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Plant vacuolar sorting receptors (VSRs) display cytosolic Tyr motifs (YMPL) for clathrin-mediated anterograde transport to

the prevacuolar compartment. Here, we show that the same motif is also required for VSR recycling. A Y612A point mutation

in Arabidopsis thaliana VSR2 leads to a quantitative shift in VSR2 steady state levels from the prevacuolar compartment to

the trans-Golgi network when expressed in Nicotiana tabacum. By contrast, the L615A mutant VSR2 leaks strongly to

vacuoles and accumulates in a previously undiscovered compartment. The latter is shown to be distinct from the Golgi

stacks, the trans-Golgi network, and the prevacuolar compartment but is characterized by high concentrations of soluble

vacuolar cargo and the rab5 GTPase Rha1(RabF2a). The results suggest that the prevacuolar compartment matures by

gradual receptor depletion, leading to the formation of a late prevacuolar compartment situated between the prevacuolar

compartment and the vacuole.

INTRODUCTION

Protein transport to plant vacuoles occurs via the secretory

pathway, a complex network of cell compartments that maintain

unique steady state compositions of lipids and proteins despite a

constant influx/efflux of biomolecules through vesicular trans-

port (Jurgens, 2004). Some of these compartments form cross-

junctions between biosynthetic and endocytic traffic (Foresti and

Denecke, 2008;Otegui and Spitzer, 2008), making the analysis of

the various dynamic equilibria particularly challenging.

Selective transport of soluble proteins is mediated by

membrane-spanning receptor proteins that contain two domains

facing opposite sides of the membrane. The lumenal domain

mediates the binding of ligands in the donor organelle and their

subsequent release in the acceptor organelle. The cytosolic

domain mediates integration of receptors into appropriate trans-

port carriers at both the donor and acceptor membranes. Re-

ceptors, membranes, and vesicle fusion machinery are recycled

between organelles (Bonifacino and Glick, 2004), which allows

few receptor molecules to transport many cargo molecules

(Bonifacino and Rojas, 2006; Pfeffer, 2007). Recycling is also

thought to protect receptors from proteolysis when they play a

role in protein transport to lytic environments. The VPS10 gene

product in yeast and the mammalian mannose-6-phosphate

receptor recycle from nonlytic prevacuolar/prelysosomal inter-

mediate compartments to avoid exposure to the lytic environ-

ment of the vacuoles (Seaman, 2005).

The first member of the plant vacuolar sorting receptor (VSR)

family was identified in Pisum sativum as a type I membrane

spanning protein of 80 kD (BP80), using clathrin-coated vesicles

(CCVs) as startingmaterial and vacuolar sorting signals as affinity

bait (Kirsch et al., 1994). Plant VSRs have the same topology as

the mannose-6-phosphate receptor in mammals and the VPS10

gene product in yeast. However, they show highest steady state

levels in the prevacuolar compartment (PVC), rather than in the

cargo donor compartment because in plants the recycling reac-

tion is rate limiting (Tse et al., 2004; daSilva et al., 2005).

Plant VSRs have a large lumenal ligand binding domain and a

short cytosolic tail displaying a conserved YMPL sequence. This

consensus sequence fits into the well-known category of YxxF

motifs in which Y is always Tyr, X is any amino acid, and F

represents a bulky hydrophobic amino acid. YxxF is more

commonly known for its role in clathrin-mediated endocytosis

from the plasmamembrane, but it is also known to be involved in

the biosynthetic transport of proteins to lysosomes/vacuoles

from the trans-Golgi network (TGN) (Ohno et al., 1995; Höning

et al., 1996; Bonifacino and Dell’Angelica, 1999). Consistent with

this role, the YMPL sequence of Arabidopsis thaliana VSRs was

shown to be essential for recruitment of clathrin adaptors in vitro

(Happel et al., 2004) and VSR sorting in vivo (daSilva et al., 2006).

Several key questions about VSR function remain unanswered

(Foresti and Denecke, 2008). It is not firmly established if CCVs

harboring cargo-loaded VSRs exit directly from the Golgi stacks

(Hillmer et al., 2001; Happel et al., 2004) or if VSRs first accu-

mulate in the TGN, also known as partially coated reticulum
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(Dettmer et al., 2006; Lam et al., 2007a, 2007b), a structure that is

physically separated from the Golgi stacks in plants (Uemura

et al., 2004; Foresti and Denecke, 2008). It is also unclear how

VSRs and their cargo segregate from each other and how the

cargo ultimately reaches the vacuole. Components of the plant

retromer complex have been identified in recent years, but their

subcellular localization and their mode of action in receptor

recycling is controversial (Oliviusson et al., 2006; Shimada et al.,

2006; Jaillais et al., 2007; Phan et al., 2008; Yamazaki et al., 2008;

Niemes et al., 2010).

To address these questions, we studied VSR traffic directly

to identify sorting motifs and pathways. The Arabidopsis VSR

isoform at2g14720 (annotated as VSR2 in The Arabidopsis

Information Resource) was chosen as the model as it bears the

highest homology to the first plant VSR (BP80) purified from

CCVs (Kirsch et al., 1994, 1996). We used a green fluorescent

protein (GFP)-VSR2 fusion that no longer binds ligands but

carries the transmembrane domain and the cytosolic tail of the

receptor (daSilva et al., 2005). This fusion was shown to cycle

through the same pathway as the full-length receptor, and it

competes with endogenous receptors for transport machinery

at the rate-limiting recycling step from the PVC (daSilva et al.,

2005). As a consequence, endogenous receptors are degraded

in the vacuole, and induced secretion of soluble vacuolar cargo

can be measured quantitatively in response to competitor dos-

age. This assay provided an efficient way to screen mutants

in the cytosolic tail because defects at any point of the VSR

transport cycle would lead to reduced competition (daSilva et al.,

2006). In particular, twomutations in the YMPL sequence (Y612A

and L615A) were shown to reduce drastically in vivo competition

by GFP-VSR2 (daSilva et al., 2006).

Here, we show that the Y and F mutations of the same YxxF

motif both interfere with in vivo competition, but they have

opposite effects on the actual fate of the VSRs, which sheds light

on the full transport cycle of the receptor. The results show that

both the arrival and the retrieval of VSRs from the PVC are signal

dependent and that the PVC is not the last organelle in the

biosynthetic route to the vacuole. A PVC maturation model is

presented that may explain how the plant secretory pathway

ensures that only cargo but not receptors reach the vacuole.

RESULTS

The YXXFMotif of Plant VSRs Exhibits a Bipartite Structure

The Y612A and L615Amutants showed the strongest phenotype

in the initial screen for receptor targeting mutants (daSilva et al.,

2006). To compare these two in a more quantitative manner, we

measured induced secretion of vacuolar cargo in response to

increasing concentrations of the two truncated receptor con-

structs (Figure 1A). As vacuolar cargo, we used the barley

(Hordeum vulgare) enzyme a-amylase fused to a short peptide

comprising the vacuolar sorting signal of sweet potato (Ipomoea

batatas) sporamin (Pimpl et al., 2003). Tobacco leaf protoplasts

were transfected with a constant amount of plasmid encoding

the cargo, together with a dilution series of plasmid encoding the

competitor. After incubation of the cell suspensions to allow for

gene expression and protein transport, cells and medium were

separated quantitatively, followed by measurement of the

enzymatic activity of the reporter (Amy-spo) in the two fractions.

The secretion index was then calculated as ratio of activities

(medium/cells) to facilitate instant comparisons. Figure 1A

shows the secretion index without competitor (first lane) andwith

increasing concentrations of either wild-type GFP-VSR2 (white

bars), the Y612A mutant (black bars), or the L615A mutant (gray

bars). Cells were also analyzed for the amounts of competitor

(Figure 1B) to verify that the three recombinantswere expressed at

adequate levels for direct comparisons. The dose–response anal-

ysis illustrates that the two point mutations cause a similar

decrease in the ability of GFP-VSR2 to induce Amy-spo secretion.

Since the in vivo competition by truncated receptor (GFP-

VSR2) saturates the recycling route rather than the anterograde

step, introducing more full-length receptors is sufficient to re-

store vacuolar sorting under these conditions (daSilva et al.,

2005). We thus performed a complementation assay by cotrans-

fecting a constant amount of plasmids encoding Amy-spo and

GFP-VSR2 together with increasing concentrations of plasmids

encoding the full-length VSR2 wild type or the two mutants.

Figure 1C shows the secretion index of the vacuolar cargo

Amy-spo and Figure 1D is a protein gel blot from cell extracts to

monitor the amount of coexpressed full-length VSR2 and its two

mutant derivatives. The results show that full-length VSR2 coun-

teracts the effect of the competitor as seen by a dose-dependent

reduction of Amy-spo secretion (white bars). As expected from

previous results, full-length VSR2(Y612A) further aggravates the

effect of the competitor (black bars) as itmistargets to the plasma

membrane and carries vacuolar proteins en route (daSilva et al.,

2006). In sharp contrast, the full-length VSR2(L615A) mutant

retains the wild-type ability to restore vacuolar sorting and leads

to a similar dose-dependent reduction of Amy-spo secretion

(gray bars) compared with wild-type VSR2 (white bars). Although

both mutations lie within the same YXXF motif, they show

opposite phenotypes in the complementation assay.

We explored these findings further in tobacco leaf epidermis

cells by live bioimaging of the three GFP-VSR2 fusions after

Agrobacterium tumefaciens–mediated leaf transformation. To

monitor inhibition of vacuolar sorting in situ, we coexpressed

these GFP-VSR2 fusions with a soluble vacuolar cargo derived

from Aleu-GFP (Di Sansebastiano et al., 2001) in which the GFP

portion was replaced by red fluorescent protein (RFP), which is

readily fluorescent at acidic pH typical for plant vacuoles (Hunter

et al., 2007).

Figure 2A shows expression of Aleu-RFP alone, displaying

diffuse fluorescence in the large central vacuole that represents

the majority of lower leaf epidermis cells. In addition, small

fluorescent punctate structures can be seen at the cell periphery, a

thin layer of cytosol between the vacuolar membrane and the

plasma membrane. These punctate structures (white arrows) are

best appreciated when focusing on the cell surface (cortex) to im-

age the thin cytosol layer that hosts these organelles (right panel).

As expected, coexpression of Aleu-RFP with GFP-VSR2 leads

to missorting of Aleu-RFP to the apoplast (Figure 2B). By con-

trast, coexpression with the two mutants GFP-VSR2(Y612A)

(Figure 2C) and GFP-VSR2(L615A) (Figure 2D) had no influence

on the vacuolarmarker. This was in contrast with the biochemical
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assay in protoplasts, which revealed a weak residual in vivo

competition by both mutants (Figure 1A) due to multicopy

expression from plasmid-borne genes. This was below the

detection limit in the in situ assay using the infiltrated tobacco

leaves (Figure 2) that harbor stable genomic integrations, yielding

much weaker expression levels of the three VSR2 fusions. These

were comparable to endogenous VSR levels as seen from

protein gel blots probed with an antibody raised against the

cytosolic tail of VSR2 (Tse et al., 2004). Interestingly, the green

fluorescent pattern of the two GFP-VSR2 mutants themselves is

very different. The Y612A mutant is found at the periphery of

the cell and in punctae (Figure 2C), while the L615A mutant is

found mainly to label punctate structures (Figure 2D), similar to

the wild-type construct (Figure 2B).

We then tested the effect of the point mutations on the

untagged full-length receptor and repeated the in situ coexpres-

sion with the vacuolar cargo Aleu-RFP. Equivalent expression of

the full-length VSR2 constructs was routinely verified by immu-

noblotting using anti-VSR2 antibodies raised against the lumenal

VSR2 domain (Tse et al., 2004) on extracts from the infiltrated leaf

areas used for microscopy. As expected, coexpression of the

Y612Amutant of the full-length receptor induced the secretion of

vacuolar cargo, as documented by the noticeable redistribution

of Aleu-RFP from the central vacuole to the apoplast in the

majority of cells analyzed (Figure 2E, middle panel). By contrast,

the L615A mutant showed no such effect and allowed normal

vacuolar deposition of Aleu-RFP, as with wild-type VSR2 (Figure

2E, left and right panels).

Together, the results suggest that although the Y and F

mutations both reduce the ability of the truncated receptor

construct GFP-VSR2 for in vivo competition, they must affect

different steps in the VSR transport cycle.

The YxxF Leu Mutant Shows Increased Leakage to

the Vacuole

The earlier observed partial mistargeting of the Y612A mutant to

the plasma membrane suggested a defect in anterograde trans-

port (daSilva et al., 2006). By contrast, the L615A mutant is not

detected at the plasmamembrane and could thus be defective in

the recycling step. The properties of the GFP-VSR fusion provide

a biochemical tool to test this directly. When GFP-VSR2 satu-

rates the recycling machinery and leaks to the vacuole, the GFP

portion is cleaved, resulting in a stable lower molecular weight

Figure 1. In Vivo Receptor Competition/Reconstitution Assays.

(A) Quantitative transient expression experiment with tobacco leaf

protoplasts transfected with a constant amount of plasmid encoding

vacuolar cargo (Amy-spo) together with increasing concentrations of

plasmid encoding the competitor GFP-VSR2 (white bars) or its two

mutant derivatives (Y612A shown in black bars or L615A shown in gray

bars). The secretion index, which is the ratio of extracellular to intracel-

lular amylase activity, is shown as a function of the amount of competitor

(Comp.; plasmid concentrations given in micrograms). Error bars are the

standard deviations calculated from five independent transfection ex-

periments. Notice that the two point mutations strongly reduce in vivo

competition compared with the wild-type (wt) competitor.

(B) Protein gel blot of a representative sample of cell extracts from the

data set in (A) using rabbit anti-GFP.

(C) Reconstitution assay using the same model system as in (A), but in

addition to a constant amount of cargo and of competitor GFP-VSR2

(Comp.), we cotransfected an increasing concentration of plasmid

encoding either the full-length (FL) receptor VSR2 or its two mutant

derivates (FL-Y612A or FL-L615A) to test reconstitution of vacuolar

sorting (Recon.). Bars are annotated as in (A). Notice that the FL-Y612

mutant aggravates the effect of the competitor, while the FL-L615A

mutant reconstitutes vacuolar sorting.

(D) Protein gel blot of a representative sample of cell extracts from the

data set in (C) using rabbit antiserum raised against the lumenal portion

of VSR2 (Tse et al., 2004).
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Figure 2. In Situ Competition Assays.

(A) Tobacco leaf epidermis cells expressing soluble vacuolar cargo Aleu-RFP after Agrobacterium-mediated cell transformation, showing a typical

epidermis cell in bright field (left) and red fluorescence in dark field (middle). Typically, the vacuole lumen occupies most of the cell volume and shows

diffuse red fluorescence. At left, the same cell is imaged with the focal plane on the cell surface (cortex) containing a portion of vacuole lumen with

diffuse red fluorescence and a thin layer of cytosol with fluorescent mobile punctate structures (white arrow heads) representing Aleu-RFP in transit to

the vacuole. Bar = 20 mm.

(B) to (D) In situ receptor competition assay using the same cell types as in (A) but the vacuolar cargo Aleu-RFP was cotransfected with the competitor

GFP-VSR2 (wt) (B) or its mutant derivatives Y612A (C) or L615A (D). Redistribution of vacuolar red fluorescence to the extracellular matrix is prominent

only when the wild-type construct is used as competitor. Notice that the L615A mutant does not label the cell surface/apoplast, in contrast with the

Y612A mutant. Bar = 20 mm.

(E) Effect of full-length (FL) untagged VSR2 and mutant derivatives (FL-Y612A and FL-L615A) on Aleu-RFP sorting in tobacco leaf epidermis cells.

Notice that the FL-Y612A mutant inhibits vacuolar sorting in a dominant manner as observed before using biochemical assays (Figure 1C; see daSilva

et al., 2006). By contrast, the FL-L615A mutant does not impair vacuolar sorting. Bar = 20 mm.



degradation intermediate, termed GFP core (daSilva et al., 2005,

2006). Figure 1B shows that under saturating expression levels,

GFP-VSR2 precursor is enriched for the Y612A mutation, while

GFP core formation is increased for the L615A mutation. Given

the lower expression levels of recombinant proteins after stable

DNA integration in the genome of tobacco epidermis cells

(Figure 2), we now tested in this expression system if GFP-VSR2

processing is also differentially affected by the two mutations.

Infiltrated leaf areas taken from experiments illustrated in Fig-

ures 2B to 2D were extracted and analyzed by immunoblotting.

Figure 3A confirms that in comparison to wild-type GFP-VSR2,

the Y612A mutant shows more full-length precursor and reduced

GFP core levels, consistent with the established anterograde

transport defect leading to reduced leakage to the vacuole

(daSilva et al., 2006). In sharp contrast, the L615Amutant behaves

in the opposite manner and shows less full-length precursors and

drastically increased GFP core levels. This suggests increased

leakage to the vacuole and, thus, a defect in recycling.

Furthermore, expression of GFP-VSR2(Y612A) is character-

ized by formation of an alternative processed fragment (APF),

consistent with earlier observations on VSR2(Y612A) linked to its

mistargeting to the cell surface (daSilva et al., 2006). This APF

band was not observed for the L615Amutant, similar to the wild-

type fusion. Together, the results provide convincing evidence

for differential processing of the two mutants. It should be noted

that extracts from washed protoplasts (Figure 1B) do not show

evidence for Y612A-induced APF formation. This is due to the

fact that the leaf extracts contain both protoplasts and apoplast,

unlike washed protoplasts from which secreted material has

been removed with the culture medium (daSilva et al., 2006). In

addition, compared with the protoplast transient expression

results (Figure 1B), the differential effect of the two mutations on

the appearance of the GFP core fragment is much more obvious

in transformed leaves due to lower expression (Figure 3A). For

these reasons, all further experiments on the influence of the

two mutations on VSR2 sorting were conducted with the leaf

epidermis expression system.

GFP fluorescence in plant vacuoles is quenched due to low pH

(Tamura et al., 2003), and diffuse green fluorescence emitted by

the GFP core is below the detection limit in Figure 2D (right

panel). To allow visual appreciation of increased vacuolar leak-

age, we reconstructed the three fluorescent VSR2 fusions as

RFP fusions. Figure 3B shows that vacuolar RFP fluorescence

could not be detected for wild-type RFP-VSR2 and RFP-VSR2

(Y612A). By contrast, the vacuolar lumen of cells expressing

RFP-VSR2(L615A) was very prominent. Given the large volume

of the plant vacuole in which processed soluble RFP is diluted,

the result provides a convincing visual display of increased

vacuolar leakage, consistent with increased GFP core formation

in Figures 1B and 3A.

The YxxF Tyr Mutant Accumulates in the TGN

To study the subcellular distribution of GFP-VSR2 and its mutant

derivatives, we took advantage of the properties of the leaf

epidermis system to obtain high-quality imaging data. Rather

than focusing on the center of the cells tomonitor fluorescence in

the central vacuole and the apoplast at low magnification (Fig-

ures 1 and 2), we imaged the cytosol at the cell cortex at high

magnification. Under these conditions, cell surface fluorescence

is outside the focal plane, which permits analysis of punctate

cytosolic structures, such as Golgi stacks, TGNs, and PVCs,

within a thin layer of cytosol sandwiched between the plasma

membrane and the vacuolar membrane. To quantify and display

colocalization results from many images in a statistically mean-

ingful and transparent manner, we performed correlation anal-

ysis using the Pearson-Spearman correlation (PSC) plug-in for

ImageJ (French et al., 2008). This involved manual masking of

punctate signals on a minimum of 20 independent images, con-

taining at least 400 individual punctae in total for each coex-

pression experiment. The software considers individual pixels,

which helps to distinguish partially overlapping signals from true

colocalization (French et al., 2008).

Control experiments confirmed that wild-type GFP-VSR2

showed no significant colocalization with either the Golgi marker

ST-RFP (Figure 4A) or the TGNmarker yellow fluorescent protein

(YFP)-Syp61 (Figure 4B) in this expression system. Each row of

Figure 4 displays a representative fluorescent image of the test

object GFP-VSR2, shown in green, the coexpressed organelle

marker, shown in red, and the merged image. The rightmost

panel of each row shows a scatterplot resulting from all images

analyzed for each combination, in addition to the calculated

Pearson (rp) and Spearman (rs) correlation coefficients. The plots

clearly visualize two completely distinct populations of either

green pixels representing wild-type GFP-VSR2 or red pixels

corresponding to the Golgi or TGN markers, and the correlation

coefficients are below zero in both cases. By contrast, the two

wild-type receptor fusions GFP-VSR2 and RFP-VSR2 showed

strong colocalization with each other (Figure 4C), giving rise to

a typical diagonal scatterplot and high correlation values. This

illustrates that the nature of the fluorescent protein does not

influence localization per se, allowing us to use wild-type RFP-

VSR2 as a common denominator for normal receptor localization

in the PVC for comparisons with the two mutants.

We have shown previously that GFP-VSR2(Y612A) is partially

mistargeted to the plasmamembraneandpartially accumulates in

an unidentified post-Golgi compartment (daSilva et al., 2006). To

identify the latter,we repeated the experiment in Figure4but using

GFP-VSR2(Y612A) as test object with the three punctate organ-

elle markers. The coexpression experiment with the Golgi marker

ST-RFP (Figure 5A) reveals two distinct populations of punctae,

either red signals clustering near the x axis or green signals

clustering near the y axis. Negative Pearson and Spearman r

values indicate a negative signal correlation. This confirms in leaf

epidermis cells that the Y612A mutation does not cause Golgi

retention (daSilva et al., 2006). In sharp contrast, the coexpres-

sion experiments with the TGN marker revealed a diagonal

pattern of predominantly yellow color (Figure 5B). Both Pearson

and Spearman r values are high, indicating strong colocalization.

When using wild-type RFP-VSR2 as PVCmarker, only a partial

overlapwas detectedwith GFP-VSR2(Y612A) (Figure 5C). Partial

overlap is due to the fact that the Y612A mutation does not

completely block progress to the PVC. However, the scatterplot

of individual pixels shows segregation of predominantly green

or red signals. Even though pure visual inspection of individ-

ual punctate structures reveals that a large proportion of the
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structures are yellow, the distribution of the intensity of the two

signals is not correlated. Pearson and Spearman correlation

coefficients were found to be very low and in stark contrast with

the strong colocalization of the two wild-type fusions GFP-VSR2

and RFP-VSR2 with each other (Figure 4C). Together, the data

show that the effect of the Y612A point mutation is a quantitative

shift of steady state levels from the PVC to the TGN (cf. Figures

4C and 5C) and illustrate how quantification using PSC correla-

tion on a large number of images yields more information than

visual inspection of single images.

To rule out transient expression artifacts or unexpected fea-

tures of fluorescent protein fusions, the results were confirmed at

the ultrastructural level with the help of transgenic plants ex-

pressing full-length VSR2(Y612A) and wild-type VSR2 (daSilva

et al., 2006). To probe ultrasections of tobacco root cells, we

used a polyclonal anti-VSR2 antibody (Tse et al., 2004) that

shows little or no cross-reaction with endogenous tobacco VSRs

(daSilva et al., 2006). Figure 6A shows that the Y612A mutant

accumulates mainly at the trans-face of the Golgi stacks in a

physically separated extra-Golgi structure of irregular shape,

earlier described as TGN (Dettmer et al., 2006). No labeling of

PVCs with the typical multivesicular appearance was found in

sections from this transgenic plant, although partial leakage of

VSR2(Y612A) to PVC structuresmay have simply been below the

detection limit. By contrast, PVC labeling was often found for

wild-type VSR2 (Figure 6B), consistent with previous studies (Tse

et al., 2004). Figure 6C shows the number of gold particles

observed labeling the Golgi cisternae, the TGN, or the PVC. The

statistical resolution of immunogold labeling experiments is

lower compared with the PSC correlation from a much larger

number of fluorescent structures (Figures 4 and 5), yet the

experiment clearly supports the fact that subcellular localization

of VSR2(Y612A) is shifted fromPVC to TGN structures compared

with the wild-type receptor.

The YxxF Leu Mutant Transits through a Late PVC

While the Y612Amutant showed reduced leakage to the vacuole,

the L615A mutant revealed a stronger tendency for vacuolar

degradation (Figure 3), suggesting a recycling defect. To gain

Figure 3. Biochemical and in Situ Assays to Document Vacuolar Leakage.

(A) Transformed leaf sections collected from experiments presented in Figures 2B to 2D were extracted in the presence of detergent to monitor

membrane spanning GFP-VSR2 precursor as well as the soluble vacuolar degradation product termed GFP core (daSilva et al., 2005) and the larger

APF that is typical for receptor mistargeting to the plasma membrane (daSilva et al., 2006). As a control, a leaf extract from untransformed leaves was

used (�). The sizes of molecular weight markers are indicated in kilodaltons. Notice that GFP core formation is decreased for Y612A and increased for

L615A and that only the Y612A mutant displays the APF. WT, wild type.

(B) Tobacco leaf epidermis cells expressing RFP-VSR2 (wt) or its two mutant derivatives (Y612A or L615A). Notice that diffuse vacuolar fluorescence is

only noticeable for the L615A mutant. Line scans of cell images are indicated below each graph. Bar = 20 mm.
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further insight into this process, we carefully evaluated the

punctate distribution of the recycling-deficient mutant GFP-

VSR2(L615A) with known organelle markers. Similar to the

Y612A mutant, the L615A mutant is not retained in the Golgi

apparatus (Figure 7A). However, it does not colocalize with

markers for the TGN or the wild-type RFP-VSR2 fusion either

(Figures 7B and 7C). In all cases, fluorescent signals clearly fell

into two categories, either red or green, with only partial overlap

seen for the combination GFP-VSR2(L615A) and wild-type

RFP-VSR2 (Figure 7C). In conclusion, the L615A mutant does

not show strong colocalization to any of the three organelle

markers, in strong contrast with the wild-type fusion, which

shows highest steady state levels in the PVC (Figure 4C), and the

Y612Amutant, which accumulatesmainly in the TGN (Figure 5B).

Although it is generally accepted that retromer-mediated

retrieval of VSRs prevents exposure of receptors to the lytic

environment of mammalian lysosomes, or yeast and plant vac-

uoles (Seaman, 2005; Bonifacino and Rojas, 2006; Oliviusson

et al., 2006; Shimada et al., 2006; Jaillais et al., 2007; Yamazaki

et al., 2008), it is not clear how vacuolar cargo reaches the

vacuole. Is there an as yet uncharacterized vesicle carrier that

delivers cargo from the PVC to the vacuole but excludes recep-

tors, or does the PVC gradually mature by selective receptor

retrieval alone? The latter case would predict the formation of a

compartment with a different composition, enriched in cargo,

that acquires fusion competence with the central vacuole when

receptors have been depleted.

This hypothesis was tested with the soluble vacuolar marker

Aleu-RFP, which was shown to label small fluorescent punctate

structures at the cell periphery in addition to central vacuolar

fluorescence (Figure 2A), both of which are replaced by apo-

plastic fluorescence when the functional competitor GFP-VSR2

(wt) is coexpressed (Figure 2B). However, the two point muta-

tions strongly diminish in vivo competition, allowing Aleu-RFP to

proceed normally to punctate structures and the vacuolar lumen.

Coexpression of Aleu-RFP with GFP-VSR2(L615A) revealed a

considerable correlation of Aleu-RFP fluorescence with GFP-

VSR2(L615A) fluorescence, as seen by yellow signals in the

merged image (Figure 7D). Correlation analysis revealed a typical

diagonal pattern only in the scatterplot of Figure 7D. When

coexpressed with markers for the Golgi apparatus or the TGN,

Aleu-RFP forms clearly distinct punctae, giving rise to the typical

segregation of two populations in the correlation analysis (see

Supplemental Figures 1A and 1B online). As expected, also the

TGN-retainedGFP-VSR2(Y612A) mutant failed to colocalize with

Aleu-RFP (see Supplemental Figure 1C online).

Figure 4. Quantitative Colocalization Analysis for GFP-VSR2 with Known Organelle Markers.

Tobacco leaf epidermis cells were transformed by Agrobacterium infiltration to express GFP-VSR2 with the Golgi marker ST-RFP (A), the TGN-marker

YFP-SYP61 (B), and the PVCmarker RFP-VSR2 (C). Shown are typical examples of fluorescent images captured from the epidermis cell cortex of each

combination. The scatterplots at the right-hand side of each row were obtained after manual masking of a minimum of 400 individual punctae from at

least 20 independent cell images. The associated Pearson or Spearman r values indicate the level of colocalization ranging from +1 for perfect

colocalization to �1 for negative correlation. Notice that the Golgi and TGN markers show negative correlation coefficients with GFP-VSR2 and

distribute into distinct red or green structures, while GFP-VSR2 and RFP-VSR2 are strongly colocalized with a predominant population of yellow

structures. Bars = 10 mm.
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Since the L615A mutant does not colocalize with markers for

the Golgi or the TGN (Figures 7A and 7B), and there is consid-

erable segregation into distinct structures between the wild-type

VSR2 fusion and the L615A mutant (Figure 7C), the positive

correlation between cargo and the mutant receptor indicates

that the PVCmay not be the last compartment before the vacuole

in plants. The data are consistent with the presence of a different

compartment that is positioned downstream of the PVC in the

vacuolar transport pathway. This new compartment is enriched

in soluble cargo, and in contrast with wild-type GFP-VSR2, the

L615A mutant progresses to this compartment before it reaches

the vacuole. We propose the term late PVC (LPVC) for this pre-

viously undiscovered compartment.

Attempts to generate stable transformants expressing full-

length untagged VSR2(L615A) all led to undetectable expression

of the VSR2 construct, in contrast with the wild-type receptor

and its Y612Amutant (daSilva et al., 2006). This prevents us from

carrying out ultrastructural studies but is again consistent with a

generally higher turnover (Figure 3).

The Y612A Mutation Is Dominant over the L615A Mutation

So far, the obtained results suggest that the two mutations in the

YMPL motif lead to opposite transport defects. The next ques-

tion was to test how the receptor fusion is targeted when both

mutations are superimposed on each other. We thus generated

a GFP-VSR2 double mutant carrying both Y612A and L615A

mutations (YMPL to AMPA) for coexpression with markers in the

tobacco leaf epidermis system. Coexpression with the vacuolar

cargo Aleu-RFP revealed a normal central vacuole stain (Figure

8A), indicative of impaired in vivo competition by GFP-VSR2

(AMPA). The mutant showed a fluorescence pattern similar to

that of the single mutant GFP-VSR2(Y612A) in previous exper-

iments (Figure 2C; see Supplemental Figure 1C online), labeling

the plasma membrane as well as punctate structures, which

were clearly distinct from Aleu-RFP punctae (Figure 8B). Further

coexpression experiments with the TGNmarker YFP-SYP61 and

the singlemutant GFP-VSR2(Y612A) and subsequent correlation

analysis revealed a strong colocalization at the level of the TGN

(Figures 8C and 8D).

Together, the results show that the anterograde transport

defect caused by the Y612A mutation is dominant over the

recycling defect imposed by the L615A mutation.

The Rab5 GTPase Rha1(RabF2a) Is Specifically Enriched at

the LPVC

To rule out that LPVC structures are formed as a result of ex-

pression of an aberrant receptor, it was important to identify an

independentmarker for this putative organelle. For this reason,we

Figure 5. Quantitative Colocalization Analysis for GFP-VSR2(Y612A) with Known Organelle Markers.

In situ colocalization in tobacco leaf epidermis cells as in Figure 4, except that GFP-VSR2(Y612A) was used as test object coexpressed with either the

Golgi marker ST-RFP (A), the TGN marker YFP-SYP61 (B), or the PVC marker RFP-VSR2 (C). As in Figure 4, scatterplots at the right-hand side and

associated Pearson or Spearman r values were obtained from a minimum of 400 individual punctae from at least 20 independent cell images. Notice

that the mutant is no longer correlated with RFP-VSR2, but by far the strongest correlation was now found with the TGNmarker YFP-SYP61. Bars = 10mm.
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considered known markers that were previously shown to label

punctate organelles distinct from the Golgi bodies or the TGN.

Members of the plant rab5 GTPase gene family have previously

been shown to label PVC structures (Ueda et al., 2001, 2004; Sohn

et al., 2003; Bolte et al., 2004; Kotzer et al., 2004; Lee et al., 2004).

A systematic ultrastructural localization of the plant Rab5

GTPases Rha1 (RabF2a), Ara7 (RabF2b), and Ara6 (RabF1) re-

vealed that they all label multivesicular bodies (Haas et al., 2007)

and would thus be an excellent tool to localize them with respect

to the suggested subdivision into PVC and LPVC. For this reason,

we constructed a chimeric gene encoding a Venus-Rha1 fusion

protein controlled by the weak mannopine synthase (TR2’) pro-

moter (Denecke et al., 1990) and performed quantitative correla-

tion analysis with markers for the PVC and the putative LPVC.

Figure 9A illustrates that Venus-Rha1 and the PVC marker

RFP-VSR2 appear to label two distinct populations of punctate

structures. The scatterplot reveals two distinct populations but

shows that the majority of green punctae also contain low levels

of RFP-VSR2. This is demonstrated by a shift of the green

population away from the x axis toward the diagonal. Punctate

structures containing only red signals from RFP-VSR2 form a

population close to the y axis. By contrast, coexpression of the

GTPase fusion with the soluble vacuolar cargo Aleu-RFP shows

predominantly a single population in the scatterplot, and PSC

correlation values indicate strong colocalization (Figure 9B), even

though minor segregation to mostly red or green can be ob-

served at the boundaries of the population near the x and y axes.

The recycling-deficient L615A mutant of RFP-VSR2 shows an

intermediate phenotype (Figure 9C), consistent with a partial

colocalization between wild-type VSR2 and the L615A mutant

(Figure 7C). Importantly, RFP-VSR2(L615A) exhibits a much

stronger correlation with Venus-Rha1 compared with wild-type

RFP-VSR2 (Figure 9A). The scatterplot shows a diagonal yellow

population, even though a small number of structures labeled in

red remain evident near the y axis.

Since neither VSR2 nor the soluble vacuolar cargo shows

any colocalization with the Golgi and TGN bodies (Figures 4A

and 4B; see Supplemental Figures 1A and 1Bonline), the results in

Figure 9 provide evidence that the new LPVC structure does exist

evenwhen the L615A receptormutant is not expressed. The work

also illustrates that without quantitative PSC correlation analysis

based on a large number of images, these shifts in steady state

levels would have been very difficult to monitor. The scatterplots

reveal interesting complexities, such as a minor proportion of

RFP-VSR2 leaking to the LPVC (Figure 9A), or a minor proportion

of RFP-VSR(L615A) in transit through the PVC (Figure 9C). The

correlation values also show that the L615A mutant is shifted

toward the LPVC and behaves more like soluble vacuolar cargo.

DISCUSSION

A Dual Role of YXXF in Anterograde and Retrograde

VSR Transport

Many transport events in the secretory pathway depend on the

continuous recycling ofmembranes and transportmachinery. An

important clue to the VSR recycling mechanism arose from the

fact that the Y and F mutations within the same conserved

canonical YXXF motif lead to opposite effects on VSR2 sorting.

Figure 10A shows a summary of the Pearson and Spearman

r values obtained for the two mutations when coexpressed

with markers for the Golgi apparatus, the TGN, the PVC, and

vacuolar cargo. Both VSR mutants show weak residual overlap

with the wild-type VSR, which is not unexpected as neither

mutation abolishes in vivo competition completely (Figure 1A).

However, the results clearly illustrate a shift toward earlier or

later compartments in the biosynthetic route to the vacuole. The

Y mutation leads to an anterograde transport defect and reten-

tion in the TGN, an early compartment in the vacuolar route. By

contrast, theFmutation interferes with retrograde transport and

leads to increased leakage of VSRs together with its cargo to the

LPVC. Increased vacuolar leakage of the F mutation was also

shown biochemically (Figure 3A) and by microscopy (Figure 3B).

Figure 10B describes a transport model that can explain the

observed results. Despite their opposite effect on VSR sorting,

Figure 6. Ultrastructural Localization of Full-Length VSR2(wt) and VSR2

(Y612A).

(A) Electron micrograph showing immunogold-labeled FL-VSR2(Y612A)

in root tip cells of transgenic tobacco plants (line described in da Silva

et al., 2006).

(B) FL-VSR2(wt) is found in the PVC. Arrowheads indicate gold particles.

Bars = 0.2 mm. wt, wild type.

(C) Numerical analysis of the distribution of gold particles over Golgi (cis,

medial, or trans), TGN, and PVC.
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the two mutations yielded a similar reduction for the in vivo

competition assay (Figure 1A). The Fmutant can reach the PVC

but has lost the ability to recycle; hence, it will not compete with

endogenous receptors and proceed to the LPVC and the vac-

uole. The Y mutation restricts progress toward the PVC and

reduces the number of functional competitors at the level of the

PVC. This explains why the competition assay provides the same

readout for the two mutations (Figure 1A).

The fundamental difference between the two mutations be-

comes apparent in the reconstitution assay (Figure 1C). Since in

vivo competition leads to saturation of the recycling route and

increased turnover of endogenous VSRs (daSilva et al., 2005,

2006), overexpression of full-length VSRs continuously replen-

ishes the pathway with functional receptors. These bind to cargo

in theGolgi and deliver them to the PVC, even though recycling is

saturated. Under these conditions, the ability to recycle is not

important, and for this reason, the recycling-defective full-length

VSR is able to reconstitute vacuolar sorting as well as the wild-

type VSR (Figure 1C, gray bars). By contrast, the Y mutant of the

full-length VSR binds to ligands and carries them to the cell

surface where a low pH causes ligand release (daSilva et al.,

2006). For this reason, it aggravates the effect of the competitor

(Figure 1C, black bars). This effect is dominant and can cause

induced secretion of vacuolar cargo when expressed on its own

(Figure 2E, middle panel). The recycling-defective F mutant of

the full-length VSR does not cause such effect (Figure 2E, right

panel). This is also consistent with the model because this

mutant would simply carry cargo to the PVC and then proceed

further to the vacuole without causing harm.

The results suggest that plant VSRs employ a bipartite YxxF

motif to control both anterograde as well as retrograde receptor

transport. The sequential nature of these twoevents is illustratedby

the double mutant in which both Y and F have been mutated and

which behaves essentially like the single Y612A mutant (Figure 8).

It has been shown that both the Y and F residues associate

with hydrophobic pockets in the m2 subunit of AP2 adaptors in

Figure 7. Correlation Colocalization Analysis for GFP-VSR2(L615A) with Known Organelle Markers.

In situ colocalization in tobacco leaf epidermis cells with GFP-VSR2(L615A) as test object. Coexpressions were performed with the Golgi marker ST-

RFP (A), the TGN marker YFP-SYP61 (B), the PVC marker RFP-VSR2 (C), or the soluble vacuolar cargo Aleu-RFP (D). Notice that the strongest

correlation was found with the soluble vacuolar marker Aleu-RFP. Bars = 10 mm.
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vitro (Ohno et al., 1995; Owen and Evans, 1998), but this does not

exclude the possibility that the Y and F positions are in fact part

of two distinct but overlapping sorting motifs. Indeed, efficient

recycling would require that the tail can interface with different

cytosolic transport machineries dependent on which organelle it

resides, and overlapping sorting structures would render the

different recruitment activities mutually exclusive.

The exact lipid composition and other membrane residents in

the donor and receptor compartmentsmay stimulate the specific

exposure of one but not the other sorting signal, possibly further

fine-tuned by specific modifications of the tail. In this respect,

it is interesting to note that the phosphorylation status of YXXF

can modulate interaction with clathrin adaptors (Shiratori et al.,

1997). It will also be interesting to test the mutation of the hy-

drophobic residue in YxxF motifs of other proteins, including

those of nonplant cell systems, to verify with in vivo trafficking

assays if bipartite YxxFs are a plant-specific feature or more

generally applicable.

The Role of YXXF in Selective Anterograde VSR Transport

We have previously shown that the Y mutation causes partial

VSR mistargeting to the plasma membrane and another com-

partment that was neither Golgi nor PVC (daSilva et al., 2006).

Here, we provided conclusive evidence to show that this com-

partment is the TGN (Figures 5 and 6). High steady state levels of

the Ymutant in the TGN can be explained by various refinements

of our model (Figure 10B).

The vectorial transport model (Palade, 1975) would predict

that plant VSRs migrate from the endoplasmic reticulum (ER) via

the Golgi apparatus to the TGN. The latter is coated with clathrin

in plants (Staehelin and Moore, 1995), strongly suggesting that

cargo-loaded VSRs exit the TGN in CCVs to reach the PVC. If the

Ymutation prevents VSR-mediated recruitment of clathrin adap-

tors (Happel et al., 2004), the Y mutant of the receptor would

accumulate in the TGN until bulk flow could lead to overflow to

the plasma membrane. This model would place the TGN as the

main sorting station to segregate secretory from vacuolar cargo

and supports the recent proposition that TGNs mature by se-

lective retrieval of vacuolar cargo to form secretory vesicle

clusters (Toyooka et al., 2009).

However, it is equally possible that VSRs normally bypass the

TGN and leave the Golgi stack directly (Hillmer et al., 2001). If the

Y mutation prevents Golgi-mediated CCV budding, the mutant

receptor may simply progress and accumulate in the TGN as the

next organelle in the pathway. But since the plant TGN has been

Figure 8. Dominance of the Anterograde Transport Defect (Y612A) over the Retrograde Transport Defect (L615A).

(A) In situ coexpression experiment in tobacco leaf epidermis cells with the double (Y612A + L615A) mutant GFP-VSR2(AMPA) with vacuolar cargo

Aleu-RFP, showing normal vacuolar RFP fluorescence and peripheral+punctate green fluorescence for the VSR2 fusion.

(B) A portion of a cell from (A) but imaged at higher magnification and at the cell cortex to illustrate noncolocalization of punctate structures.

(C) In situ colocalization of GFP-VSR2(AMPA) with the TGN-marker YFP-SYP61. Notice a strong correlation with the TGN marker.

(D) As in (C) but GFP-VSR2(AMPA) was coexpressed with the single mutant RFP-VSR2(Y612A). The strong correlation indicates dominance of Y612A

over the L615A mutation.

Bars = 5 mm in all panels.
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shown to act as the first organelle in the endocytic route (Dettmer

et al., 2006; Lam et al., 2007a, 2007b) we cannot rule out that the

Y mutant of the receptor first moves to the plasma membrane

and then undergoes nonclathrin-mediated endocytosis to reach

the TGN, where it would accumulate since it cannot exit in CCVs

to proceed to the PVC. Currently, all these scenarios have to be

considered until experimental evidence is provided in living cells

showing that TGN-resident markers are first detected at the

Golgi stack immediately prior to their detection at the TGN.

Although technically demanding due to organelle motion, photo-

activatable GFP fusions may be the key to answering this

fundamental question about the role of the TGN in biosynthetic

transport to the vacuoles and the plasma membrane.

While plant retromer components have been consistently

localized to the PVC (Oliviusson et al., 2006; Shimada et al.,

2006; Jaillais et al., 2007; Phan et al., 2008; Yamazaki et al.,

2008), it has recently been reported that some retromer compo-

nents may localize to the TGN instead (Niemes et al., 2010). The

authors suggested that retromer-mediated receptor retrieval

occurs from the TGN rather than the PVC and that released

vacuolar cargo proceeds further by unspecific bulk flow, al-

though it is unclear how secretory and vacuolar cargowould then

be effectively segregated.

Results presented here strongly argue against this idea be-

cause arrival of VSR2 at the PVC is clearly signal dependent and

sensitive to the Y mutation. Furthermore, also the recycling

of VSR from the PVC is signal dependent as demonstrated by

theFmutation (Figure 7), consistent with the PVC as site for VSR

retrieval. By analogy to the GTPase ARF1, which is clearly

involved in multiple transport processes in the plant secretory

pathway (Geldner et al., 2003; Pimpl et al., 2003), it is possible

that retromer-mediated transport processes are not restricted to

the retrieval of plant VSRs from the PVC but may also play a role

in endocytic recycling (Jaillais et al., 2006, 2007, 2008) and that

both pathways influence each other. In the light of our results, it

will be interesting in the future to reevaluate the subcellular

localization of all known retromer components and to test the

influence of retromer mutants using experiments that involve

both biosynthetic and endocytic cargo molecules.

Interesting parallels can also be drawn from observations with

the drug wortmannin, which was shown to inhibit VSR recycling

(daSilva et al., 2005), leading to colocalization of TGN and PVC

markers in enlarged vacuolated structures (Wang et al., 2009). If

PVC-to-LPVC maturation depends on the selective retrieval of

VSRs, then it stands to reason that wortmannin would cause a

maturation defect, but it is remarkable that it also leads to fusion

with the TGN. Precedence for such scenario in the early secre-

tory pathway arose two decades ago from observations with the

drug Brefeldin A, which causes fusion of entire Golgi cisternae

with the ER (Lippincott-Schwartz et al., 1989). It was later shown

Figure 9. The Rab5 GTPase Rha1(RabF2a) Is a Marker for the LPVC.

In situ coexpression experiment in tobacco leaf epidermis cells using Venus-Rha1 (green) as test object. Coexpressions were performed with either

wild-type RFP-VSR2 as a PVCmarker (A), the soluble vacuolar cargo Aleu-RFP as a LPVCmarker (B), and the recycling defective RFP-VSR2(L615A) as

a putative LPVC marker (C), all of which are shown in red. Notice that both Aleu-RFP and RFP-VSR2(L615A) show much higher correlation coefficients

when coexpressed with Venus-Rha1 compared with the wild-type RFP-VSR2. Bars = 10 mm.
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that the primary effect of the drug causes titration of the GTPase

ARF1 in an abortive complex with its exchange factor, leading to

inhibition of retrograde COPI-mediated Golgi-to-ER transport

(Peyroche et al., 1999). The selective retrieval of key components

to regulate organelle maturation may thus be a conserved

principle at various levels of the secretory pathway.

Evidence for an LPVC in Plants

Localization analyses of the VSR fusions and vacuolar cargo

provide compelling evidence for the existence of a new com-

partment, the LPVC. Both the Y mutant and the F mutant

segregate from the PVC-resident wild-type receptor, but only

the F mutant colocalizes with cargo in punctate structures

(Figures 7 and 10A) and the vacuolar lumen (Figure 3). This sug-

gests that the cargo-containing LPVC is situated between

the PVC and the vacuole. These results are strongly supported

by the fact that Rab5 GTPase Rha1 is an independent marker for

the LPVC (Figure 9), showing that LPVC structures are not an

artifact caused by expression of an aberrant receptor molecule.

Earlier efforts on the localization of VSRs and their cargo

provide support for our current working hypothesis. Using an

mRFPAtVSR2 fusion and the lytic vacuole marker aleurain-GFP,

it was shown that colocalization of the two markers is not

absolute, and structures highlighted by aleurain-GFP but not

mRFPAtVSR2 may well have represented LPVCs (Miao et al.,

2008).

The inclusion of the Rab5 GTPase as an independent LPVC

marker (Figure 9) permitted us to refine earlier results on the

localization of this class ofGTPase (Ueda et al., 2001, 2004; Sohn

et al., 2003; Bolte et al., 2004; Kotzer et al., 2004; Lee et al., 2004;

Haas et al., 2007). In addition, we can speculate about the nature

of the LPVC because it has been shown that the three Arabi-

dopsis rab5 GTPases are found to localize to multivesicular

bodies using immunogold electron microscopy (Haas et al.,

2007). For this reason, it is very likely that both PVC and LPVC

exhibit a multivesicular morphology. Internal vesicles are des-

tined for vacuolar degradation and should not be affected by

the process of receptor retrieval from the delimiting membrane.

The differences between PVC and LPVC are thus likely to be

restricted to the exact lipid and protein composition of the

delimiting membrane.

The simplest explanation for the obtained results is a transport

model in which PVCs gradually mature into LPVCs by selective

signal-mediated receptor retrieval (Figure 10B). Wild-type re-

ceptors would normally be excluded from the LPVC, although a

minor rate of vacuolar VSR turnover would permit renewal of the

receptor population and replace damaged, nonfunctional VSRs.

Since the F mutant is recycling defective, it behaves more like

the vacuolar cargo itself and segregates together to the LPVC en

route to the vacuole.

In addition to the organelle maturation model, more complex

scenarios can be envisaged that involve vesicle shuttles between

the PVC and the LPVC. However, in the absence of evidence for

such vesicles, the maturation model represents the simplest

solution to explain existing data and leads to two important

predictions that can bemade about the nature of the LPVC. After

reaching a critical mass of VSRs in the PVC membranes and

subsequent ligand release, fusion competence with newly arriv-

ing CCVs should be inhibited. This is essential to permit effi-

cient receptor depletion by selective retrieval. Likewise, receptor

depletion in the LPVC should be accompanied by an acquired

competence for fusion with the vacuolar membrane. This could

be achieved by a different composition of tethering factors and

SNAREs displayed on the LPVC surface compared with that of

the PVC.

The tools generated in this work open up the prospect of

enriching LPVCs from PVCs by small particle flow cytometry

and/or affinity-aided organelle sorting. Comparative proteomics

of PVC and LPVC populations may lead to the identification

Figure 10. Working Model for VSR Traffic and PVC Maturation.

(A) Summary of Pearson (gray) and Spearman (black) r values illustrating

the opposite polarity of the two trafficking mutants, Y612A and L615A.

While the Y612A mutant shows the highest steady state levels in the

TGN, the L615A mutant is colocalized mainly with the vacuolar cargo,

and both mutants show only partial colocalization with the PVC resident

wild-type VSR2 fusion protein.

(B) Illustration of the model: CCVs may bud from either the Golgi

cisternae or the TGN and carry VSR-ligand complexes to the PVC where

ligands dissociate. Unoccupied receptors recruit retromer and are selec-

tively retrieved. This may lead to maturation of an LPVC, which contains

mainly cargo, no longer accepts incoming CCVs, and has acquired

competence for fusion with the vacuolar membrane. Under normal

physiological conditions, only minor quantities of VSRs reach the LPVC

and the vacuole because they recycle back to the early secretory

pathway. The exact acceptor compartment for the recycling route

remains to be identified.
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of new membrane residents or membrane-associated proteins,

allowing us to test the predictions of our model and shed light

on the fundamental molecular mechanisms that allow cargo

but not receptors to reach the vacuole.

METHODS

Recombinant DNA Constructs

All DNA manipulations were performed according to established proce-

dures. The highly competent Escherichia coliMC1061 strain (Casadaban

and Cohen, 1980) was used for the routine amplification of all plasmids.

Previously established plasmids were used, including Amy-spo (Pimpl

et al., 2003; daSilva et al., 2005), GFP-HDEL (Brandizzi et al., 2003), GFP-

VSR2 (GFP-BP80) (daSilva et al., 2005), GFP-VSR2(Y612A), GFP-VSR2

(L615A) (daSilva et al., 2006), full-length VSR2, and full-length VSR2

(Y612A) (daSilva et al., 2006).

To produce the L615A mutation on the full-length VSR2, the Quick-

Change method (Stratagene) was used with pairs of oligonucleotides

encoding for the mutated triplet and 15 bases extending on either side of

themutated codon (L615A-labeled oligonucleotide sequences are shown

in Supplemental Table 1 online).

To generate the YFP-SYP61 fusion, the full-length coding region of

SYP61 was amplified using oligonucleotides described in Supplemental

Table 1 online, fromfirst-strand cDNA from5-d-old seedlings prepared as

described previously (Pimpl et al., 2003). This results in the engineering of

restriction site ClaI overlapping with the N-terminal start codon (Met) and

the restriction site XbaI just following the stop codon of the SYP61 coding

region. The obtained PCR fragment was digested with ClaI and XbaI,

gel purified, and ligated into pOF21 (Foresti et al., 2006) that was cut with

ClaI and XbaI, followed by dephosphorylation, to replace the SYP21

coding region by that of SYP61. This yielded plasmid pOF61 (YFP-

SYP61).

ST-RFP was created by amplification of the ST sequence from ST-YFP

(daSilva et al., 2005) using oligonucleotides described in Supplemental

Table 1 online to introduce ClaI and SalI restriction sites at the N terminus

and C terminus of the coding sequence, respectively. The RFP coding

sequence was amplified using oligonucleotides to introduce SalI and

BamHI restriction sites at the N terminus and C terminus, respectively.

The two fragments were digested with the appropriate restriction enzyme

and inserted in frame through a two-fragment ligation in a vector derived

from pOF19 (Foresti et al., 2006) by digestion with ClaI and BamHI

followed by dephosphorylation. This yielded plasmid pOF53 (ST-RFP).

Aleu-RFP was created by amplification of the Aleurain propeptide

sequence from Aleu-GFP (Di Sansebastiano et al., 2001) using oligonu-

cleotides described in Supplemental Table 1 online to introduce ClaI and

NheI restriction sites at the N terminus and C terminus of the coding

sequence, respectively. The RFP coding sequence was amplified using

oligonucleotides to introduce NheI and BamHI restriction sites at the

N terminus and C terminus, respectively. The two fragments were digested

with the appropriate restriction enzyme and inserted in frame through a

two-fragment ligation in a vector obtained from pOF19 (Foresti et al., 2006)

digested with ClaI and BamHI. This yielded plasmid pAW7 (Aleu-RFP).

To generate an RFP-VSR2 fusion, we replaced the YFP portion of YFP-

BP80 (VSR2) (daSilva et al., 2006) with RFP. We thus amplified RFP using

oligonucleotides described in Supplemental Table 1 online to introduce

NheI and BglII restriction sites at the N terminus and C terminus,

respectively. The PCR fragment was digested with NheI and BglII to

yield a fragment that replaced the equivalent portion in YFP-BP80.

This yielded plasmid pOF100 encoding RFP-VSR2 that carries a signal

peptide of sweet potato (Ipomoea batatas) sporamin for insertion into the

ER, followed by RFP and the transmembrane domain and cytosolic tail of

VSR2.

To generate the Venus-Rha1 fusion, coding regions for Venus andRha1

were amplified with primers shown in Supplemental Table 1 online to

introduce ClaI and NcoI flanking Venus and NcoI-XbaI flanking Rha1, for

insertion into pOF19 (Foresti et al., 2006) cut with ClaI and XbaI, yielding

plasmid pFB28. The TR2’ promoter fragment was amplified from pOP443

(Velten et al., 1984) using the primers shown in Supplemental Table

1 online to generate an EcoRI-ClaI fragment. The Venus-Rha1 coding

region, together with 39nos, was cut from pFB28 as a ClaI-HindIII

fragment and inserted together with the EcoRI-ClaI TR2’ promoter

fragment into the polylinker of pGSC1700 (Cornelissen and Vandewiele,

1989) to yield pTDCG9.

All DNA coding sequences of the fluorescent chimeric genes, flanked

by the cauliflowermosaic virus 35S promoter and the 39-untranslated end

of the nopaline synthase gene (39nos), were finally inserted as an EcoRI-

HindIII fragment into the polylinker of the Agrobacterium tumefaciens

transformation vector pDE1001 (Denecke et al., 1992).

All plant transformation plasmids were transfected into the Agrobac-

terium rifampicin-resistant strain C58C1RifR (pGV2260) as described

previously (Denecke et al., 1992).

Plant Material and Transient Protoplast Expression Procedure

Plants of Nicotiana tabacum cv Petit Havana (Maliga et al., 1973) were

grown from surface-sterilized seeds in Murashige and Skoog medium

(Murashige and Skoog, 1962) and 2% sucrose in a controlled room at

228C with a 16-h daylength at a light irradiance of 200 mE/m2/s. Leaf

protoplasts were obtained after overnight digestion in TEX buffer (B5

salts, 500 mg/L MES, 750 mg/L CaCl2[2H2O], 250 mg/L NH4NO3, and

0.4M sucrose, pH 5.7) with 0.2% Macerozyme R10 and 0.4% Cellulase

R10 (Yakult) and washed in electroporation buffer (2.4 g/L HEPES, 6 g/L

KCl, 600 mg/L CaCl2, and 0.4M sucrose, pH 7.2). Protoplast aliquots

(500 mL) were transfected by electroporation at a density of 5 3 106

protoplasts/mL using a stainless steel electrode at a distance of 3.5 mm

and a complete exponential discharge of a 1000-mF capacitor charged at

160 V. After 15 min, electroporated protoplast samples were diluted with

2 mL of TEX buffer, followed by 24-h incubation at 228C in darkness.

Harvesting of clear cell-free medium was done manually using a refined

Pasteur pipette fromunderneath the layer of floating protoplasts obtained

after 5 min of centrifugation at 100g in a swing-out rotor. The total cell

population of the cell suspension was obtained by washing the cells in a

10-fold excess of 250 mM NaCl, centrifugation at 200g for 3 min, and

recovery of the thuswashed cell pellet on ice. A detailed description of the

entire protocol was published previously (Foresti et al., 2006).

a-Amylase Assay and Secretion Index Determinations

Preparation of cell andmedium fractions and determination of extracellular

(secreted) and intracellular a-amylase activities were performed as de-

scribed before (daSilva et al., 2006). The secretion index is defined as the

ratio of extracellular to intracellular reporter activities (Deneckeet al., 1990).

Protein Extraction and Gel Blot Analysis

Protoplasts from 2.5-mL suspensions were pelleted with 250 mM NaCl

and resuspended in 250mL of leaf extraction buffer (100mMTris-HCl, pH

7.8, 200 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, and 2% b-mercap-

toethanol), followed by brief sonication and 10-min centrifugation at

25,000g at 488C. Infiltrated leaf sections were extracted directly in leaf

extraction buffer with pestle andmortar. The supernatant containing both

soluble and membrane proteins was recovered and subsequently used

for protein gel blotting analysis as previously described (Pimpl et al.,

2006). For immunodetection, we used rabbit polyclonal antiserum raised

against either VSR2 (1:5000 dilution) (Tse et al., 2004) or GFP (1:5000

dilution; Molecular Probes).
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Tobacco Leaf Infiltration Procedure

Soil-grownN. tabacum cv Petit Havana (Maliga et al., 1973) was infiltrated

withAgrobacterium cultures (at OD 0.1) as described previously (Sparkes

et al., 2006) and analyzed after 2 d of further growth by confocal laser

scanning microscopy.

Fluorescence Confocal Microscope Imaging and Analysis

Infiltrated tobacco leaf squares (0.53 0.5 cm) were mounted in tap water

with the lower epidermis facing the thin cover glass (223 50 mm; No. 0).

Confocal imaging was performed using an upright Zeiss LSM 510 META

laser scanning microscope (Zeiss) with a Plan-Neofluar 340/1.3 oil

differential interference contrast objective. For imaging of the coexpres-

sion of YFP and GFP constructs, excitation lines of an argon ion laser of

458 nm for GFP and 514 nm for YFP were used alternately with line

switching on the multitrack facility of the microscope. Fluorescence was

detected using a 545-nm dichroic beam splitter and a 480- to 520-nm

band-pass filter for GFP and a 565- to 615-nm band-pass filter for YFP.

For imaging of the coexpression of GFP and RFP constructs, or Venus

and RFP constructs, excitation lines of an argon ion laser of 488 nm for

GFP/Venus and of a He/Ne 543 nm for RFPwere used alternately with line

switching on the multitrack facility of the microscope. Fluorescence was

detected using a 545-nm dichroic beam splitter and a 500- to 530-nm

narrow band-pass filter for GFP/Venus and a 565- to 615-nm band-pass

filter for RFP. Postacquisition image processing was performed with the

LSM 5 image browser (Zeiss) and ImageJ (Abramoff et al., 2004; see also

http://rsb.info.gov/ij/).

Image analysis was undertaken using the LSM 5 image browser

(Zeiss) for line scans and the ImageJ analysis program (Abramoff et al.,

2004) and the PSC colocalization plug-in (French et al., 2008) to

calculate colocalization and to produce scatterplots. Results are pre-

sented either as Pearson correlation coefficients, which represent the

linear relationship of the signal intensity from the green and red channels

of the analyzed image or as Spearman’s rank correlation coefficients

that take into account nonlinear relationships as well. Both tests pro-

duce values in the range [21, 1], where 0 indicates no discernable

correlation and 21 and +1 indicate strong negative or positive correla-

tions, respectively. The program allowed masking of areas to be

included in the analysis. In a given image, all punctate structures were

masked prior to analysis using the selection brush tool as described

(French et al., 2008). A threshold level of 10 was set, under which pixel

values were considered noise and not included in the statistical analysis.

At least 20 cells or at least 400 independent punctate structures were

analyzed for each condition.

Electron Microscopy

Sampleswere high-pressure frozen using aBaltecHPF010 high-pressure

freezer and freeze-substituted in the presence of 0.5% uranyl acetate in

methanol using a Reichert AFS freeze-substitution apparatus (Leica),

and the temperature was gradually increased from 21608C to 2208C.

Samples were infiltrated with LR White resin from 10 to 100% at 2208C

over several days and polymerized at 2208C with UV light. Sections

(70 nm) were cut with a RMC PowerTome ultramicrotome (Boeckeler

Instruments). For immunolabeling, sections were first blocked in 1%

BSAc, 1% goat serum, and 0.1% fish gelatin in Tris-HCl buffer for

30 min,. followed by three washes with 0.1% BSAc. Labeling was with

rabbit antibodies raised against the lumenal portion of VSR2 (Tse et al.,

2004) 1:100 overnight followed by three washes with 0.1% BSAc in

Tris-HCl buffer prior to incubation for 90 min in a 1:20 dilution of

10-nm gold conjugated goat anti-rabbit IgG (BB International). After

three washes in 0.1% BSAc and three washes in water, sections were

poststained for 15 min with 1% uranyl acetate and lead citrate.

Accession Number

The sequence of the Arabidopsis thaliana VSR isoform VSR2 studied

in this article can be found in the Arabidopsis Genome Initiative or

GenBank/EMBL databases under accession number AT2G14720.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Coexpression Analysis in Tobacco Leaf

Epidermis Cells Testing the Soluble Vacuolar Cargo Aleu-RFP

against the Golgi Marker ST-YFP, the TGN Marker YFP-SYP61, and

the TGN-Retained Mutant GFP-VSR2(Y612A).

Supplemental Table 1. Primers Used in This Work.
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