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The protein storage vacuole (PSV) is a plant-specific organelle that
accumulates reserve proteins, one of the main agricultural prod-
ucts obtained from crops. Despite the importance of this process,
the cellular machinery required for transport and accumulation of
storage proteins remains largely unknown. Interfering with trans-
port to PSVs has been shown to result in secretion of cargo.
Therefore, secretion of a suitable marker could be used as an assay
to identify mutants in this pathway. CLV3, a negative regulator of
shoot stem cell proliferation, is an extracellular ligand that is
rendered inactive when targeted to vacuoles. We devised an assay
where trafficking mutants secrete engineered vacuolar CLV3 and
show reduced meristems, a phenotype easily detected by visual
inspection of plants. We tested this scheme in plants expressing
VAC2, a fusion of CLV3 to the vacuolar sorting signal from the
storage protein barley lectin. In this way, we determined that
trafficking of VAC2 requires the SNARE VTI12 but not its close
homologue, the conditionally redundant VTI11 protein. Further-
more, a vti12 mutant is specifically altered in transport of storage
proteins, whereas a vti11 mutant is affected in transport of a lytic
vacuole marker. These results demonstrate the specialization of
VTI12 and VTI11 in mediating trafficking to storage and lytic
vacuoles, respectively. Moreover, they validate the VAC2 secretion
assay as a simple method to isolate genes that mediate trafficking
to the PSV.

protein storage vacuole | protein trafficking | SNARE

mong the unique characteristics of the plant secretory

pathway is the ability to store proteins in specialized or-
ganelles, such as the protein storage vacuoles (PSVs) present in
many plant species or the endoplasmic reticulum (ER)-derived
protein bodies present in certain cereals (1). These storage
organelles provide nutrients to the germinating seedling, and, in
addition, they constitute the principal source of proteins for
human and animal nutrition. PSVs are most prevalent in the
storage tissues of seeds, but they are also present in the vege-
tative tissues of adult plants, including Arabidopsis (2). Plant cells
also have a prototypical lytic vacuole (LV), which contains a
different complement of membrane and luminal proteins, has an
acidic pH, and high hydrolytic activity and shares certain func-
tions with yeast vacuoles and mammalian lysosomes.

It has been shown that PSVs and LVs coexist in some cells (2,
3). Moreover, trafficking to these organelles can be selectively
and independently inhibited (4, 5), indicating that separate
transport pathways to these vacuoles exist in plant cells. It is
thought that proteins targeted to LVs are sorted in the Golgi
complex by vacuolar sorting receptors that recruit cargo proteins
into clathrin-coated vesicles for transport to the vacuole via a
prevacuolar compartment (6, 7), a trafficking pathway similar to
those present in other eukaryotes. In contrast, storage proteins
are sorted in the Golgi complex into plant-specific dense vesicles
that are devoid of a recognizable protein coat, and are then
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transported to PSVs (8, 9). In addition, some storage proteins
may travel directly from the ER to PSVs (10).

Very few components of the vacuolar trafficking machinery
have been identified in plants, and only some of them have been
associated with transport to PSVs (5, 11, 12). Genetic evidence
linking genes to functions in trafficking to PSVs is virtually
absent. The only example is a mutant in the putative vacuolar
sorting receptor VSR1, which was shown to secrete seed vacuolar
storage proteins (12); however, definitive proof for its function
in sorting storage proteins is still lacking (13). In yeast, >100
genes required for trafficking to vacuoles have been identified,
most of them through genetic screens for mutants that secrete
vacuolar proteins (14). The main hurdle in developing similar
screens in multicellular organisms is that disruption of vacuolar
trafficking may cause fatal defects early in development (15, 16),
precluding the isolation of viable mutants. However, PSVs,
although important for the overall success of seed germination,
may be dispensable for seedling survival or for the development
of the adult plant. We reasoned, then, that genetic dissection of
the PSV transport pathway was feasible. The assays developed to
find vacuolar trafficking mutants in yeast were based on detect-
ing vacuolar enzyme activities in the growth media of mutant
cells. In plants, perturbation of trafficking to PSVs also leads to
secretion of storage cargo (5, 12, 17, 18), so the rationale for the
mutant screen would be similar to the yeast assays. Still, secretion
to the apoplasm in multicellular organism is not as readily
measured as secretion to growth media in yeast. Also, because
of their role as a stable nitrogen reserve, vacuolar storage
proteins are inert, which further complicates their detection.
However, vacuolar sorting signals (VSSs) from PSV proteins
such as barley lectin (BL) are sufficient to target chimeric
proteins to the vacuole (19). This interchangeable VSS could be
used to develop a storage vacuole marker whose secretion in
mutants would be easily detectable. By using an endogenous
regulatory protein with activity in the apoplasm, we could
monitor the response of the plant to isolate mutants. CLV3 is an
extracellular ligand that negatively regulates meristem prolifer-
ation in the apoplasm (20). We have previously shown that the
VSS of BL fused to CLV3 targets the resultant chimeric protein
(VAC2) to the vacuole and renders it inactive. Moreover,
saturation of the transport pathway by overexpressing VAC2
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Fig. 1. The vti12 mutant secretes VAC2 and BL. (A) Shown are plants homozygous for the VAC2 construct, derived from crosses of L1 with the wild type (Wt)
ecotype Col-0, with vti12 and with vti11 plants. The genotype of the plants is shown above the figures. (B) The presence of BL in the apoplastic fluid (Apo) from
Wt, vti12, and vti11 mutant lines homozygous for the BL transgene was analyzed by Western blot with anti-BL antibodies. Silver staining of the samples is shown
as loading control. The accumulation of BL in a total fraction (Tot) from Wt is shown for comparison.

leads to its secretion and to reduced proliferation and even
elimination of the meristem (20), demonstrating that the fusion
protein is active in the apoplasm. These results suggest that
reduced meristem proliferation could be used as an assay to
isolate mutants that interfere with VAC2 trafficking and result
in its secretion to the apoplasm. We have used this assay to show
that the SNARE VTI12 is involved in trafficking of vacuolar
storage proteins in vegetative and seed tissues. These results
constitute an important step in elucidating trafficking to PSVs
and also serve as a proof-of-principle for the validity of the
VAC2 secretion assay to isolate mutants in this important plant
pathway.

Results

VTI12 Is a SNARE Involved in Trafficking of VAC2. SNARE proteins
are essential to drive membrane fusion in exocytotic and vacu-
olar trafficking pathways in eukaryotes (21). Several SNARES
have been localized to the late secretory pathway in Arabidopsis,
and are candidates to regulate membrane fusion events in
vacuolar trafficking pathways, and may therefore participate in
transport of VAC2. Among these, VTI11, SYP22/SYP21, and
SYP51 are members of a SNARE complex (SNvtillcomplex)
found at the prevacuolar compartment (PVC) and the tonoplast
that has been proposed to be involved in trafficking to the lytic
vacuole (22, 23). VTI12, SYP41/SYP42, and SYP61 are members
of another discrete SNARE complex (SNvtil2complex) at the
TGN (22, 23). No definitive function has been assigned to this
complex, although some evidence implicates VTI12 in autoph-
agy (24). VTI11 and VTI12 are homologous to a single yeast gene,
Vtil, which is involved in trafficking to vacuoles through all
pathways that have been described in that organism (25), sup-
porting a role for their plant counterparts in vacuolar trafficking.

We have previously shown that SYP21, SYP22, SYP41, and
SYP42 are essential for pollen development and that homozy-
gous mutants cannot be recovered (16). In contrast, null mutants
of VTI11 and VTII2 are viable, so their function in VAC2
trafficking can be tested. The vtil] mutants are agravitropic and
show defects in leaf morphology and central lytic vacuole
formation (26), whereas vtil2 plants show no obvious develop-
mental phenotype under normal growth conditions (24). We
crossed single null mutants of vtil/ and v#i12, and the corre-
sponding wild type (Wt) background ecotype (Col-0), into a
marker line expressing ZAC2. We used the L1 marker line [see
Supporting Information (SI)] that is homozygous for a single
insertion of VAC2 in the intergenic region between At3g46110
and At3g46120. This line expresses amounts of VAC2 that are
close to the empirically determined saturation levels (ST and data
not shown). Therefore, we anticipated that even weak inhibition
of trafficking in the mutants would lead to secretion of VAC2
and consequent early termination of meristems. The F1 plants
from the three crosses were identical and featured normal
meristems. In the F2 populations, we found plants with termi-
nated shoot and floral meristems in the cross with v#i12 mutants
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but not in the crosses with v#i/1 mutants or Wt plants. Geno-
typing by PCR demonstrated that all of the plants showing
determinate shoot meristem and early termination of floral
meristems were homozygous vtil2 mutants expressing VAC2
(Figs. 14 and 2). No effect of VAC2 on the shoot or floral
meristem was observed in Wt or in vtill (Figs. 14 and 2). We
analyzed the expression of VAC2 to ensure that the phenotype
in vti12 plants was not due to enhanced VAC2 levels. We could
not detect the VAC2 protein by regular Western blot analysis,
most likely because of the in planta processing of CLV3 (27), so
we analyzed VAC2 expression by Northern blot. VAC2 expres-
sion was similar in all genotypes (SI), suggesting that secretion
of VAC2 in v#i12 was most likely due to defects in its transport.

To exclude the possibility that trafficking of the chimeric

VTI12/ti12 VTI12/vti12 VTI12/VTI12
VTI11/VTI11 VTI11Mti11 vtit1vti1l

VAC2 VAC2 VAC2

Class 1 Class 1

Class 1

VTI12/ti12 vti12/ti12 vti12/vti12
vtit1/vti11 VTI11/VTI1 VTI11/mti11

VAC2 VAC2 VAC2

The effects of combinations of the vti72 and vti11 null alleles on

Fig. 2.
trafficking of VAC2. Shown are F2 progenies from a cross between the L1 line
and an enhanced vti11 plant (vti11/vti11 VTI12/vti12). The genotype of the F2
plants is shown above the figures. All plants are homozygous for the VAC2
insert. Arrowheads indicate terminated shoot meristems; arrows indicate
flowers without carpels. (Inset) a vti12/vti12 VTI11/vti11 plant 5 months after
germination.
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Fig.3. VTI12is required for trafficking of GFP-CHI to the vacuole. Leaves from plants with designated genotypes were transiently transformed with GFP-CHI
and ALEU-GFP constructs. GFP fluorescence was observed by CLSM. Transformed cells shown are representative of the patterns observed in the various genotypes.
Arrows indicate cells showing weak diffuse vacuolar fluorescence and accumulation of small vacuoles; arrowheads indicate speckled structures accumulating

ALEU-GFP; Wt, Col-0. (Scale bar: 10 um.)

VAC2 construct was not representative of the trafficking of
natural storage proteins, we analyzed transport of full-length BL.
We crossed v#il1 and vti12 plants to a BL-expressing line (6) and
compared the accumulation of BL in apoplasmic protein samples
from leaves of Wt, v#il1, and v#i12 plants. As shown in Fig. 1B,
vtil2 mutants accumulated BL in the extracellular space,
whereas no BL was detected in Wt plants, indicating that VTI12
is involved in vacuolar trafficking of both BL and VAC2. We also
detected weaker BL secretion in vtil1 plants, which is consistent
with the observation that in vtil/ VTI12 assumes VTI11 func-
tions (27) and thus may be partially depleted from its role in
transport of BL.

VTI11 Conditionally Substitutes for VTI12 in VAC2 Trafficking. Al-
though VTI11 and VTI12 serve independent functions in Wt
plants, they can replace each other under certain conditions (24):
in v#i1] mutants, VTI12 is transferred to the SNvtill complex
and partially substitutes for VTI11 function in the gravitropic
response pathway. Conversely, in v#i/2 null mutants, VTI11 is
transferred to the SNvti12 complex. Double v¢il1/vti12 mutants
are embryo lethal, indicating that one or both of their functions
are essential for viability of the plant and that they have some
redundant roles (24). We predicted that in plants devoid of
VTI12, VTI11 would take over its function in transport of VAC2.
To test this hypothesis we created an allelic series of plants with
various combinations of V7111 and VTII2 mutant alleles. In
plants homozygous for VAC2 there were increasing degrees of
meristem termination that correlated with increasing loss
of function of the SNvtil2 complex. We found four classes of
phenotypes that were associated with specific genotypes (Fig. 2):
plants that showed no effect on the meristem had two functional
copies of VV'T112 or had one functional copy of V7112 and were
not null for V7111 (Class 1); the weakest meristem phenotype,
consisting of termination of several flower meristems before the
production of carpels (arrowheads, Fig. 2), was observed in vtil]
plants that were hemizygous for V7712 (designated enhanced
vtill plants; Class 2); an intermediate effect was observed in
vtil12 plants with two functional copies of VT111(Class 3). In
these plants the primary meristems were terminated (Fig. 14),
but the secondary meristems gave rise to inflorescences where
only some lateral meristems were terminated (arrows, Fig. 2),
and <50% of the flowers had carpels and developed into siliques
(arrowheads). The strongest phenotype was observed in v#il2
plants hemizygous for V7111 (designated enhanced vti12 plants),
in which most meristems were terminated before elongation, and
only a few lateral meristems gave rise to elongating stems with
meristems terminated after the emergence of cauline leaves
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(Class 4). Flowers were seldom produced, and the few that were
lacked carpels. Even after S months, these plants did not produce
fertile flowers (Fig. 2 Inset). These experiments show that V7712
was involved in VAC?2 trafficking, whereas V7111 was required
only when the amount of VTI12 was limiting and VTI11 replaced
its functions by transferring to the SNvtil2 complex. We con-
clude from these results that trafficking of VAC2 required the
TGN-localized SNvtil2 complex, and was independent of the
PVC-localized SNvtil1, which may instead be involved in central
lytic vacuole formation (26).

The Trafficking of Storage and Lytic Vacuole Markers Is Differentially
Affected in vti12 and vti11. To determine whether the results with
VAC2 and BL could be generalized to other vacuolar proteins,
we studied the localization of tobacco chitinase and barley
aleurain, which are markers of PSVs and LVs, respectively.
Tobacco chitinase contains a VSS that, when fused to GFP
(GFP-CHI), targets the fusion protein to PSVs, whereas the VSS
from barley aleurain targets GFP (ALEU-GFP) to LVs (28, 29).
These fluorescent reporters can be used to monitor in vivo
trafficking through storage and lytic vacuole pathways. We
analyzed the localization of the two markers by transient ex-
pression in leaf epidermal cells. Over 90% of Wt cells trans-
formed with GFP-CHI showed a diffuse fluorescence through-
out most of their cellular volume (Fig. 3), the expected pattern
for a protein localized to the vacuole lumen in Arabidopsis
epidermal cells, and a weak fluorescence in the ER. Nine percent
of transformed Wt cells showed a predominant localization of
GFP-CHI in the ER (data not shown). This additional localiza-
tion of GFP-CHI in the ER has been reported for this construct
(28, 30) and most likely reflects proteins in transit to the vacuole.
In vtil1 and enhanced vtil1 mutants, >90% of the transformed
cells showed diffuse vacuolar fluorescence, although in many
cells (marked by arrows in Fig. 3) at a lower level than in Wt
plants. In those cells showing lower vacuolar fluorescence, we
also observed spherical compartments that may correspond to
the small vacuole-like structures seen by electron microscopy in
vtil1 plants (26) and that are probably visualized by the GFP-
CHI present in the ER network surrounding these vacuoles.
Importantly, in v#i12 mutants, most transformed cells (81% in
vtil12 and 92% in enhanced vti12 plants) showed very weak diffuse
fluorescence, and, instead, GFP-CHI was observed predomi-
nantly in the ER (Fig. 3). These results indicate that GFP-CHI
trafficking to the vacuole was hindered in vi/2 mutants, and the
underlying ER-localized GFP-CHI was revealed. Similarly, in
Wt cells incubated in the light, the vacuole-localized GFP-CHI
is degraded, and then the underlying ER-network pattern be-
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comes evident (30). We did not observe accumulation of GFP-
CHI in the apoplasm in vtil2 mutants, possibly because the
protein diffuses or is degraded in the extracellular space and does
not accumulate to a significant concentration.

When transformed with ALEU-GFP, fluorescence was ob-
served in the vacuole lumen in all transformed cells from Wt,
vtil2, and enhanced vtil2 plants, indicating that ALEU-GFP
transport to the vacuole does not require VTI12. In contrast,
bright granular staining, in addition to the diffuse vacuolar
fluorescence, was observed in vtil/l and enhanced vtill cells
transformed with ALEU-GFP (arrowhead, Fig. 3). These punc-
tate structures may correspond to Golgi or post-Golgi/
prevacuolar compartments that have been shown to accumulate
ALEU-GFP when transport is blocked by a dominant negative
mutant version of m-Rabp, (4). VTI11 and m-Raby, are both
localized in the prevacuolar compartment and the Golgi appa-
ratus, and their mutations may cause the retention of ALEU-
GFP in these compartments. In contrast, in v&il2 cells, we
observed accumulation of GFP-CHI in the ER but not in
punctate structures, even though VTI12 is also localized in the
Golgi. Vacuolar storage proteins are sorted earlier in the secre-
tory pathway than lytic vacuole proteins (8), in some cases, even
in the ER (1, 10). Moreover, storage proteins may be transported
to the PSV through a direct pathway from the ER that bypasses
the Golgi (1, 10). The accumulation of GFP-CHI in the ER in
vtil2 cells may reflect the specialized role of this compartment
in the sorting and transport of vacuolar storage cargo in plants.

VTI12 Is Involved in Transport of Endogenous Vacuolar Proteins.
Several classes of VSSs have been described in plants (13).
Among these, the COOH-terminal class of VSSs (ctVSS) has
only been found in storage vacuole proteins. In Arabidopsis, no
proteins containing ctVSSs have been characterized (31), so the
analysis of this class of vacuolar proteins in this model plant has
relied on the expression of exogenous markers, such as BL and
tobacco chitinase. Recently, we described a subgroup of Arabi-
dopsis peroxidases (VacPerox) that contain putative ctVSSs and
were found in enriched vacuolar fractions (32). We raised
antibodies against an internal peptide that is specific to this
subclass of peroxidases. Using immunoelectron microscopy, we
localized VacPerox to the vacuole of Wt plants (SI), confirming
that they are true vacuolar residents. Some labeling was also
observed in the cytosol but not in the apoplasm. Accordingly, we
did not observe substantial accumulation of VacPerox in apo-
plastic fluids isolated from Wt plants, but neither did we observe
VacPerox in the apoplasm of v#i mutants (data not shown),
possibly because of redundancy between VTI11 and VTI12. We
reasoned that defects in VacPerox trafficking might be detected
in conditions closer to saturation, i.e., in plants overexpressing
other vacuolar cargo, so we analyzed plants expressing BL and
VAC2. We observed secretion of VacPerox in vtil2 plants
expressing BL, but importantly, not in Wt, nor in vill plants
expressing BL (Fig. 44). We then examined plants expressing
VAC2 and detected secretion of VacPerox in enhanced vtil2
plants, but not in Wt, vtil1, vtil12, or enhanced vtill plants (Fig.
4B and data not shown). Two bands were occasionally observed
reacting with the anti-VacPerox antibodies (Fig. 4B) and may
represent different isoforms of the subgroup of vacuolar per-
oxidases. Importantly, both bands were observed in the ap-
oplasm fraction of v#i12 mutants. Moreover, there was specificity
in the secretion of vacuolar cargo, because no secretion of
AtCPY and AtFruct4, markers of LVs, was observed in vti12 or
in enhanced vti12 plants expressing either VAC2 or BL (Fig. 4B
and data not shown). These data show that the specific role of
VTI12 was in transport of endogenous vacuolar proteins con-
taining putative ctVSS signals and not in the transport of LV
markers. In addition, the enhanced VacPerox secretion observed
in BL- and VAC2-expressing plants indicates that all these cargo
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Fig. 4. Trafficking of endogenous vacuolar markers is altered in vti12
mutants. (A) Samples of apoplastic fluid collected from Wt, vti12, and vti11
plants homozygous for the BL transgene were analyzed with anti-VacPerox
and anti-BL antibodies. The same samples were silver-stained to confirm equal
loading. (B) Samples of apoplastic fluid (Apo) and total protein extracts (Total)
were analyzed by Western blot with antibodies against VacPerox, AtFruct4,
and AtCPY (46). Plants were derived from crosses with the L1 line and were
homozygous for the VAC2 transgene. Lane 1, Wt plants; lane 2, vti11/VTI11
vti12/vti12 plants. The precursor (p, 60 kDa), intermediate (i, 48 kDa), and
mature (m, 24 kDa) forms of AtCPY are marked at the sides of the figures. The
estimated molecular masses of VacPerox and AtFruct4 in the gels are 43 and
52 kDa, respectively. (C) Total protein extracts from siliques were analyzed by
Western blot with antibodies against 12S globulins. The genotype of the
mother plant is shown above the figure. Siliques were harvested 18 d after
anthesis. The precursor (p) and mature (m) forms are marked at the sides of the
figures. (D) PSVs imaged by confocal microscopy. Shown are epidermal cells
from cotyledons dissected from dried seeds of Col-0 and enhanced (enh)vti12
plants. (Scale bar: 5 um.)

proteins use a common transport pathway, and, thus, VacPerox
may serve as endogenous storage vacuole markers in Arabidopsis
vegetative tissues.

Seed Storage Protein Deposition Is Altered in vti12 Mutants. 12S
globulins are a major class of storage proteins in Arabidopsis
seeds. It has been shown that their normal deposition requires
the putative vacuolar sorting receptor VSR1, which interacts
with a C-terminal peptide from 12S globulins (12). Seeds of
vsrl-1 mutants secrete a fraction of 12S globulins to the ap-
oplasm and accumulate their precursors, possibly because the
secreted pool is not processed. As shown in Fig. 4C, we also
observed accumulation of 12S globulin precursors in siliques
from vi12 plants, suggesting that partial secretion occurred.
Precursor accumulation was higher in siliques from enhanced
vti12 plants, even though, because of low transmission of the v#il1
allele, only 45% of the embryos in those siliques were actually
enhanced vtil2 (as determined by genotyping the progeny, n =
132). However, even considering this, the levels of precursor
accumulation are lower than those observed in vsrI-I mutants,
indicating that redundancy from VTI11 is more prominent in
seeds than in vegetative tissues. Consistent with a higher con-
tribution from VTI11 in seed storage protein transport, precur-
sors of 125 globulins were observed in v#il1 and enhanced vtill
mutants (Fig. 4C), albeit at lower levels than in enhanced vtil12
siliques. Furthermore, three of the four members of the Arabi-
dopsis VTI family, VTI11, VTI12, and VTI14, are induced during
seed maturation (33), coinciding with the induced expression of
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seed storage genes, and may provide added redundancy to the
trafficking step regulated by VTI12. An alternative model to
explain the relatively low levels of precursor accumulation in
enhanced vtil2 mutants is that they may cosecrete both the
storage proteins and their processing peptidases, leading to
maturation of 12§ globulins in the apoplasm.

To gain further evidence of the possible role of VII12 in
storage protein deposition in seeds, we analyzed the morphology
of PSVs, which was altered in the vsrI-1 trafficking mutant (12).
In enhanced vtil2 embryos, we observed PSVs that were smaller
than in Wt (Fig. 4D). Furthermore, the cellular space in en-
hanced vti12 embryos was not completely occupied by PSVs,
which retained spherical shapes and clear separations between
them. In contrast, Wt cells were tightly packed with PSVs, which
had irregular shapes and narrower intervening spaces between
them. Therefore, PSVs occupy a smaller fraction of cellular
volume in enhanced vti12 embryos, suggesting that deposition of
storage proteins is decreased.

Taken together, our results lend strong support to the role of
VTI12 in mediating transport to PSVs in both vegetative and
seed tissues, although in these latter tissues redundancy from
VTI11 and VTI14 may make the system less dependent on
VTI12. The identification of VTI12 provides important leads to
elucidate the possible role of other components of the trafficking
machinery to PSVs in plants, such as SYP41, SYP42, SYP61,
YKT61, YKT62, and AtVPS45, all of which have been shown to
form complexes with VTI12 (22, 23, 34).

Discussion

Numerous components of the vesicle trafficking machinery have
been identified in eukaryotes, initially through genetic screens in
yeast and biochemical cell-free reconstitution assays in animal
systems (35). These findings revealed that the core molecular
apparatus responsible for driving membrane fission and fusion
and vesicle transport is conserved throughout kingdoms. Inter-
estingly, the genomes of plants and mammals contain much
larger sets of genes that encode vesicle trafficking components
than the genomes of other eukaryotes, including yeast and
multicellular organisms such as insects and nematodes (36). This
expansion in the number of trafficking machinery components
probably reflects novel and/or cell-specific functions. Although
components of the trafficking machinery to LVs are well defined
and appear to be conserved in yeast and multicellular eu-
karyotes, very little is known about trafficking to PSVs.

In this article, we report the development of a genetic assay
designed to identify components of the machinery required for
trafficking to the PSV in Arabidopsis. We present, as proof-of-
principle, the results of a reverse genetics approach to test the
role of two related v-SNARE proteins, VTI11 and VTI12, in
trafficking to PSVs. Because of their differential localization and
SNARE complex specificity, it had been proposed that VTI11
and VTI12 function in different membrane fusion steps (22, 24).
Our results corroborate that hypothesis and, in addition, show
that their functions are carried out in separate trafficking
pathways. VTI12 is involved in trafficking of vacuolar storage
proteins (this work), which is thought to be clathrin independent
(8,9), and in autophagy (27), whereas VTI11 has been associated
with clathrin-dependent transport to the lytic vacuole (7, 22, 26,
and this work). Although yeast contains a single VTI gene (V#i1),
when VTI11 and VTII2 are expressed in v#il mutant yeast cells,
they retain differential activities in independent vacuolar traf-
ficking pathways (37): VTI11 complements the defects in clath-
rin-dependent transport to vacuole in veil yeast cells, whereas
VTI12 complements the defects in clathrin-independent/AP-3
dependent transport to the vacuole and also in the direct
cytoplasm-to-vacuole transport, which is tightly linked to auto-
phagy (38). The similarity in the pathways regulated by VTI11
and VTII12 in plants and yeast suggest that those routes may be
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evolutionarily related. In particular, the clathrin independent/
AP-3 dependent pathway to the yeast vacuole may be related to
the trafficking pathway to the plant storage vacuole. In this
respect, AP-3 in animal cells is involved in trafficking to spe-
cialized lysosomal compartments, such as pigment granules,
melanosomes, and platelet-dense bodies (39) that may coexist in
the same cell with conventional lysosomes (40), because PSVs
coexist with LVs in plant cells.

The expansion of the VTI family in higher eukaryotes (one
gene in yeast compared with four genes in Arabidopsis and two
genes in mammals) probably allowed their specialization in
separate transport pathways to different types of vacuoles and/or
lysosomes, which may have diverged from the multiple pathways
to the single vacuole in yeast. Mammalian genomes contain two
members of the VTI family, Vtila and Vtilb. Vtilb localizes to
late endosomes (21, 41) and interacts with SYX7 and SYX8 (42),
the animal orthologues of SYP21/22 and SYP51, components of
the plant SNvtill complex, which is also localized at a late
endosomal/prevacuolar compartment (22). In contrast, Vtila
localizes to the TGN and interacts with SYX6 and SYX16 (41),
the animal orthologues of SYP61land SYP41/42, components of
the TGN-localized SNvti12 complex (22). In addition, Vtilb, as
does VTI11, complements the clathrin-dependent trafficking
pathway in v#il mutants yeast cells, whereas neither Vtila nor
VTI12 do (43, 44). Based on these strong analogies, we propose
that plant and animal VTI proteins can be grouped in two
functional classes: (i) The plant VTI11/animal Vtilb proteins
form SNARE complexes with SYP2/SYX7 and SYP5/SYXS8
type of syntaxins and may function in clathrin-dependent path-
ways to the vacuole; (if) plant VTI12/animal Vtila proteins
define another class that forms SNARE complexes with SYP4/
SYX16 and SYP6/SYXG6 type of syntaxins and may function in
alternative pathways to specialized vacuoles. It will be important
to test whether in yeast VTI11/Vtilb and VTI12/Vtila interact
respectively with Pep12p and Tlg2p, the yeast counterparts of
SYP2/SYX7 and SYP4/SYX16 syntaxins, which would explain
their differential activities in this organism.

Very little is known about how SNARE:s are localized to the
different compartments where they perform their functions. The
localization and function of VTI proteins may be determined
indirectly by its interaction with specific syntaxins that would
carry the sorting information (45). The identification of the
residues responsible for their interactions with specific syntaxins
or for their localization would help to resolve this issue. In this
regard, Arabidopsis VTI11 and VTI12 constitute a very good
experimental model because they are highly homologous (>60%
identical), yet they have very different localization, SNARE
partners, and function. In contrast, Vtila and Vtilb proteins in
mammals have <30% identity. Moreover, v#il mutant yeast may
be used as a convenient heterologous model to test the inter-
action, localization, and function of the modified VTI11 and
VTI12 proteins. Recently, a mutated allele of VTI12, zipI, was
shown to suppress the gravitropic defects of v#i/1 mutants (45).
The zip1 allele had a single amino acid substitution that resulted
in an altered localization and SNARE affinity of the VTI12
protein that now resembled that of VTI11. The zip! mutation is
neomorphic, because it is a change in an acidic residue that is
strictly conserved in all VTI proteins from plants and animals.
However, it may prove very informative to find the residues that
define the functional differences between VTI11 and VTII12.

Materials and Methods

Plant Materials. The Arabidopsis vtill (zigl) and vtil2 mutants
were described (24) and are in the Col-0 background. The
Arabidopsis vsri-1 allele is in the Wassilewskija (Ws) back-
ground (12). Genotyping of the V7111 and VTI12 loci was done
as described (24).
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Production of Antiserum Against VacPerox. Antibodies were raised
against a peptide (SFRTEKDAFGNANSARG) conserved in
vacuolar peroxidases. Antibodies from an immunized rabbit
(Invitrogen, San Diego, CA) were affinity-purified by transfer of
the peptide to nitrocellulose membranes and subsequent immu-
noabsortion and elution of the antibody as described (6).

Isolation of Apoplastic Fluids. Apoplastic fluid was obtained from
5-week-old plants. One gram of leaves was vacuum infiltrated in 50
ml of 50 mM Na-phosphate buffer, pH 7.0, and 150 mM NaCl for
15 min, breaking the vacuum every 3 min. After infiltration, leaves
were blotted dry and the apoplastic fluid was collected by low-speed
centrifugation (900 X g). Total proteins were extracted from leaves
after apoplastic fluid collection. Aliquots from apoplastic and total
protein fractions obtained from different plants were analyzed by
SDS/PAGE and immunoblotting.

Transient Expression and Fluorescence Microscopy. Five micrograms
of plasmid DNA were used to coat gold particles for bombard-
ment using a helium-driven particle accelerator (PDS-1000/He;
Bio-Rad, Hercules, CA). Bombarded leaves were incubated for
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24 h in the dark on solid media containing MS salts and 1%
sucrose. Leaves were then mounted in water on glass slides with
the adaxial epidermis facing the cover glass. GFP fluorescence
was viewed with an Axiovert 200 confocal microscope (Zeiss,
Thornwood, NY) coupled to the Bio-Rad Radiance 2100 laser
scanning confocal imaging system with LaserSharp version 5
imaging software.

Storage Vacuole Visualization. Seed covers were removed, and
dissected embryos were mounted in water. PSV autofluores-
cence was excited at 488 nm by using an argon ion laser and
subsequently detected through a S00LP nm emission filter.
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