
Routes to the Tonoplast: The Sorting of Tonoplast
Transporters in Arabidopsis Mesophyll Protoplasts W

Susanne Wolfenstetter, Petra Wirsching, Dorina Dotzauer, Sabine Schneider, and Norbert Sauer1

Friedrich-Alexander-Universität Erlangen-Nürnberg, Molecular Plant Physiology and ECROPS (Erlangen Center of Plant

Science), D-91058 Erlangen, Germany

Vacuoles perform a multitude of functions in plant cells, including the storage of amino acids and sugars. Tonoplast-

localized transporters catalyze the import and release of these molecules. The mechanisms determining the targeting of

these transporters to the tonoplast are largely unknown. Using the paralogous Arabidopsis thaliana inositol transporters

INT1 (tonoplast) and INT4 (plasma membrane), we performed domain swapping and mutational analyses and identified a

C-terminal di-leucine motif responsible for the sorting of higher plant INT1-type transporters to the tonoplast in Arabidopsis

mesophyll protoplasts. We demonstrate that this motif can reroute other proteins, such as INT4, SUCROSE TRANS-

PORTER2 (SUC2), or SWEET1, to the tonoplast and that the position of the motif relative to the transmembrane helix is

critical. Rerouted INT4 is functionally active in the tonoplast and complements the growth phenotype of an int1 mutant. In

Arabidopsis plants defective in the b-subunit of the AP-3 adaptor complex, INT1 is correctly localized to the tonoplast, while

sorting of the vacuolar sucrose transporter SUC4 is blocked in cis-Golgi stacks. Moreover, we demonstrate that both INT1

and SUC4 trafficking to the tonoplast is sensitive to brefeldin A. Our data show that plants possess at least two different

Golgi-dependent targeting mechanisms for newly synthesized transporters to the tonoplast.

INTRODUCTION

Vacuoles are the largest plant organelles, constituting up to 90%

of the cell volume. They are indispensable for multiple cellular

functions, including the maintenance of turgor to shape the

individual cell and the entire plant; the storage of anthocyanins

for flower coloration or during light stress; the accumulation of

toxins, such as glucosinolates or opiates, to keep herbivores at

bay; the concentration of ions needed for cellular signaling (Ca2+)

or metabolism (e.g., NO3
2 or SO4

22); and the storage of sugars

or amino acids to withstand low temperatures or to survive

unfavorable environmental conditions. All of these vacuolar func-

tions depend on the tightly regulated activities of numerous

tonoplast-localized transporters and channels (Martinoia et al.,

2007; Neuhaus, 2007; Isayenkov et al., 2010). For many of these

proteins (e.g., for the tonoplast-localized transporters for inositol

[INOSITOL TRANSPORTER1 (INT1); Schneider et al., 2008], Glc

[TONOPLAST MONOSACCHARIDE TRANSPORTER1 (TMT1)

and TMT2; Wormit et al., 2006], or Suc [SUC TRANSPORTER4

(SUC4); Schulz et al., 2011]), paralogous transporters are found

in the plasma membrane. Obviously, the tonoplast transporters

and their plasma membrane paralogs possess conserved core-

domains for their specific catalytic functions but variable sorting

domains for intracellular targeting. So far, however, little is known

about these sortingmotifs and about themechanisms involved in

the differential targeting of paralogous transporters to their

respective membranes.

Sorting motifs may be recognized by the COPI or COPII

complexes for retrograde or anterograde transport between the

endoplasmic reticulum (ER) and the Golgi (Hanton et al., 2005a;

Hwang and Robinson, 2009) or by ADAPTOR PROTEIN (AP)

complexes, some of which link their cargo proteins to clathrin

(reviewed in Kirchhausen, 1999; Bonifacino and Traub, 2003;

Robinson, 2004). The resulting clathrin-coated vesicles are in-

volved inmembrane protein endocytosis and in post-Golgi traffic

(Bonifacino and Traub, 2003; Hwang and Robinson, 2009;

Foresti et al., 2010; Pandey, 2010). AP complexes are hetero-

tetramers and were studied intensively in animals (four com-

plexes: AP-1 to AP-4) and Saccharomyces cerevisiae (three

complexes: AP-1 to AP-3; Bonifacino and Traub, 2003; Robinson,

2004). In animals, AP-1 is involved in cargo shuttling between the

trans-Golgi network (TGN) and the endosomes, AP-2 in endo-

cytosis from the plasma membrane, AP-3 in protein trafficking

to lysosomes and lysosome-related organelles, and AP-4 in

sorting from the TGN to different membranes (Robinson, 2004).

AP-1 and AP-2 bind clathrin, but AP-4 does not, and clathrin

binding by AP-3 is under debate. In Arabidopsis thaliana, genes

for the subunits for four putative AP complexes have been

identified (Bassham et al., 2008), and evidence has been pro-

vided that the plant AP-2 complex is also involved in the recycling

of proteins from the plasma membrane (Ortiz-Zapater et al.,

2006; Dhonukshe et al., 2007).

Among the signals recognized by AP complexes, Tyr-based

sorting signals (YXXØ, with X being any amino acid and Ø an

amino acid with a bulky hydrophobic residue) and di-Leu–type

sorting signals, [D/E]XXXL[L/I]-type sequences, were identified

and characterized in yeast and animals (Bonifacino and Traub,
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2003; Robinson, 2004; Pandey, 2010). Both types of signals are

typically found in the C-terminal parts of sorted proteins but less

frequently also in other regions, and the distance between these

sequences and the adjacent transmembrane helix is critical for

their signaling function (Bonifacino and Traub, 2003). For both

motifs, the specificity of recognition is defined by the X residues

within the core sequence and by additional nearby residues.

Other Tyr-based signals (NPXY) and other di-Leu–type signals

(DXXLL) are recognized by different adaptors (Bonifacino and

Traub, 2003; Robinson, 2004).

Sorting of membrane proteins may also be achieved by acidic

cluster motifs (Bonifacino and Traub, 2003), which represent Asp

and/or Glu-rich regions, such as DDEESESD in the mammalian

VESICULAR MONOAMINE TRANSPORTER2, a member of the

major facilitator superfamily (Waites et al., 2001). Phosphoryla-

tion of one or a few Ser or Thr residues within this region can

trigger binding of the sorting protein PHOSPHOFURIN ACIDIC

CLUSTER SORTING PROTEIN1 (Gu et al., 2001), which finally

connects the cargo protein to an AP complex and mediates

targeting to the TGN (Scott et al., 2003).

The targeting of membrane proteins is well characterized in

yeast and animals, whereas little is known about sorting signals

andmechanisms in higher plants. Diacidicmotifs, often residing in

the N terminus of membrane proteins, are required for ER release

(Hanton et al., 2005b; Dunkel et al., 2008; Zelazny et al., 2009; Cai

et al., 2011; Sorieul et al., 2011). However, little is known about

sorting motifs responsible for intracellular targeting of membrane

proteins. Three individual Tyr-basedmotifs in the intracellular loop

region of the Arabidopsis boron transporter BOR1 were shown to

be important for polar localization of BOR1 and for its recycling

from the plasma membrane (Takano et al., 2010). Another Tyr

motif was found in the cytosolic region of the vacuolar sorting

receptor BINDINGPROTEIN80 (BP80) andplays an important role

for post-Golgi trafficking to the prevacuolar compartment (PVC;

daSilva et al., 2006) and for the recycling of BP80 from the plasma

membrane (Saint-Jean et al., 2010).

Additionally, di-Leu motifs in the N-terminal region of the

monosaccharide transporter ERD SIX-LIKE1 (ESL1) (Yamada

et al., 2010) and of the molybdate transporter MOT2 (Gasber

et al., 2011) were shown to be responsible for the correct sorting

of these transporters to the tonoplast.

In other studies, certain domains of membrane proteins were

shown to be responsible for their tonoplast targeting. Examples

are the tonoplast two pore K+ channels (TPKs), which were

shown to contain targeting information in their cytosolic C termini

both in rice (Oryza sativa; Isayenkov et al., 2011) and Arabidopsis

(Maı̂trejean et al., 2011). For the tonoplast-localized syntaxin

VESICLE-ASSOCIATEDMEMBRANEPROTEIN711, anN-terminal

longin domain was demonstrated to be necessary for its correct

sorting (Uemura et al., 2005).

Here, we addressed the question of subcellular sorting using

the paralogous Arabidopsis inositol transporters INT1 (tonoplast)

and INT4 (plasma membrane; Schneider et al., 2006). Using

domain swapping, mutational analyses, and confocal imaging of

GREEN FLUORESCENT PROTEIN (GFP)-labeled chimera, we

identified a C-terminal sorting motif in INT1 and demonstrated

that this motif can be used to reroute plasmamembrane and ER-

localized transporters to the tonoplast. Rerouted INT4 comple-

ments an int1mutation, indicating that plasma membrane trans-

porters are functionally active in the tonoplast. We finally

demonstrate that INT1 and the tonoplast-localized Suc trans-

porter SUC4 are sorted to the vacuole by different mechanisms

and that the sorting motif from the INT1 C terminus can be used

to sort SUC4 via the INT1 route.

RESULTS

The C-Terminal Domains of Plant Inositol Transporters

Determine Their Subcellular Localization

To identify the protein domains required for transporter sorting,

we conducted domain swap experiments on two Arabidopsis

transporters with different subcellular localizations: the tonoplast-

localized inositol transporter INT1 and the plasma membrane–

localized inositol transporter INT4 (see Supplemental Figure 1 on-

line). To obtain exchangeable INT1 and INT4 coding sequence

(CDS)modules, unique restrictions sites (AvrII,NaeI, andStuI)were

introduced at identical positions into the INT1 and INT4 CDS (see

Supplemental Figure 1 online). These modifications did not alter

the INT1 or INT4 protein sequences but allowed domain swapping

of the largecentral loops (L1= INT1 loop; L4= INT4 loop; Figure 1A)

and of the C-terminal domains (C1 = INT1C terminus; C4 = INT4C

terminus). Additional swapping of the N-terminal domains (N1 =

INT1 N terminus; N4 = INT4 N terminus) was achieved by PCR.

Chimeric sequenceswere fused to the open reading frameofGFP,

put under the control of the 35S promoter, and used to study the

subcellular localizations of the different chimera in Arabidopsis

mesophyll protoplasts by confocal microscopy. The names of the

constructs indicate the position of GFP, the deleted transporter

domain, and the origin of the inserted domain. For example, GFP-

INT1DC(C4) describes anN-terminal GFP fusion to an INT1protein

that has its C terminus deleted and replaced by the C terminus of

INT4. For all GFP fusions analyzed in this article, the distribution to

different subcellular compartments (plasmamembrane, tonoplast,

ER, and Golgi) was determined in at least 50 protoplasts. For

optimal detectability of tonoplast labeling, vacuoles were released

from osmotically lysed protoplasts (e.g., right image in Figure 1B).

All tested GFP fusions clearly localized to one specific compart-

ment. However, some of the fusion proteins that were destined for

the plasmamembrane or the tonoplast gave a transient additional

staining of the ER/Golgi. We believe that this additional signal

came from newly synthesized proteins that had not been com-

pletely targetedyet. In some rare cases, chimeric proteinswere not

100% rerouted to one singlemembrane and showed an additional

staining of another compartment. In Supplemental Table 1 online,

the relative staining intensities in the different compartments are

summarized for every individual construct, discriminating between

preferred, transient, and additional localization. To demonstrate

that eachof our constructs gives rise toan intact fusionprotein that

is stable in transiently transformedmesophyll protoplasts, we also

performed immunoblot analyses using an anti-GFP antibody (see

Supplemental Figure 2 online).

The inositol transporter/GFP fusions are targeted to the tono-

plast (INT1) or the plasma membrane (INT4) irrespective of the

position of the attached GFP (Figures 1B to 1E). We therefore

restrictedour further analyses toN-terminalGFP fusions.Swapping
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of the N termini (Figure 1F) or exchanging the central loop of INT1

(Figure 1G) did not affect the targeting. Swapping of the C termini,

however, rerouted the GFP-INT1DC(C4) fusion to the plasma

membrane (Figure 1H) and the GFP-INT4DC(C1) fusion to the

tonoplast (Figure 1I). Identical resultswere obtainedwithC-terminal

GFP fusions [i.e., with constructs INT1DC(C4)-GFP and INT4DC

(C1)-GFP; seeSupplemental Figure 3online]. This indicated that the

C-terminal domains of INT1 and INT4 are required for the targeting

of their proteins to the respective membranes.

No rerouting was observed when the C-terminal sequences

were added to the intact transporters (i.e., without deletion of the

respective other C terminus). The subcellular localization was

either almost normal [GFP-INT4(C1)] or the protein was trapped

in the ER [GFP-INT4(C1)]. This suggested that the distance of

Figure 1. Domain Swapping of N-Terminal, C-Terminal, and Central Loop Sequences between the Arabidopsis INT1 and INT4 Proteins.

(A) Schematic drawing showing the position and orientation of INT1 and INT4 in the tonoplast (TP) and the plasma membrane (PM) and the absence or

presence of the PSI domain, the most prominent structural difference between the two proteins. N termini (N), C termini (C), and central loops (L) used

for domain swapping are indicated.

(B) to (I)Confocal images of Arabidopsis protoplasts harboring the indicated constructs (left image, intact protoplast; right image, released vacuole after

osmotic lysis of the plasma membrane). Red fluorescence shows autofluorescence of chlorophyll. Bars = 10 mm.

(B) to (E) Protoplasts transformed with control constructs encoding wild-type INT1 or INT4 proteins with N- or C-terminal GFP.

(F) and (G) Domain swapping of the N termini (F) or the central loop (G) did not affect the subcellular localization.

(H) and (I) Domain swapping of the C termini directed the tonoplast transporter INT1 to the plasma membrane (H) and the plasma membrane

transporter INT4 to the tonoplast (I).
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C-terminal sorting motifs relative to the transmembrane helix

might be important (see Supplemental Figure 4 online).

Rerouted INT4 Can Complement the Growth Phenotype of

an int1Mutant

Having seen that the INT1 C terminus can target the plasma

membrane INT4 transporter to the tonoplast, wewanted to know

if this rerouted INT4DC(C1) protein was intact and functionally

active. Although electrochemical proton gradients represent the

driving forces both at the tonoplast and at the plasma mem-

brane, different lipid compositions, different sizes of the driving

forces, and of course the C-terminal modification in the INT4DC

(C1) proteinmight reduce or destroy the transport capacity of the

protein. Moreover, a successful complementation would doubt-

lessly confirm the intactness of the rerouted protein.

Therefore, we expressed the INT4DC(C1) sequence under the

control of the INT1 promoter (pINT1) in an int1 knockout mutant

and tested whether the rerouted INT4DC(C1) protein does com-

plement the growth defect of int1 seedlings on low-inositol

medium. Due to a T-DNA insertion in the INT1 gene, these plants

fail to release inositol from their vacuoles during germination,

which results in delayed seedling development and poor root

growth (Schneider et al., 2008; Figure 2). A direct comparison of

seedlings developing from wild-type, int1, and int1/INT4DC(C1)

seeds shows that INT4DC(C1) fully complements the int1 phe-

notype, indicating that this rerouted chimeric protein is function-

ally active in the tonoplast.

A Di-Leu Motif Targets INT1 to the Tonoplast

For the identification of conserved sequence motifs in the

C termini of INT1-type and INT4-type transporters, we assigned

characterized or predicted plant inositol transporters to two

separate groups based on the presence or absence of plexin-

semaphorin-integrin (PSI) domains, and we performed indepen-

dent alignments of the C-terminal sequences of these proteins

(Figure 3). PSI domains were first characterized as extracellular

domains of ;100 amino acids in type-I receptors from animal

plasma membranes (Bork et al., 1999). Only recently were PSI

domains identified in plasma membrane inositol transporters

from plants and animals. They are absent from the tonoplast-

localized plant paralogs. Removal of the PSI domain neither

affected the transport activity nor the sorting to the plasma

membrane (Dotzauer et al., 2010).

The alignment of the PSI domain–containing INT transporters

(i.e., of characterized and predicted plasmamembrane–localized

proteins) revealed three conserved sequence motifs in the

predicted cytosolic C termini. The first was a [D/E]XXXL[L/I]-

type di-Leu motif (Bonifacino and Traub, 2003; EVEKLL in

Arabidopsis INT4; Figure 3), the secondwas a conserved [F/Y][K/

R] motif (FK in INT4), and the third was characterized by a region

of up to five basic amino acids (RRREKK in INT4) and was;10

amino acids downstream from the di-Leu motif (Figure 3).

The alignment of proteins without PSI domains (i.e., of known

or predicted tonoplast transporters) revealed two conserved

sequence motifs. The first was a WKERA motif that was almost

identical in all INT1-type proteins (Figure 3), and the second was

again a [D/E]XXXL[L/I]-type di-Leumotif (NMEGLL inArabidopsis

INT1). Although the Leu residues in this motif were more strictly

conserved than in the di-Leu motifs of the INT4-type C termini, a

typical property of DXXLL sorting motifs (Bonifacino and Traub,

2003), none of the identified di-Leumotifs can be assigned to this

second group of di-Leu motifs, as the D in DXXLL motifs is

absolutely essential. By contrast, the D or E in [D/E]XXXL[L/I]-

type motifs are not well conserved and may be substituted by

other, occasionally even basic residues (Bonifacino and Traub,

2003).

We studied the possible role of each of these five sequence

motifs on the subcellular localization of INT1 and INT4 by

replacing the Leu residues and the adjacent Glu residues (LLE)

in INT1 and INT4 by three Ala residues (AAA), by replacing the

RRREKK or FKmotifs in INT4 by AAAAAA or AA, and bymutating

the WKERA sequence of INT1 into WKAAA (Figure 4A). More-

over, we deleted the C-terminal 9 (D9) or 30 (D30) amino acids of

INT1, which removed either the di-Leu motif alone (D9) or both

conservedmotifs (D30) from the INT1C terminus, andwedeleted

the C-terminal 23 amino acids (D23) from the INT4 sequence,

which removed all three conserved sequences (Figure 4A). The

subcellular localizations of GFP fusions of these modified pro-

teins were studied (Figures 4B to 4J).

The C-terminally deleted INT1 proteins GFP-INT1D9 andGFP-

INT1D30 were no longer targeted to the tonoplast. They rather

accumulated in the ER, as shown by the labeling of the ER

network in optical sections taken from the top of a protoplast

(shown for GFP-INT1D30 in Figure 4B) or by the patchy GFP

fluorescence in optical sections from the center of a protoplast

(shown for GFP-INT1D9 in Figure 4C). No fluorescence of the

tonoplast was obtained with these constructs after lysis of

the plasma membrane (Figure 4C, right image). Mutations in

theWKERAmotif of INT1 (Figure 4D) did not affect the subcellular

targeting of the modified proteins. Interestingly, however,

Figure 2. Complementation of the int1 Phenotype by Tonoplast-

Targeted INT4 Protein.

Compared with wild-type Arabidopsis plants, int1mutants show strongly

reduced root development on agar medium with low inositol concentra-

tions. This growth defect is fully rescued in int1 mutants expressing a

fusion construct from the INT1 promoter that encodes an INT4 protein

that has its C terminus replaced by the INT1 C terminus [int1/INT4DC(C1)

plants]. The image shows seedlings (6 d after germination) on Murashige

and Skoog medium supplemented with 2% Suc and 1 mg L�1 inositol.

WT, wild type.
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replacement of the di-Leu motif in the INT1 C terminus by Ala

residues resulted in a complete loss of GFP fluorescence in the

tonoplast (Figure 4E) and in an efficient and complete targeting of

the GFP-INT1(LLE/AAA) protein to the plasma membrane. No

labeling of the ERnetworkwas detected in protoplasts expressing

the GFP-INT1(LLE/AAA) construct as shown by the maximum

projection in Figure 4E. The identical result was obtained with a

GFP-INT1(LLE/SSS) construct (see Supplemental Figure 5 online).

Unexpectedly, neither the mutations in the conserved INT4

motifs (Figures 4F to 4I) nor the deletion of the 23C-terminal amino

acids of INT4 (Figure 4J) had any effect on the targeting of the INT4

protein to the plasma membrane. This was confirmed by colo-

calization analyses ofGFP-INT4(LLE/AAA) and of unmodified INT4-

RFP (Figure 4H) andby themaximumprojections shown in Figures

4I and 4J. As in Figures 1E and 4E, these projections show a

uniformly labeled cell surface and no fluorescence of the subja-

cent ER. Together, these results (1) demonstrated that of the five

motifs analyzed, only the di-Leu motif in the INT1 C terminus is

critical for the correct targeting, and (2) they suggested that

presumably no sorting sequence is present in the INT4C terminus.

The INT1 C Terminus Can Redirect Other Transporters to

the Tonoplast

As the intact INT1 C terminus is required for the targeting of INT1

or the closely related INT4 protein to the tonoplast, it might also

be a useful tool to modify the subcellular localization of less

closely related transporters. To test this hypothesis, we fused the

INT1 C terminus to the well-characterized Arabidopsis Suc

transporter SUC2, a plasma membrane protein with 12 trans-

membrane helices (Sauer and Stolz, 1994; Truernit and Sauer,

1995; Stadler and Sauer, 1996), and to the recently published

SWEET1 protein, a monosaccharide facilitator with seven trans-

membrane helices reported to reside primarily in the plasma

membrane (Chen et al., 2010). The C termini of both proteins are

predicted to face the cytoplasm (i.e., to have the same topolog-

ical orientation as the INT1 C terminus).

Fusions between SUC2 and the INT1 C terminus were gener-

ated either with the intact SUC2 transporter or with a SUC2

protein that had 14 amino acids of its C terminus deleted (D14)

(i.e., all except two amino acids after the 12th transmembrane

helix). Figures 5A and 5B show that the GFP-SUC2 and SUC2-

GFP controls labeled the plasma membrane as expected. Ad-

dition of the INT1 C terminus to the intact SUC2 protein had no

effect on this subcellular localization both with N-terminal (Figure

5C) or C-terminal GFP (Figure 5D). Moreover, C-terminally de-

leted SUC2 constructs were also sorted to the plasma mem-

brane irrespective of the position of GFP (Figures 5E and 5F),

indicating that the SUC2 C terminus is not required for pro-

tein sorting to the plasma membrane. Replacement of the

14 C-terminal amino acids of SUC2 by the INT1 C terminus,

however, directed both GFP-SUC2D14(C1) (Figure 5G) and

SUC2D14(C1)-GFP (Figure 5H) to the tonoplast, although to a

different extent (see Supplemental Table 1 online). Whereas

GFP-SUC2D14(C1) was targeted exclusively to the tonoplast

(Figure 5G), only weak labeling of the tonoplast was observed

with SUC2D14(C1)-GFP, which was still sorted to the plasma

membrane to a large extent (Figure 5H). The results obtained in

Figure 3. Alignment of the C-Terminal Sequences from INT1-Type and INT4-Type Transporters.

Sequences obtained from BLAST analyses (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) were divided into two groups based on the presence or

absence of a PSI domain between their predicted transmembrane helices IX and X and listed as INT1-type transporters (Top) or as INT4-type

transporters (Bottom). A consensus sequence at the start of the C terminus of plant and animal transporters of the major facilitator superfamily (Marger

and Saier, 1993) is shown in red. Di-Leu motifs are highlighted in yellow, a conserved region found only in INT1-type transporters is highlighted in blue,

and conserved regions found only in INT4-type transporters are highlighted in magenta and green. Gene names or genus names plus GenBank

accession numbers are given.
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Figure 4. Deletions and Mutational Analyses of INT1 and INT4 C Termini.

(A) C-terminal sequences starting with a sequence motif (red) conserved at the start of the C termini of all MST-like family members. The position of the

Pro residues in INT1 or INT4 is given. The di-Leu motifs conserved in INT1-type and INT4-type transporters are highlighted in yellow and sequence

motifs conserved only in INT1-type or in INT4-type transporters in blue, magenta, or green. Deletions and mutations are shown in blue.

(B) to (J) Confocal images. Chlorophyll autofluorescence is shown in red in (B) to (G), (I), and (J) or in blue in (H). Bars = 10 mm.

(B) The INT1D30 deletion construct is trapped in the ER as indicated by the fluorescent ER network in a section taken near the top of a protoplast.

(C) The INT1D9 deletion construct is also trapped in the ER as indicated by the patchy fluorescence in the section from the center of a protoplast. No

fluorescence was detected in the tonoplast after lysis of the plasma membrane.

(D) Replacing the Glu and Arg residues in the conserved WKERA motif by two Ala residues did not affect the targeting of INT1 to the tonoplast.

(E) Replacing the di-Leu motif by three Ala residues resulted in a complete loss of tonoplast fluorescence (right). The modified INT1 protein was rather

guided to the plasma membrane. The maximum projection (left) shows no labeling of the ER.

(F) The GFP-INT4(RRREKK/AAAAAA) mutation in the INT4 C terminus did not affect the targeting of the modified protein to the plasma membrane.

(G) Similarly, the GFP-INT4(LLE/AAA) mutation did not affect the targeting.

(H) Plasma membrane localization of GFP-INT4(LLE/AAA) was confirmed by cotransformation of an INT4-RFP construct, independent detection of the

GFP (left) and RFP (center) signals, and merging of the images (right).

(I) The GFP-INT4(FK/AA) mutation did not affect the targeting (left, optical section; right, maximum projection).

(J) Deletion of 23 C-terminal amino acids did not affect the targeting (left, optical section; right, maximum projection).
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Figures 4B to 4E suggested that the di-Leu motif in the INT1 C

terminus is required for tonoplast sorting. When we introduced

the LLE/AAA mutation studied in Figure 4E into the C terminus

of the GFP-SUC2D14(C1) protein, the resulting GFP-SUC2D14

(C1)(LLE/AAA) protein was no longer sorted to the tonoplast but

rather targeted exclusively to the plasma membrane (Figure

5I), confirming that di-Leu is required for tonoplast sorting.

Moreover, this result demonstrated again that removal of

a specific sorting signal resulted in targeting to the plasma

membrane.

Fusions between SWEET1 and the INT1 C terminus were

made either with the intact SWEET1 transporter or with a

SWEET1 protein that had 33 amino acids of its C terminus

deleted (D33) (i.e., most of its 38–amino acid cytoplasmic tail).

Figure 5. Targeting of SUC2 to the Tonoplast.

Single optical sections ([A] to [D], [G], [H], left images in [E] and [F], and all images but the first in [I]) or maximum projections (right images in [E] and

[F], left image in [I]) are shown. Red color shows chlorophyll autofluorescence in all images. Bars = 10 mm.

(A) A GFP-SUC2 fusion labels the plasma membrane.

(B) A SUC2-GFP fusion labels the plasma membrane.

(C) Addition of the INT1 C terminus does not affect sorting of GFP-SUC2(C1) to the plasma membrane.

(D) Addition of the INT1 C terminus does not affect sorting of SUC2(C1)-GFP to the plasma membrane.

(E) Deletion of 14 C-terminal amino acids does not affect sorting to the plasma membrane of a GFP-SUC2D14 fusion.

(F) Deletion of 14 C-terminal amino acids does not affect sorting to the plasma membrane of a SUC2D14-GFP fusion.

(G) Replacement of the 14 C-terminal amino acids by the INT1 C terminus results in perfect sorting to the tonoplast of GFP-SUC2D14(C1) in intact

protoplasts (left) and after osmotic lysis of the plasma membrane (right).

(H) SUC2D14(C1)-GFP is less efficiently sorted to the tonoplast than GFP-SUC2D14(C1) (see [G] for comparison). In addition to the plasma membrane,

labeling of the tonoplast is seen both in intact protoplasts (yellow arrows in left image; inset shows the boxed region at higher magnification) and in

vacuoles after osmotic lysis of the plasma membrane.

(I) The GFP-SUC2D14(C1)(LLE/AAA) mutation abolishes targeting of SUC2 to the tonoplast by the INT1 C terminus as indicated by the fluorescence

images of a lysed protoplast (right images, plus and minus white light image). It rather results in a uniform labeling of the plasmamembrane (left images,

maximum projection and optical section of intact protoplasts).
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Figures 6A and 6C show that in contrast with the published

SWEET1 localization in the plasma membrane (Chen et al.,

2010), the GFP-SWEET1 and SWEET1-GFP controls labeled

primarily the ER. However, an additional almost negligible stain-

ing in the plasma membrane was observed in few protoplasts

expressing SWEET1-GFP. The same result was obtained 72 h

after transformation of protoplasts, indicating that the localiza-

tion of SWEET1 in the ER was not only transient due to a slower

trafficking rate (see Supplemental Figure 6 and Supplemental

Table 1 online). However, in line with the published data, tono-

plast fluorescence was observed with none of these constructs

(Figures 6A and 6C). Moreover, C-terminally deleted GFP-

SWEET1D33 was also sorted exclusively to the ER (Figure 6B).

As with SUC2, addition of the INT1 C terminus to the intact

transporter had no effect on the subcellular localization, and

GFP-SWEET1(C1) labeled the ER (Figure 6D) just as the unmod-

ified or C-terminally deleted SWEET1 protein (Figures 6A to 6C).

Replacement of the 33 C-terminal amino acids by the INT1 C

terminus, however, directed the resulting GFP-SWEETD33(C1)

protein to the tonoplast (Figure 6E).

AP-3 Is Involved in the Sorting of SUC4 to the Tonoplast

but Is Not Involved in INT1 Sorting

It has been suggested in several publications that the AP-3 adapter

complex from Arabidopsis is involved in protein sorting to the

vacuole (Sanmartı́n et al., 2007;Sohnet al., 2007; Feraruet al., 2010;

Zwiewka et al., 2011). Moreover, phylogenetic analyses indicate

that, in fact, the b-subunit (At3g55480) of this Arabidopsis complex

is most closely related to the b-subunits of the yeast and human

AP-3 complexes (see Supplemental Figure 7 and Supplemental

Data Set 1 online), which are involved in sorting to the lysosome

and are known to recognize [D/E]XXXL[L/I]-type sorting signals

(Bonifacino and Traub, 2003). To test if AP-3 is also involved in

tonoplast sorting of INT1, we expressed a GFP-INT1 fusion con-

struct both inAP-3wild-type plants and in amutant line defective in

the b-subunit of the AP-3 complex (ap-3 bmutant). This mutant line

(SAIL_1258_G03) is identical with the previously published pat2-2

(for protein affected trafficking2-2) mutant (Feraru et al., 2010).

Figures 7A and 7B demonstrate that the ap-3 b mutation does

not affect INT1sorting, aswild-typeand ap-3bmutant protoplasts

Figure 6. Targeting of SWEET1 to the Tonoplast.

(A) Wild-type SWEET1 with GFP at its N terminus is targeted exclusively to the ER (left; maximum projection) and does not label the tonoplast (right;

optical section).

(B) Deletion of 33 C-terminal amino acids does not affect this localization (maximum projection).

(C) Wild-type SWEET1 with GFP at its C terminus is also targeted to the ER network (in some protoplasts, additional weak labeling of the plasma

membrane was observed [left; maximum projection]). Optical section through a protoplast expressing the SWEET1-GFP construct showing patchy

fluorescence, which is in line with labeling of the ER (center). SWEET1-GFP never labels the tonoplast (right; optical section).

(D) Addition of the INT1 C terminus to the intact SWEET1 protein also does not affect this localization (maximum projection).

(E) Replacement of the 33 C-terminal amino acids by the INT1 C terminus results in labeling of the tonoplast in intact protoplasts (left; optical section)

and after osmotic lysis of the plasma membrane (right; optical section).

Red color shows chlorophyll autofluorescence. Bars = 10 mm.
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Figure 7. The AP-3 Complex Targets SUC4 to the Tonoplast but Does Not Target the Di-Leu Motif–Containing INT1 and ESL1 Transporters.

All images are single optical sections and show intact protoplasts (left images in [A] to [F], [I], [J], and all images in [G] and [H]) or vacuoles after

osmotic lysis of the plasma membrane (right image in [A] to [F], [I], and [J]). (A), (C), (E), and (I) show analyses in protoplasts obtained from AP-3 wild-

type plants. (B), (D), (F), (G), (H), and (J) show analyses in protoplasts obtained from ap-3mutants. Red color in (A) to (F), (H), and (I) shows chlorophyll

autofluorescence. Bars = 10 mm.

(A) and (B) GFP-INT1 is targeted to the tonoplast in AP-3 wild-type and ap-3 mutant plants.

(C) and (D) ESL1-GFP is targeted to the tonoplast in AP-3 wild-type and ap-3 mutant plants.
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show the same and exclusive localization of GFP-INT1 to the

tonoplast. As controls, we compared the localization of GFP

fusions to theArabidopsisSuc transporter SUC4 (GFP-SUC4) and

to the Arabidopsis Glc transporter ESL1 (ESL1-GFP), which were

previously shown to localize to the tonoplast (Endler et al., 2006;

Yamadaet al., 2010; Schneider et al., 2011).Whereas ESL1 has an

N-terminal [D/E]XXXL[L/I]-type motif involved in the sorting to

the tonoplast (Yamada et al., 2010), SUC4 does not contain any of

the putative sorting signals known from animals. In line with the

published data, ESL1-GFP and GFP-SUC4 constructs labeled

exclusively the tonoplast of AP-3wild-type plants (Figures 7C and

7E).Moreover, asalreadyseen for theGFP-INT1 fusion, the sorting

of ESL1-GFP was not affected by the ap-3 mutation (Figure 7D).

Surprisingly, however, sorting of GFP-SUC4 to the tonoplast was

blocked completely in the ap-3 b mutant and resulted in the

labeling of punctate structures (Figure 7F).

INT1andSUC4AreSorted to theTonoplast viaTwoDifferent

Golgi-Dependent Routes

Cotransformation of ap-3 b protoplasts with constructs for GFP-

SUC4 and the soybean (Glycine max) a-1,2-mannosidase I–de-

rived cis-Golgimarker CD3-967-mCherry (Saint-Jore-Dupas et al.,

2006; Nelson et al., 2007) suggested that the punctate structures

seen in Figure 7F might show accumulation of GFP-SUC4 in the

cis-Golgi (Figure 7G). In fact, cotransformation of ap-3 b proto-

plasts with constructs for GFP-SUC4 and another cis-Golgi

marker, the Arabidopsis v-SNARE MEMBRIN12 (MEMB12)

(Uemura et al., 2004), which carries an mCherry-fusion in the

Wave127RconstructpublishedbyGeldner et al. (2009), showed the

samecolocalization (seeSupplemental Figure 8Aonline).Moreover,

at higher magnifications, the labeled structures were clearly donut

shaped, which is typical for Golgi stacks but not for the TGN (see

Supplemental Figure 8Bonline; Langhanset al., 2007). Finally,when

we coexpressed GFP-SUC4 with the Wave25R construct (Geldner

et al., 2009), which harbors the Golgi and TGN-localized GTPase

RabD1 (Pinheiro et al., 2009), we observed red fluorescencemostly

in the immediate vicinity of the green fluorescent, GFP-SUC4–

labeled Golgi (see Supplemental Figure 9 online). This confirmed

that GFP-SUC4does not accumulate in the TGNof ap-3bmutants.

It is well established that targeting of the aquaporin a-TIP to

protein storage vacuoles (PSVs) occurs Golgi independently

(Jiang and Rogers, 1998; Park et al., 2004), and only recently, it

was also shown that in rice, the two-pore K+ channel TPKb is

sorted to PSVs in a Golgi-independent manner directly from the

ER (Isayenkov et al., 2011). This model was based on the

observation that this sorting was not affected by the fungal

antibiotic brefeldin A (BFA), which interferes with protein trans-

port from the ER to the Golgi by disrupting Golgi membrane

integrity (Nebenführ et al., 2002). In parallel analyses, sorting of

the second two-pore K+ channel from rice, TPKa, to lytic vac-

uoles (LVs) was inhibited by BFA (Isayenkov et al., 2011).

The Arabidopsis mesophyll protoplasts studied in this article

contain only a single central vacuole representing a typical LV

(Marty, 1999). We compared the effect of 25 mg mL21 BFA on the

sorting of GFP-INT1 and GFP-SUC4 to the tonoplast according to

the protocol described by Isayenkov et al. (2011). The plasma

membrane–localized GFP-INT4 fusion was included as a control.

Figures 8A to 8C show that all three fusion constructs are sorted to

the correctmembrane in thepresenceof 0.25%DMSO, the solvent

used to prepare the BFA stock solution. Figures 8D to 8F demon-

strate that protoplasts coexpressing the different GFP fusions with

thecis-GolgimarkerCD3-967-mCherry accumulate all proteins in a

vesicular ER. Most importantly, these protoplasts contain an intact

vacuole (yellow arrows in Figures 8E and 8F; for a colocalization

image of GFP-SUC4 andCD3-967-mCherry in the absence of BFA

and for an image of a BFA-treated protoplast expressing GFP-

SUC4 only, see Supplemental Figure 10 online). Furthermore, BFA

treatment did not affect protoplast viability, since 6 h after BFA

removal the original subcellular localization of INT4, INT1, and

SUC4 was reestablished (see Supplemental Figure 11 online).

In summary, these data demonstrate (1) that Arabidopsis pos-

sesses twoalternative routes for the sortingof INT1andSUC4 to the

central vacuole; (2) that SUC4 is sorted via an AP-3–dependent

route, whereas sorting of INT1 is AP-3-independent; (3) that block-

ing the AP-3 route leads to accumulation of GFP-SUC4 in the Golgi

andnot in the TGN; and (4) that both sorting routes involve theGolgi.

Based on all these data, we finally speculated that, if SUC4 and

INT1 are sorted to the tonoplast via different routes and if the

identified C-terminal sorting signal of INT1 (Figures 4 to 6; see

Supplemental Figure 5 online) is required for sorting via the AP-3–

independent route, it should be possible to bypass the block of

GFP-SUC4 sorting in the ap-3 bmutant and to sort GFP-SUC4 to

the tonoplast via the INT1 route by adding the INT1 C terminus to

SUC4. This is, in fact, the case. Figures 7I and 7J show that the

fluorescent GFP-SUC4(C1) chimera is targeted to the tonoplast

not only in AP-3 b wild-type protoplasts (Figure 7I) but also in

protoplasts of the ap-3 b mutant (Figure 7J).

DISCUSSION

In this study, we demonstrate that a di-Leumotif in the C terminus

of the tonoplast-localized inositol transporter INT1 is indispensable

Figure 7. (continued).

(E) and (F) GFP-SUC4 is targeted to the tonoplast in AP-3 wild-type plants but trapped in the Golgi of ap-3 mutants.

(G) Protoplast of an ap-3 mesophyll cell cotransformed with constructs for GFP-SUC4 (left) and the cis-Golgi marker CD3-967-mCherry (second from

left). A merge of these images (right) and of an image of the chlorophyll autofluorescence (blue; third image from left) shows that GFP-SUC4 is trapped in

the Golgi.

(H) Protoplast of an ap-3mesophyll cell cotransformed with constructs for GFP-SUC4 (left) and the Golgi/TGNmarker Wave25R-mCherry (second from

left). A merge of these images (right) and of an image of the chlorophyll autofluorescence (blue; third image from left) shows that GFP-SUC4 is trapped in

the Golgi.

(I) and (J) GFP-SUC4(C1) is targeted to the tonoplast in AP-3 wild-type and ap-3 mutant plants.
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Figure 8. BFA Sensitivity of INT4, INT1, and SUC4 Sorting in Mesophyll Protoplasts from Wild-Type Plants.

(A) to (C) are controls treated with 0.25% DMSO only (chlorophyll autofluorescence shown in red), and (D) to (F) show the effects of BFA treatment (25

mgmL�1) in the presence of 0.25%DMSO (chlorophyll autofluorescence shown in blue). The bottom image in (A) shows amaximum projection; all other

images are optical sections. All localizations were studied in at least 40 to 50 protoplasts, which all showed the identical localizations. Yellow arrows in

(E) and (F) show the presence of intact vacuoles after the BFA treatment. Bars = 10 mm.

(A) Protoplast expressing GFP-INT4.

(B) Intact (Top) and lysed protoplasts (Bottom) expressing GFP-INT1.

(C) Intact (Top) and lysed protoplasts (Bottom) expressing GFP-SUC4.

(D) Protoplast coexpressingGFP-INT4 (left) andCD3-967-mCherry (middle) in the presence of BFA. The right image shows amerge of the green and red

channels plus chloroplast autofluorescence.

(E) Protoplast coexpressingGFP-INT1 (left) andCD3-967-mCherry (middle) in the presence of BFA. The right image shows amerge of the green and red

channels plus chloroplast autofluorescence.

(F) Protoplast coexpressing GFP-SUC4 (left) and CD3-967-mCherry (middle) in the presence of BFA. The right image shows a merge of the green and

red channels plus chloroplast autofluorescence.
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for correct targeting of INT1 to the tonoplast. Moreover, we

showed that plasma membrane– and ER-localized transporters

can be redirected to the tonoplast via the INT1 C terminus. These

data are relevant for the molecular breeding of plants with altered

storage properties in their vacuoles, as they provide a simple tool

to redirect transporters with known transport functions to the

central vacuole, the major storage compartment of higher plants.

We also demonstrate that the C terminus of INT1 mediates an

AP-3–independent trafficking pathway, similar as it was shown

for tonoplast sorting of ESL1 (Yamada et al., 2010). By contrast,

another tonoplast-localized transporter, the Suc transporter

SUC4 (Endler et al., 2006; Schneider et al., 2011; Schulz et al.,

2011), is transported via a second, AP-3–dependent route.

A C-Terminal Di-Leu Motif Is Involved in INT1 Sorting to

the Tonoplast

The identified di-Leu motif in the INT1 C terminus (NMEGLL)

belongs to the group of acidic [D/E]XXXL[L/I] sorting motifs

previously characterized in mammals and yeast (Bonifacino and

Traub, 2003). Although acidic residues are frequently observed

at position 24 from the first Leu, which led to the name of the

motif, these residues are important only in few proteins and may

be replaced in most others (Letourneur and Klausner, 1992;

Bonifacino and Traub, 2003). For example, a [D/E]XXXL[L/I]-type

sorting motif identified in the C terminus of the Glc facilitator

GLUT4 from humans (RTPSLLEQ; Sandoval et al., 2000) is quite

similar to that of INT1 (NMEGLLEQ) but has a basic residue at the

24 position. The sortingmotif in the INT1C terminus clearly does

not belong to the DXXLL group of sorting signals, a distinct type

of di-Leu motifs frequently found in animals. In DXXLL signals,

the requirement for the D and LL residues is quite strict

(Bonifacino and Traub, 2003), and mostly these signals are

separated only by one or two residues from the C termini of the

proteins.

Our results demonstrate that the INT1 C terminus is required

for the tonoplast sorting of INT1 and several fusion proteins. For

most chimera, the C terminus of the protein in question had to be

replaced by the INT1 C terminus for a successful sorting to the

tonoplast. A simple addition of the INT1C terminus to intact INT4,

SUC2, or SWEET1 had no recognizable effect, suggesting that

the distance relative to the transmembrane helix is important for

successful sorting. An exception was the SUC4(C1) chimera that

was sorted to the tonoplast without deletion of the SUC4 C

terminus. This quite likely is due to the short SUC4 C terminus,

which is only 10 amino acids. In fact, critical distances were

described for most sorting motifs in animals (Geisler et al., 1998;

Bonifacino and Traub, 2003).

The Absence of a Functional Sorting Signal Drives Proteins

to the PlasmaMembrane

Secretion is known to be the default destination in plant cells for

soluble proteins lacking sorting signals within the secretory

pathway (Chrispeels, 1991; Bednarek and Raikhel, 1992), but

the default membrane is unclear. The observation that several of

our mutated or chimeric proteins were sorted to the plasma

membrane might indicate that the plasma membrane is the

default membrane in the absence of specific sorting signals.

However, type-I membrane proteins without a specific sorting

signal were previously shown to accumulate in different mem-

branes (ER, Golgi, or plasma membrane) depending on the

length of their single transmembrane helix (Brandizzi et al., 2002).

None of the proteins was sorted to the tonoplast. Other data,

which were obtained with partial a-TIP sequences (Höfte and

Chrispeels, 1992; Jiang and Rogers, 1998), suggested that the

tonoplast might be the default membrane.

One might argue that the plasma membrane sorting of INT4

(C1) and SUC2(C1) chimera that had their own C termini not

removed might not only be caused by the wrong distance

between the INT1 di-Leu motif and the last transmembrane

helix. In addition, endogenous sorting motifs in the INT4 and

SUC2 C termini might direct these proteins to the plasma

membrane. However, neither the mutations in the INT4 C termi-

nus nor the deletion of the entire INT4 or SUC2 C termini affected

the subcellular sorting of the modified proteins, suggesting that

specific plasma membrane sorting signals are not present in

these C termini. In fact, di-Leu–type or Tyr-based sorting motifs

were not found in the C terminus of the SUC2 protein.

Most importantly, however, mutations in the di-Leumotif in the

INT1 C terminus (LLE/AAA and LLE/SSS) caused a complete

shift of the mutated proteins from the tonoplast to the plasma

membrane, indicating that the removal of the tonoplast-sorting

motif is sufficient to sort INT1 to the plasma membrane. Finally,

the same LLE/AAA mutation in the GFP-SUC2D14(C1) fusion

abrogated the artificially engineered tonoplast localization of this

protein and directed this protein back to the plasma membrane.

Together, these data suggest that the analyzed proteins are

targeted to the plasmamembranedue to the absence of a specific

sorting signal and that the plasma membrane is the default

membrane in plants. In line with this model, a mutation in the

N-terminal di-Leu motif of the tonoplast-localized ESL1 trans-

porter was shown to cause sorting of this protein to the plasma

membrane of Arabidopsis guard cells and of tobacco (Nicotiana

tabacum) BY-2 suspension cells (Yamada et al., 2010).

Interestingly, C-terminally truncated INT1D9 and INT1D30

proteins were trapped in the ER and did not accumulate

in the plasma membrane as the di-Leu motif–deficient GFP-

INT1(LLE/AAA) and GFP-INT1(LLE/SSS) proteins. This might indi-

cate that either the INT1 C terminus is also required for the exit

from the ER, a function that is obviously not affected by the

LLE/AAA mutation, or that these mutated proteins are not

properly folded and therefore remain in the ER.

Transporters Are Sorted to the Tonoplast via

Different Routes

It is widely accepted that plant cells contain different types of

vacuoles, such as LVs and PSVs. Both types of vacuoles can

even coexist in the same cell (e.g., in the root tips of seedlings;

Paris et al., 1996). Therefore, in these cells, two targeting mech-

anismsmust exist to allow specific sorting ofmembrane proteins

to LVs and PSVs.

Based on the observation that targeting of a-TIP and solu-

ble phytohemagglutinin was differently affected by inhibitors

of protein transport, it has been proposed that soluble and
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membrane proteins reach the vacuole by different paths (Gomez

andChrispeels, 1993). A fewyears later, twodifferent sortingmech-

anisms fora-TIP andg-TIPwere reported (JiangandRogers, 1998),

indicating distinct routes for the sorting of membrane proteins to

vacuoles. In these analyses, fusions of C-terminal regions from

a-TIP and g-TIP to the single transmembrane helix of the sorting

receptor BP-80 either retained the normal targeting of BP-80 to lytic

PVCs (C terminus of g-TIP) or not (C terminus of a-TIP). Recent

analyses on the sorting of the rice two-pore K+ channels TPKa

(sorted to LVs) and TPKb (sorted to PSVs) again suggested the

existence of different pathways (Isayenkov et al., 2011). TPKb

appeared tobesorted via aGolgi-independent andBFA-insensitive

pathway, but sorting of TPKa was dependent on an intact Golgi

systemand sensitive toBFA. Truncations andmutational analyses

of the C termini suggested that these parts of TPKa and TPKb

determine the sorting to LVs or PSVs. However, specific sequence

motifswere not identified. Analyses of the putative sorting function

of N-terminal [D/E]XXXL[L/I]-type sorting motifs conserved in

TPKa and TPKb and also in the LV-localizedArabidopsis homolog

TPK1 (Dunkel et al., 2008) were not included.

In contrast with these analyses, our studies did not compare

the sorting to LVs and PSVs. Moreover, the model of multi-

vacuoles is rather exceptional and does only apply for specific

cells (Frigerio et al., 2008).The two different routes identified for

INT1 and SUC4 both target their cargo proteins to the large

central vacuole of Arabidopsis mesophyll cells. Although Arabi-

dopsis AP-3 b had so far not been shown to be directly involved

in the sorting of a specific cargo protein, the identification of AP-3

b as a component of a vacuolar sorting route is not unexpected,

as important roles of different AP-3 subunits for vacuolar function

and biogenesis have been described (Feraru et al., 2010;

Zwiewka et al., 2011). Moreover, the AP-3 complex from bakers’

yeast was identified and characterized after the observation that

sorting of the type-II integral vacuolar membrane protein alkaline

phosphatase was not affected by mutations in genes involved in

the classical vacuolar sorting route via the PVC (Cowles et al.,

1997a, 1997b). In fact, AP-3 in yeast appears to transport its

cargo proteins directly from the Golgi to the vacuole bypassing

the PVC (Odorizzi et al., 1998; Dell’Angelica, 2009).

In the fruit fly Drosophila melanogaster, mutations in the AP-3

d-subunit lead to eye color mutations, as the normal develop-

ment of lysosome-related pigment granules is disturbed (Lloyd

et al., 1998). Similarly, inmice and humans,mutations in the AP-3

b- or d-subunits result in color mutations and a special form of

albinism, the Hermansky-Pudlak syndrome, which is a conse-

quence of the abnormal formation of lysosome-related melano-

somes (Dell’Angelica et al., 1999). In contrast with yeast, animal

AP-3 recruits its cargo on early endosomes for the sorting to

lysosomes or lysosome-related organelles; however, the possi-

bility of cargo recruitment already at the Golgi is still being

discussed (Dell’Angelica, 2009).

In plants, the data suggest that AP-3 might be involved in

trafficking membrane proteins from the TGN to PSVs. For ex-

ample, the d-subunit of Arabidopsis AP-3 interacts with EpsinR2,

a protein that binds to VTI12, clathrin, and phosphatidylinositol-

3-phosphate (Lee et al., 2007). VTI12 is a vesicle-associated

SNARE that localizes to the TGN in plants (Surpin et al., 2003) and

has a role in protein trafficking to PSVs (Sanmartı́n et al., 2007).

Moreover, the AP-3 d adaptin was shown to colocalize with

TERMINAL FLOWER1, which is also involved in protein traffick-

ing to PSVs (Sohn et al., 2007). In contrast, the ap-3 b mutant is

specifically affected in the biogenesis, identity, and function of

LVs, and it has been proposed that this might occur via a PVC-

independent pathway (Feraru et al., 2010).

The results obtained in this article suggest an AP-3 function in

plants that is similar to what has been described in yeast. In both

systems, AP-3 appears to recruit cargo proteins directly from the

Golgi, which is supported by the observation that GFP-SUC4

colocalizes with cis-Golgi markers in ap-3 b mutants, that the

labeled structures can be characterized as Golgis based on their

typical shape, and that GFP-SUC4 does not enter the TGN in ap-

3 bmutants. As, finally, both the INT1 route and the SUC4 route

are sensitive to BFA and therefore involve the Golgi, we propose

the model shown in Figure 9. According to this model, INT1

and SUC4 enter the Golgi via the early secretory pathway from

the ER. While SUC4 is then recruited as cargo by AP-3 in

the cis-Golgi, INT1 appears to be sorted via the classical,

AP-3–independent vacuolar-sorting route involving the TGN

and PVCs. In addition to these two Golgi-dependent routes, a

third route seems to exist for the targeting of proteins directly

from the ER to the vacuolar membrane in a Golgi-independent

way. This routemight be similar to the sorting route that has been

described for the targeting of a-TIP to PSVs (Jiang and Rogers,

1998; Park et al., 2004). Furthermore, the existence of additional,

so far unidentified targeting pathways to the tonoplast cannot be

excluded.

Recently, Bottanelli et al. (2011) also postulated at least three

different sorting routes for membrane proteins to the tonoplast in

tobacco epidermis cells. Of the three identified transport routes,

one was Golgi independent, while the other two required an

intact Golgi network with one of them also including the TGN.

These findings are in perfect agreement with our data.

Figure 9. Model for the Alternative Sorting Routes of INT1 and SUC4.

After its synthesis in the ER, SUC4 is sorted to the Golgi, from where it

reaches the tonoplast directly via an AP-3–dependent/BFA-sensitive

route (GdV, Golgi-derived vesicle). By contrast, INT1 reaches the tono-

plast via the classical, AP-3–independent/BFA-sensitive route that in-

volves the TGN and the PVC. Vac, vacuole.
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Outlook

The physiological reason for the existence of different sorting

routes for tonoplast transporters is unclear. No sorting of SUC4

via the INT1 route is seen in the ap-3 bmutant, indicating a strict

separation of the two Golgi-dependent sorting routes and no

spillover, even if one of the routes is blocked or overloaded. In

analogy to the situation in yeast and animals, one could spec-

ulate that the INT1 route is responsible for the tonoplast sorting of

housekeeping tonoplast proteins, while the SUC4 routemight be

required for tonoplast sorting in response to specific develop-

mental or environmental conditions or of special proteins under

nonstandard conditions. In fact, a specific up- or downregulation

of the AP-3–dependent SUC4 route might represent a means to

regulate tonoplast sorting of an entire set of membrane proteins.

The identification of additional AP-3 cargo proteins will help to

understand the physiological needs for this alternative sorting

route in plants.

METHODS

Strains, Growth Conditions, and Plant Transformation

Arabidopsis thaliana ecotype Columbia-0 and the ap-3 b mutant

(SAIL_1258_G03 =pat2-2; obtained from the Nottingham Arabidopsis

Stock Centre) were grown under short-day conditions (8 h light/16 h dark)

at 228C in growth chambers for preparation of mesophyll protoplasts.

Stable transformants were generated with Agrobacterium tumefaciens

strain GV3101 (Holsters et al., 1980).

Constructs for Transient and Stable Transformation

The soybean (Glycine max) a-1,2-mannosidase I–derived cis-Golgi

marker CD3-967-mCherry (Saint-Jore-Dupas et al., 2006; Nelson et al.,

2007) was obtained from the ABRC. Additionally, the cis-Golgi marker

v-SNARE MEMB12 (Uemura et al., 2004) and the Golgi and TGN marker

GTPase RabD1 (Pinheiro et al., 2009) were used for colocalization

studies, carrying mCherry fusions in the Wave127R or Wave25R con-

struct, respectively, published by Geldner et al. (2009).

For the domain swaps between INT1 and INT4, an internal NcoI site in

the Arabidopsis INT1 CDS was removed by PCR (primers INT1-pci,

INT1BglN, INT1BglC, and INT1-nco; see Supplemental Table 2 online).

Insertion into the vector pCS120 (Dotzauer et al., 2010) yielded the

plasmid pCS143. Amplification of the INT1 CDS from pCS143 (primers

INT1-5-PciI and INT1-3-PciI) introduced PciI sites at both ends and

removed the stop codon. Unique AvrII, NaeI, and StuI cloning sites were

introduced by site-directed mutagenesis [primers INT1-AvrII-F, INT1-

AvrII-R, INT1-NaeI-F, INT1-NaeI-R, INT1-StuI-F(long), and INT1-StuI-R].

TheArabidopsis INT4CDSwas amplifiedwith the primers INT4-pci and

INT4-nco and inserted into pCS120, yielding pCS144. Amplification of the

INT4 CDS from pCS144 (primers INT4-5-NcoI and INT4-3-NcoI) intro-

ducedNcoI sites at both ends and removed the stop codon. Unique AvrII,

NaeI, and StuI cloning sites were introduced by site-directed mutagen-

esis [primers INT4-AvrII-F, INT4-AvrII-R, INT4-NaeI-F, INT4-NaeI-R,

INT4-StuI-F(long), and INT4-StuI-R].

Domain switches with INT1 and INT4 were performed in the back-

ground of pJET1.2 (Fermentas). The N termini of INT1 and INT4 were

directly exchanged via PCR using the primers INT4-N-Term-PciI or INT1-

N-Term-PciI. The L1 and L4 domains and the C1 and C4 domains were

exchanged using the inserted AvrII, NaeI, or StuI cloning sites (see

Supplemental Figure 1 online).

For the addition of the INT4 C terminus to the intact INT1 protein [INT1

(C4)] or vice versa [INT4(C1)], unique StuI sites were created at the 39-end

of the INT1 CDS (primers INT1-5-PciI and INT1-39StuI-R) or at the 39-end

of the INT4 CDS (primers INT4-5-NcoI and INT4-39StuI-R). The PCR

fragments were cloned into pJET1.2, and the respective C termini were

inserted into the StuI sites.

C-terminal truncations or mutations of INT1 were created via PCR using

the forward primer INT1-5-PciI and one of the following reverse primers:

INT1-del9r (INT1D9), INT1-del30r (INT1D30), INT1-ER/AAr (INT1-CER/AA),

INT1-LLE/AAAr (INT1-CLLE/AAA), or INT1-LLE/SSSr (INT1(LLE/SSS)).

C-terminal modifications of INT4 were generated with the primer INT4-5-

NcoI and one of the following reverse primers: INT4-RRREKK/AAAAAAr

(INT4(RRREKK/AAAAAA), INT4-del23r (INT4D23), or INT4-FK/AAr (INT4(FK/AA)).

For themutation in the INT4 di-Leumotif (INT4-CLLE/AAA), the primers INT4-

5-NcoI, INT4-LLE/AAA-R, INT4-LLE/AAA-F, and INT4-3-NcoI were used.

All chimera, truncations, and mutations of INT1 and INT4 contain

flankingNcoI orPciI cloning sites for insertion into the expression vectors.

ForGFP fusion constructs, the above-described constructswere excised

from pJET1.2 with NcoI or PciI and inserted into the unique NcoI cloning

sites of pCS120 (Dotzauer et al., 2010) for C-terminal GFP fusions or

pSS87 (Schneider et al., 2011) for N-terminal GFP fusions.

To create chimeric fusions of SUC2 and SWEET1 to the INT1 C

terminus, derivatives of pCS120 and pSS87 with the CDS of the INT1 C

terminus and a unique NcoI cloning site at the 59-end were established.

To this end, the INT1 C-terminal sequence was amplified with a 59 NcoI

site and a 39 PciI site (primers C-INT1-NcoI-5 and INT1-3-PciI). The

fragment was inserted into pCS120, yielding an NcoI/INT1-C terminus/

GFP cassette in plasmid pSW110, or into pSS87, yielding a GFP/NcoI/

INT1 C terminus cassette in plasmid pSW111.

For chimeric SUC2 proteins, the SUC2 CDS was amplified (primers

SUC2-5-PciI and SUC2-3-PciI), the stop codon was removed, and

flanking PciI sites were introduced. The sequence was inserted into

pSS87, yielding GFP-SUC2; into pCS120, yielding SUC2-GFP; into

pSW111, yielding GFP-SUC2(C1); and into pSW110, yielding SUC2

(C1)-GFP. The shorter SUC2D14 sequence with flanking PciI sites

(primers SUC2-5-PciI and SUC2-3-PciI wo C-Term) was inserted into

the NcoI site of pSW110, yielding SUC2D14(C1)-GFP; into pSW111,

yielding GFP-SUC2D14(C1); into pCS120, yielding SUC2D14-GFP; or

into pSS87, yielding GFP-SUC2D14. To obtain SUC2D14(C1)(LLE/AAA),

PCR was performed with the primers SUC2-5-PciI and INT1-LLE/AAAr,

using GFP-SUC2D14(C1) as template. The resulting sequence was

inserted into pSS87, yielding GFP-SUC2D14(C1)(LLE/AAA).

For chimeric SWEET1 proteins, the SWEET1 CDS was amplified

(primers SWEET1-5-NcoI and SWEET1-3-NcoI), the stop codon was

removed, and flanking NcoI sites were introduced. The sequence was

inserted into pSS87, yielding GFP-SWEET1; into pCS120, yielding

SWEET1-GFP; and into pSW111, yielding GFP-SWEET(C1). The shorter

SWEET1D33 sequence with flanking NcoI sites (primers SWEET1-5-NcoI

and SWEET1woC-Term-3-NcoI) was inserted into theNcoI site of pSS87,

yielding GFP-SWEET1D33; or pSW111, yielding GFP-SWEET1D33(C1).

To generate GFP-SUC4, the Arabidopsis SUC4 CDS was amplified

(primers SUC4-PciI-F and SUC4-StuI-PciI-R). Flanking PciI cloning sites

were introduced for insertion into pSS87 and a 39StuI site for the insertion

of the INT1 C terminus to generate GFP-SUC4(C1).

To generate ESL1-GFP, the ESL1CDSwas amplified (primers ERD6B5

and ERD6B3), and the PCR product was cloned into pENTR/D-TOPO

(Invitrogen) and then introduced into the destination vector pK7FWG2,0

(Karimi et al., 2002) by Gateway cloning.

For all fusions, the modified Aequorea victoria sGFP(S65T) was used

(Heim et al., 1995).

Treatment with BFA

Treatment with BFAwas performed as described by Isayenkov et al. (2011)

with minor modifications: a 10 mg mL21 stock solution of BFA (Sigma-

Aldrich) inDMSOwas added toprotoplasts to a final concentration of 25mg
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mL21 1 h after transformation. In all analyses, the same amount of DMSO

without BFA was used as control. For recovery experiments, the proto-

plasts were washed and transferred to buffer without BFA.

Complementation of an int1Mutant

As used for previous experiments (Schneider et al., 2008), a 1210-bp INT1

promoter fragment with a HindIII site at the 59-end and an SbfI site at the

39-end was amplified (primers INT1-p5 and pINT1-39-SbfI) and inserted

into the respective sites of the plant transformation vector pAF16 (Stadler

et al., 2005), yielding pINT1-pAF16. The INT4DC(C1) cDNA was amplified

(primers INT4-59-SbfI and INT1-39-stop-XbaI) from the plasmid contain-

ing this sequence for sorting analyses, introducing an SbfI site at the 59-

end and a XbaI site at the 39-end, allowing the insertion into pINT1-pAF16

and yielding plasmid pSS100 [pINT1/INT4DC(C1)]. After transformation,

growth of wild-type, int1, and int1/INT4DC(C1) plants was compared

under long-day growth conditions on plates in upright position.

Protoplast Isolation, PolyethyleneGlycol–MediatedTransformation

of Protoplasts, and Osmotic Lysis of Plasma Membranes

Arabidopsismesophyll protoplasts were generated (Drechsel et al., 2011)

and transformed (Abel and Theologis, 1994) as described. Transformed

Arabidopsis protoplasts were incubated for 24 to 72 h in the dark at 228C

prior to confocal analysis. Osmotic lysis of protoplasts was performed as

described by Schneider et al. (2011).

Confocal Microscopy

Images of protoplasts were taken on a confocal laser scanning micro-

scope (Leica TCS SPII; Leica Microsystems) using 488-nm (GFP) and

543-nm (RFP and mCherry) laser light for excitation and processed with

Leica Confocal Software 2.5. Detection windows ranged from 495 to 556

nm for GFP and from 565 to 632 nm for RFP and mCherry.

Protein Extraction and Immunoblot Analysis

Membrane and soluble proteinswere isolated from transiently transformed

Arabidopsis protoplasts (He et al., 1996), with some modifications. Sepa-

ration of membrane and soluble proteins was performed by ultracentrifu-

gation at 100,000g for 1 h at 48C. The supernatant was used as source for

soluble proteins, and the pellet containing total membrane proteins was

dissolved in membrane protein buffer consisting of 50 mM K3PO4, pH 6.3,

20%glycerol, and 1mMEDTA. Extracts of soluble andmembrane proteins

were mixed with SDS sample buffer (250 mM Tris-HCl, pH 6.8, 20%

b-mercaptoethanol, 8% SDS, 0.04% bromophenol blue, and 20% glyc-

erol), and samples with soluble proteins were boiled for 5 min. Proteins

were separated by SDS-PAGE and transferred to nitrocellulose membranes

using protein electrophoresis and blotting apparatuses (Bio-Rad). Blots were

developed using a Lumi-LightPLUS Western Blotting Kit (Roche) and visu-

alizedbyKodakBioMaxXARfilm.Anti-GFPantibodiesconjugatedwithhorse-

radish peroxidase were used as described by the manufacturer (Invitrogen).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: INT1 (At2g43330), INT4 (At4g16480), SUC2 (At1g22710), SUC4

(At1g09960), SWEET1 (At1g21460), ESL1 (At1g08920), AP-3 (At3g55480),

Man1 (AF126550), MEMB12 (At5g50440), and RabD1 (At3g11730).
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