPG) was engineered to resemble the mature

processed protein by omitting both the N-terminal signal sequence and

GPI-anchor domain and then purified following overexpression in E. coli.

DLTPG, incubated with increasing concentrations of TNS, exhibited

saturation binding defined by a Kd of 12.7 6 2.2 mM (circles). No

saturation binding was observed (squares) if the protein was denatured

by boiling in a solution of 6 M urea and 200 mM DTT.

Figure 4. PM Localization of LTPG Visualized by Confocal Microscopy.

(A) YFP-LTPG signal at the PM (arrowhead). Inset: Three-dimensional

reconstruction of the signal indicates an additional YFP-LTPG signal is

present in the cell wall near the cuticle (arrow). Inset bar = 8 mm.

(B) PM of epidermal cells stained with FM4-64.

(C) YFP-LTPG colocalized with PMs stained with FM4-64.

(D) During late cell expansion, YFP-LTPG is found in puncta throughout

the cytoplasm (arrowhead).

(E) Epidermal cells stained with FM4-64 showed internal puncta, indi-

cating that endocytosis of the FM4-64 occurred.

(F) Some of the YFP-LTPG puncta colocalized with FM4-64.

(G) YFP-LTPG signal.

(H) Cell walls stained with propidium iodide.

(I) Overlay of (G) and (H) shows that YFP-LTPG does not colocalize to

anticlinal cell walls. Inset: YFP-LTPG is exclusive from propidium iodide.

Inset bar = 2.5 mm.

Bars = 10 mm.
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localization of LTPG. Therefore, we more closely examined the

distribution of YFP-LTPG along the expanding stem of Arabidop-

sis. We defined three areas of study along the stem as follows:

early, 0 to 1 cm (from the shoot apex) (Figure 6A); expanding, 2 to

3 cm (Figure 6B); and mature, 4 to 7cm (Figure 6C). As before,

YFP-LTPGwas found at the PM in all of the above stages, but the

frequency of organellar localization changed (Figures 6A to 6C). In

young meristematic cells, YFP-LTPG was observed in a pattern

consistent with the ER (e.g., in transvacuolar strands and sur-

rounding the nucleus) and in puncta resembling the Golgi (Figure

6A’). In expanding or recently matured cells that have undergone

anisotropic expansion so the large central vacuole dominates in

the cell, the signal was only associated with the PM and was not

observed in transvacuolar strands, around the laterally displaced

nucleus, or in puncta (Figure 6C). Beyond 8 cm from the apical

meristem, in the most mature region of the stem epidermis, YFP-

LTPG PM signal diminished and could not be detected. These

results suggest that LTPG expression is concomitant with ex-

pansion of inflorescence stems.

DISCUSSION

In the search for additional components of cuticular lipid export

machinery in the plant epidermis, we examined the involvement

of LTPs in this process. LTPs are abundantly expressed in

epidermal cells, secreted to the extracellularmatrix (Thoma et al.,

1993), and capable of binding and carrying lipids in vitro (Kader

et al., 1984). These properties have long been cited as the

rationale for the proposal that LTPs are potential carriers of cutin

and wax constituents to the plant surface. In this study, using

reverse genetics, we provide evidence that one member of the

LTP family in Arabidopsis, LTPG (At1g27950), is indeed required

for wax export. Phenotypic analysis of an LTPG T-DNA inser-

tional mutant, and of transgenic plants in which LTPG was

downregulated by RNAi, revealed a marked reduction in stem

wax alkane levels. Cuticular wax deficiencies in ltpg mutants

were complemented by expression of both the wild-type LTPG

Figure 5. LTPG Is Localized to All Faces of Primary Inflorescence Stem

Epidermal Cells.

(A) A three-dimensional representation of an epidermal cell identifies the

anticlinal (xz and yz) and periclinal (xy) faces.

(B) Two-photon microscopy shows that YFP-LTPG does not display

polar localization. Bar = 5 mm.

Figure 6. Localization of YFP-LTPG Over the Length of the Arabidopsis

Stem Shows High Expression in Regions of Rapid Expansion.

(A) At 0 to 1cm from the shoot apical meristem, fluorescence was found

at the PM with some internal signal.

(A’) YFP-LTPG signal in the interior of immature cells, in perinuclear

distribution and puncta resembling endomembranes. Bar = 14 mm.

(B) At 2 to 3 cm from the shoot apex, YFP-LTPG signal was localized to

the PM.

(C) At 4 to 7cm, in mature cells, localization was also primarily at the PM.

Bars = 10 mm.
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and the YFP-LTPG fusion protein, an indication that amutation in

the LTPG gene was responsible for this lipid phenotype.

The expression of LTPG without the N-terminal signal se-

quence and C-terminal GPI-anchor domain in a heterologous E.

coli system allowed us to purify LTPG and assess its lipid binding

capacity. As reported for several other LTPs (Buhot et al., 2004;

Sawano et al., 2008), LTPG did bind to the fluorescent lipid

reporter TNS. This lipid binding is not surprising because, al-

though sequence similarity is low, the overall structural features

of the protein predicted by the LTPG amino acid sequence

resemble characterized LTPs (i.e., structure with four a-helices

and four disulfide bonds). The binding of this reporter is inter-

esting because it is consistent with the hydrophobic cavity

structural model (Kader, 1996). TNS binding to other, functionally

uncharacterized, LTPs could be displaced by C16 and C18

unsaturated fatty acids (Buhot et al., 2004; Sawano et al.,

2008), suggesting that aliphatics are capable of competing with

TNS for the same hydrophobic binding cavity. In this case, the

binding of the biologically relevant very-long-chain lipids, such

as nonacosane, would be technically difficult to confirm due to

solubility issues.

Examination of transgenic plants expressing the active YFP-

tagged LTPG by confocal microscopy revealed the strongest

fluorescence signal in the PM of rapidly growing epidermal cells.

In these cells, LTPG was also found in the cytoplasm in a pattern

resembling the endomembrane system. In elongating epidermal

cells, the signal was predominantly PM localized. In regions

further down the stem, YFP-LTPG fluorescence was not de-

tected. The identifieddifferences in LTPGexpression levels along

the developing inflorescence stem match the published micro-

array data and demonstrate that LTPG expression is correlated

with cell expansion in rapidly growing stems (Suh et al., 2005).

The presence of YFP-LTPG fluorescence in the endomembrane

system of the cells at the shoot tip may represent the need for

LTPG biosynthesis to accommodate rapid growth and cuticle

deposition. This scenario is supported by the aggregation of

YFP-LTPG signal in epidermal cells treated with Brefeldin A (see

Supplemental Figure 6 online).

The predominantly PM localization of LTPG suggests that this

protein spends at least part of its lifetime at the cell surface. This

is in agreement with in silico predictions and experimental

evidence (Eisenhaber et al., 2003; Borner et al., 2003; Elortza

et al., 2006) that LTPG is aGPI-anchored protein. In contrast with

many GPI-anchored proteins that exhibit polar sorting to one

domain of the cell (Lisanti et al., 1989), LTPG was localized to all

faces of epidermal cells. Although this may be surprising for a

process requiring the polar secretion of wax, the same localiza-

tion pattern was previously reported for ABC transporters

ABCG11 and ABCG12 (Pighin et al., 2004; Bird et al., 2007),

which are also involved in wax export to the cuticle.

While the YFP-LTPG signal is mostly PM associated, a minor

component of the signal was detected in the cell wall near the

cuticle. Although this signal was reproducible between instru-

ments and objective lenses, we interpret these data cautiously. If

real, these results are consistent with early studies where LTPs

were localized to the cell wall (Thoma et al., 1993; Pyee et al.,

1994). It is noteworthy that the cell wall signal could not be

isolated in the absence of the PM signal, which may indicate that

there is rapid movement and/or turnover of LTPG in the cell wall,

and without the PM as a source of LTPG, the cell wall signal

disappears. Alternatively, the changes of refractive index at the

cell wall/cuticle interface could scatter the signal originating from

the PM.

Based on this evidence, we cannot definitively conclude that

LTPG is directly involved in transport. It may act as a regulatory

component of transport or possibly act indirectly in creating the

proper conditions for cuticular lipid export. In terms of potential

direct roles for LTPG in cuticular wax export, we propose the

following two models. The first model predicts that, through its

GPI-anchor, LTPG associates with lipid microdomains contain-

ing ABC transporters and that the close contact enables ABC

transporters to load LTPG with wax cargo. LTPG binds the C29

alkane, thereby temporarily increasing its solubility by shielding it

from the hydrophilic extracellular environment. Once loaded,

LTPG is free to exchange its cargo with soluble extracellular

LTPs that carry waxmolecules to the plant surface. The potential

problem with this scenario is the fact that ABCG12/CER5 and

ABCG11/WBC11 transporters have not been detected in deter-

gent resistant membranes (Borner et al., 2005). However, this

may represent a failure of these proteins tomeet the researchers’

detection criteria (Borner et al., 2005). In the secondmodel, once

loaded with cargo, LTPG could be released from the PM to the

cell wall through the cleavage of its GPI-anchor by aGPI-specific

phospholipase (Metz et al., 1994). LTPG could thenmove across

the cell wall to deliver alkane molecules to the cuticle. In this

case, in addition to the PM, a significant fraction of LTPG would

be expected to be localized in the cell wall as described for the

GPI-anchored cell wall protein COBRA (Roudier et al., 2005).

Since the YFP-LTPG fluorescence signal appeared to be pre-

dominantly associated with the PM even in the rapidly elongating

cells that were depositing cuticle material at high rates, phos-

pholipase release of LTPG and its movement across the cell wall

seems less likely. However, it cannot be excluded that the

apparent PM localization represents LTPG that has been cleaved

from the membrane and is in the extracellular environment

directly adjacent to the PM.

In summary, the demonstration that LTPG is required for

normal export of wax to the cuticle and displays lipid binding

capacity suggests that, in this instance, the name lipid transfer

protein is appropriate. This work generates additional questions

about the role of the LTPG GPI-anchor and potential interactions

between LTPG and ABCG transporters.

METHODS

Plant Material

Arabidopsis thaliana Columbia-0 (Col-0) ecotype was used for all anal-

yses. Plants were surface sterilized and sown on half-strength Murashige

and Skoog medium and then transferred to soil comprised of Sunshine

mix 1 and Metro Mix (3:1). Plants were grown in growth chambers under

24 h of light with an intensity of 80 to 100 mE m22 s21.

Genotyping

A T-DNA insertional mutant for LTPG (At1g27950), SALK_072495, was

obtained from the ABRC. Plants homozygous for the T-DNA insertion in
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LTPG were analyzed by PCR with primers P1, P2, and LBa1 (all primer

sequences are listed in Supplemental Table 2 online). Plant lines (NASC ID

N290585) expressing RNAi constructs targeting LTPG were obtained

from the Arabidopsis Genomic RNAi Knockout Line Analysis project

(www.agrikola.org), and lines were genotyped for the presence of the

gene specific target construct with primers AGR 51, 56, 64, and 69.

Wax Analysis

Soluble cuticular waxes were extracted from 10- to 15-cm-long primary

inflorescence stems. To determine stem surface areas, digital images of

stems were imported into OpenLab 4.0.2 (Improvision) and density

sliced/thresholded to generate squared surface area. The squared sur-

face area was multiplied by p to achieve approximate cylindrical stem

area for each stem. Derivatization of cuticular wax and data acquisition

was performed as described (Greer et al., 2007) except derivatizationwas

performed for 90 min.

Expression Analysis by RT-PCR

RNA was extracted from 10- to 15-cm-long stems as described previously

(Zhao et al., 2006). RT-PCRwas used to detect LTPG transcript abundance

in primary inflorescence stems fromwild type (Col-0), ltpg-1, ltpgi-1, ltpgi-2,

and YFP-LTPG/ltpg-1. The SuperScript One-Step RT-PCR system (Invi-

trogen) was used following the manufacturer’s instructions with one mod-

ification. The cDNAwas synthesized at 458C for 60min using gene-specific

primers P12andP13 todetect LTPG followedby 35cycles of PCR.ACTIN2

(At3g18780) was amplified with P14 and P15 as an internal control for 28

cycles of PCR. The number of cycles used for each amplification was

empirically determined to be in the logarithmic phase. RT-PCRs presented

are representative of three biological replicates.

Gene Cloning

LTPGwas amplified from BAC F13K9 (ABRC) using primers P3 and P4 to

generate a genomic copy, including 1800 bp of the 59 promoter region

and 59 untranslated region (UTR) and 800 bp downstream of the anno-

tated 39UTR. The sequence was introduced into pUC19, verified, and

then subcloned into pCambia1300 (Cambia) as an EcoRI-PstI cassette.

Citrine YFP (Griesbeck et al., 2001) was used for localization studies. To

generate YFP-LTPG, the genomic copy of LTPGwas amplified from BAC

F13K9 as two fragments: F1 and F2 (see Supplemental Figure 7 online).

F1 containing the 59 promoter region and the 59UTR as well as the

N-terminal signal sequence was amplified with primers P3 and P5 to

generate a KpnI-XhoI amplicon. F2 contained the coding region of the

gene, including the intron and 800 bp downstream from the annotated

39UTR. F2was amplifiedwith P6 and P7 as anXbaI-PstI amplicon. F1was

introduced into pSTBlue1 (Novagen) generating pF1. F2 was introduced

into pGEM3z (Promega) generating pF2. Citrine YFP was amplified with

P8 and P9 as anXhoI-XbaI amplicon and introduced into pF1 to yield pF1-

YFP. The F1-YFP KpnI-XbaI cassette was introduced into pF2 to yield

pYFP-LTPG and subcloned into pCambia1300. Each plasmid was

maintained and propagated in Escherichia coli strain JM109 (Promega)

and verified by sequencing. All constructs were introduced into Arabi-

dopsis by the floral dip method using Agrobacterium tumefaciens

GV3101, pMP90 (Clough and Bent, 1998).

Transgenic Lines

Plants were selected on half-strength Murashige and Skoog medium

supplemented with 30 mg·mL21 hygromycin B (Invitrogen). Plants were

screened in both the T1 and T2 generations for restoration of wild-type

wax on the surface of Arabidopsis stems by GC-FID.

Recombinant Protein Production and Purification

The coding sequence of LTPG without signal peptide and transmem-

brane domain was amplified by PCR from cDNA (see above) using

primers P10 and P11. This amplicon was ligated into the vector pGEX5-

1 (GE Healthcare) using EcoRI and XhoI restriction sites yielding the

construct pGEX-DLTPG and transformed into the E. coli strain XL-10

Gold (Stratagene). The sequence of the coding region of pGEX-DLTPG

was verified, and pGEX-DLTPG was then transformed into the E. coli

expression host Rosetta-gami B (Novagen). A 50-mL overnight culture

was grown in Luria-Bertani media supplemented with appropriate anti-

biotics and 0.5% glucose at 378C. In the morning, the starter culture was

added to 1 liter of Luria-Bertani supplemented with 0.5% glucose and

antibiotics. When the culture reached OD600 of 0.5, protein expression

was induced by addition of 0.1 mM isopropylthio-b-galactoside. After 4 h

of growth at 248C, cells were harvested by centrifugation, flash frozen in

liquid nitrogen, and stored at 2808C.

The cell pellet from 1 liter of E. coli culture was thawed on ice and

resuspended in 30mL buffer A (50mMTris, 150mMNaCl, 1 mMDTT, and

0.02%NaN3).Cellswere then lysedby twopasses througha chilled French

press. The lysate was clarified by centrifugation for 15 min at 24,000g

followed by filtration through a 0.45-mM membrane filter. Clarified lysate

was applied to an equilibrated 1 mL GSTrap FF column (GE Healthcare) at

0.2mL/min using a peristaltic pump. The columnwas then washedwith 20

column volumes of buffer A followed by 10 column volumes of Factor Xa

cleavage buffer (50 mM Tris, 100 mM NaCl, and 5 mM CaCl2). Using a

syringe, 1 mL of Factor Xa cleavage buffer containing 80 units of Factor Xa

(Novagen) was applied to the column. The column was sealed and

incubated at room temperature for 2 d. Cleaved proteins were eluted

with 5 mL Factor Xa cleavage buffer. Factor Xa was then removed using

X-arrest agarose (Novagen) following the manufacturer’s instructions.

A 70-kD contaminant (likely DnaK; Buchberger et al., 1994) was

removed by anion exchange chromatography. The protein was ex-

changed into buffer B (50 mM Tris, 10 mM NaCl, and 0.02% NaN3) using

PD-10 desalting columns (GE Healthcare). The sample was then applied

to a 1-mL HiTrap Q (GE Healthcare) column and washed with five column

volumes of buffer B. The flow-through and wash were collected, pooled,

and concentrated with a 3000 MWCO Amicon Ultra-15 ultrafiltration unit

(Millipore). The 70-kD contaminant remained bound to the column but

could be eluted with buffer B supplemented with 1 M NaCl.

As a final polishing step, the concentrated sample was applied to a

Superdex 75 HR 10/30 gel filtration column (GE Healthcare). The column

was eluted with buffer A without DTT at 0.5 mL/min, and 0.5-mL fractions

were collected and analyzed by SDS-PAGE. Fractions containing the

pure DLTPG protein were pooled and concentrated as before. The

concentration of DLTPG was estimated by densitometry of Coomassie

Brilliant Blue–stained SDS-PAGE gel and comparison to a BSA standard.

TNS Binding Assays

Fluorescent binding assays were performed essentially as previously

described (Buhot et al., 2004). A 1mMsolution of TNS (ResearchOrganics)

was added incrementally to a 2-mL stirred cuvette at 258C containing 50

nM DLTPG. This mixture was excited at 320 nm, and after stabilization of

the fluorescence signal, thefluorescenceemission at 437nmwas recorded

using an SLM 8100c spectrofluorometer (SLM Instruments). Fluorescence

of TNS in buffer without protein was subtracted to give DF. Nonlinear

regression fitting of the data to obtain the saturation binding parametersKd

and Bmax was performed using SigmaPlot software (SYSTAT).

Laser Scanning and Spinning-Disk Confocal Microscopy

Unless noted, all images shown are from the area within 1 cm from the

floral apical meristem. In all instances, FM4-64 was used at a 10-mM
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concentration for 15 to 30 min; propidium iodide was used at 1.5 mM for

15 to 30min; and hexyl rhodamine B was used at 1.6 mM for 10 min. Dyes

were purchased from Invitrogen. Brefeldin A (Sigma-Aldrich) solution was

made to 125 mM in water. Stem segments were submerged in Brefeldin A

for 30 min prior to imaging.

YFP-LTPG localization analyses were performed with a Zeiss Pascal

LSM5 (Carl Zeiss). YFP was excited using the 488-nm laser line of an Ar

laser and detectedwithHFT 545 and 505- to 600-nmemission filter. A He-

Ne laser was used to detect FM4-64, propidium iodide, and hexyl

rhodamine Bwith the 543-nm laser line and a 560-nm long-pass emission

filter. Images were processed with Zeiss AIM software.

Spinning-disk confocal images were acquired using a WaveFX with

custom Yokogawa spinning-disk scan head (Quorum Technologies)

mounted on a DMI6000 B inverted microscope (Leica Microsystems).

YFPwas detected using the 491-nm laser diode and 528/38-nm emission

filters. FM4-64 and propidium were detected using the 561-nm laser

diode and 624/40-nm emission filter. Images were processed and

deconvolved with Volocity 4.3.2 (Improvision). Point spread functions

were created using the midpoints of excitation and emission spectra.

Two-Photon Microscopy

Two-photon microscopy was performed using a Mai-Tai titanium sap-

phire laser (Spectra-Physics Lasers) on a Zeiss Meta 510 using an

excitation spectrum of 960 nm (Zipfel et al., 2003). Fluorescence was

detected with band-pass filter of 500 to 550 nm.

Statistical Analysis

One-way Welch ANOVA was performed with JMP 7 and post-hoc tests

were performed with SPSS 16 (SPSS) to compare ltpg-1, ltpg-i1, ltpg-i2,

and YFP-LTPGwith thewild type (Col-0). TheWelch ANOVAwithGames-

Howell post-hoc test was employed to identify statistical difference from

the wild type while accounting for heterogeneity in variance.

Accession Number

The Arabidopsis Genome Initiative locus identifier for LTPG is At1g27950.
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