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The Syntaxin Homolog AtPEP12p Resides on a Late
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Soluble proteins are transported to the plant vacuole through the secretory pathway via membrane-bound vesicles.
Targeting of vesicles to appropriate organelles requires several membrane-bound and soluble factors that have been
characterized in yeast and mammalian systems. For example, the yeast PEP12 protein is a syntaxin homolog that is in-
volved in protein transport to the yeast vacuole. Previously, we isolated an Arabidopsis thaliana homolog of PEP12 by
functional complementation of the yeast pep72 mutant. Antibodies raised against the cytoplasmic portion of AtPEP12
have been prepared and used for intracellular localization of this protein. Biochemical analysis indicates that AtPEP12
does not localize to the endoplasmic reticulum, Golgi apparatus, plasma membrane, or tonoplast in Arabidopsis plants;
furthermore, based on biochemical and electron microscopy immunogold labeling analyses, AtPEP12 is likely to be lo-

calized to a post-Golgi compartment in the vacuolar pathway.

INTRODUCTION

Families of proteins involved in targeting and fusion of vesi-
cles with their acceptor membranes have been identified in
various organisms, particularly in mammalian neuronal cells
and in yeast. These studies have led to the proposal of a gen-
eral model for the docking of vesicles with their target mem-
branes (SNARE or SNAP receptor hypothesis). According to
this hypothesis, a specific v-SNARE (e.g., synaptobrevin) in
the vesicle membrane interacts with a specific t-SNARE (e.g.,
syntaxin and SNAP-25) in the target membrane, along with
the soluble factors a-SNAP and NSF, which seem to be com-
mon components found at each stage of the secretory path-
way. These t-SNARES and v-SNARES enable the vesicle to
dock at the target membrane and permit fusion to occur
(Bennett et al., 1992a, 1992b; Soliner et al., 1993a, 1993b;
Calakos et al., 1994). Different isoforms of t-SNAREs and
v-SNAREs reside in various cell membranes and vesicles,
possibly providing specificity for the docking reaction.

We previously isolated an Arabidopsis thaliana cDNA
(AtPEP12) by using functional complementation of the yeast
pep12 mutant and found it to be homologous to the yeast
PEP12 gene and other members of the syntaxin family
(Bassham et al., 1995). The yeast PEP12p most likely func-
tions in the transport of vacuolar hydrolases and is thought to
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be associated with an endosome-like compartment (Becherer
et al., 1996), suggesting a similar role for AtPEP12p. The
C-terminal portion of all syntaxins is highly conserved (Aalto
et al.,, 1993; Bennett et al., 1993), and this region of the
AtPEP12p also displays the highest homology to other syn-
taxins, including the KNOLLE protein, which is the only other
available syntaxin from plants (Lukowitz et al., 1996). The
extreme C terminus of AtPEP12p is highly hydrophobic and
is predicted to form a membrane-anchoring domain. Most
syntaxins are transmembrane anchored at their C terminus,
with the bulk of the protein facing the cytosol. This orienta-
tion is consistent with the proposed function for syntaxins
as transport vesicle receptors facilitating interaction with
components on the vesicular membrane (Bennett, 1995;
Rothman and Wieland, 1996). In this report, we describe our
continuing studies designed to localize AtPEP12p in plant
cells. Our overall goal is to address the precise function of -
this protein in plants.

RESULTS ‘ '

Tissue Distribution and Properties of AtPEP12p

Hydropathy plot analysis predicts that AtPEP12p, similar to
other members of the syntaxin family, possesses a trans-
membrane anchor domain at the C terminus; therefore,
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Figure 1. AtPEP12p Antibodies Specifically Immunoprecipitate the
AtPEP12 Protein.

(A) AtPEP12 and KNOLLE products were translated in vitro (T) and
immunoprecipitated with either AtPEP12p immune (l) or preimmune
(P) sera.

(B) AtPEP12p antibodies were used against protein crude extracts
from Arabidopsis plantlets.

The positions of molecular mass markers are indicated at left.

polyclonal antibodies were raised against a presumed cyto-
solic portion of AtPEP12p. Syntaxins belong to a family of
related proteins; thus, to characterize the specificity of our
antibodies, we used KNOLLE, the only other available plant
protein belonging to the syntaxin family. The KNOLLE pro-
tein is comprised of 310 amino acids (significantly longer
than the 279 amino acids of AtPEP12p); nevertheless, it
possesses all structural features characteristic of syntaxins.
The immunoprecipitable products of the in vitro-translated
AtPEP12 and KNOLLE genes were compared. The major in
vitro translation product of the AtPEP12 clone was ~35 kD,
which is larger than the 31 kD predicted from the deduced
sequence of AtPEP12p. This protein was immunoprecipi-
tated by our AtPEP12p antibodies; however, no cross-reac-
tivity was observed with a preimmune serum (Figure 1A). In
vitro translation of the KNOLLE protein yielded a major
product of 41 kD; in addition, many other proteins of smaller
size, possibly derived from KNOLLE, were detected (Figure
1A). However, neither the major nor any of the minor pro-
teins were immunoprecipitated by our AtPEP12p antibodies
(Figure 1A), suggesting that our serum specifically recog-
nizes AtPEP12p. These antibodies recognized a major pro-
tein of ~36 kD in total cell extracts from seedlings on
immunoblots (Figure 1B), and no cross-reactivity with the
preimmune serum was observed (data not shown).
AtPEP12p is predicted to be a membrane protein; there-
fore, isolation of microsomal membranes from various tissues
by differential centrifugation at 100,000g (P100) was per-
formed. Immunoblot analysis showed AtPEP12p to be strictly
associated with the membrane fractions and not with the su-
pernatant (Figure 2). Furthermore, AtPEP12p was not disasso-
ciated from membrane fractions in the presence of high salt
(0.5 M NaCl) and was solubilized only in the presence of deter-
gents (data not shown). These results are consistent with the
prediction that AtPEP12p is an integral membrane protein.

Analysis of AtPEP12p expression in different tissues dem-
onstrated the level of this protein in leaves to be significantly
lower than in roots and other tissues (Figure 2), supporting
our previous observation that mRNA levels differ among
these tissues (Bassham et al., 1995). Interestingly, either one
or a range of two to three bands was recognized by the
AtPEP12p antibodies, depending on the tissues analyzed. In
leaves and siliques, the antibodies recognized a single major
band of 36 kD (Figure 2); in contrast, in roots, cell suspen-
sion cultures, and flowers, a doublet of 36.0 and 34.5 kD
was observed (Figure 2), with an additional band of 32.5 kD
that was apparent in some root and cell suspension mem-
brane preparations (Figure 2). The membrane insertion and
identity of the AtPEP12p bands were analyzed further.

AtPEP12p Is Anchored at the C Terminus in Membranes
and Has Two Major Isoforms

To determine whether AtPEP12p is a type Il membrane pro-
tein (anchored at the C terminus) as predicted based on the
SNARE hypothesis (Bennett, 1995; Rothman and Wieland,
1996), the membrane orientation of this syntaxin homolog
was investigated in cell suspension cultures and root ex-
tracts. The analysis was based on the sensitivity of the
AtPEP12p to various proteases in vesicle extracts that had
been osmotically stabilized to maintain their lumenal con-
tents. When vesicle extracts from Arabidopsis roots were
treated with the acid protease papain, AtPEP12p was found
to be effectively degraded in both the presence and ab-
sence of 1% Triton X-100 (Figure 3A). In these same ex-
tracts, vacuolar phytohemagglutinin (von Schaewen et al.,
1993) was found to be protected from degradation by pa-
pain in the absence of detergent (Figure 3), indicating that
the vesicle membranes were still intact. Similarly, in extracts
from cell suspensions, AtPEP12p was efficiently degraded
by papain in the absence of detergent with a half-time of
~15 min (Figure 3B), whereas the endoplasmic reticulum
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Figure 2. AtPEP12p Is Membrane Associated.

Expression of the AtPEP12 protein was analyzed in several Arabi-
dopsis tissues (leaves, siliques, roots, cell suspension cultures
[CELL 8.], and flowers). Microsomal membrane pellets (P100) and
cytosol (S) were separated by centrifugation at 100,000g. Equal
amounts of protein were loaded in each lane. The positions of mo-
lecular mass markers are indicated at left.
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Figure 3. AtPEP12p Is a Type Il Membrane Protein.

(A) Membrane vesicles were extracted from phytohemagglutinin-
expressing Arabidopsis roots. The samples were digested with pa-
pain (+) or left untreated (—) in either the presence (+) or absence
(=) of 1% Triton X-100. Proteins were separated by SDS-PAGE and
probed for the presence of AtPEP12p or phytohemagglutinin (PHA)
by using specific antisera.

(B) Membrane vesicles were extracted from Arabidopsis cell sus-
pensions. The samples were digested with papain in the absence of
detergent. Aliquots were removed, and the protease was inactivated
at the indicated times. Proteins were separated by SDS-PAGE and
probed for the presence of AtPEP12p or lumenal binding protein
(BiP) by using specific antisera.

(ER) lumenal binding protein, BiP (Pedrazzini and Vitale,
1995; Bar-Peled and Raikhel, 1997), was completely pro-
tected from degradation (Figure 3B). These results showed
that AtPEP12p is a membrane protein, with most of the pro-
tein being oriented toward the cytoplasm. This result is con-
sistent with the role of AtPEP12p as a t-SNARE in protein
trafficking as well as with what has been observed for other
members of the syntaxin family (Bennett et al., 1992a, 1993;
Becherer et al., 1996).

The nature of the AtPEP12p double band was analyzed to
ascertain whether it was the result of proteolysis. The addi-
tion of several protease inhibitors (EDTA, phenyimethylsul-
fonyl fiuoride [PMSF], leupeptin, and chymostatin) to the
membrane isolation protocol did not result in a single band.
Furthermore, AtPEP12p was found to be resistant to degrada-
tion by several common proteases (protease K, trypsin, and
pepsin) in the absence of detergent, and even in the presence
of 1% Triton X-100, protease-resistant fragments were found
for trypsin and pepsin (data not shown). These observations
indicate that the AtPEP12p doublet was not a result of pro-
tein degradation. Other experiments addressing the nature
of these doublets were performed with transgenic Arabidop-
sis plants. Could alternative splicing or post-translational
modification have been the cause of these two bands?
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Accordingly, we overexpressed AtPEP12p in transgenic
Arabidopsis plants by introducing the AtPEP72 cDNA under
the control of a caulifower mosiac virus 35S promoter. Several
independent transformants were generated and screened by
using crude extracts of plantlets. To analyze further the trans-
genic lines overexpressing AtPEP12p, membrane and soluble
fractions of roots were isolated. The analyses of homozygous
and heterozygous transgenic lines compared with wild-type
plants showed increased intensity in both bands in the
AtPEP12p doublet (Figure 4). These results, in combination
with the observation of only a single band on RNA gel blots
(Bassham et al., 1995), indicate that the two bands ob-
served are unlikely to be the result of alternative splicing of
the AtPEP12 gene. Our overexpression analyses support
the hypothesis that AtPEP12p is post-translationally modi-
fied; however, they do not preclude the alternative explana-
tion that a second protein, which is different from AtPEP12p
but cross-reactive with AtPEP12p antibodies, is upregulated
in transgenic plants.

Biochemical Subcellular Localization of AtPEP12p

A major goal of this work was to localize AtPEP12p to a par-
ticular compartment. To investigate the intracellular location
of AtPEP12p in roots and cell suspension cultures, we em-
ployed subcellular fractionation of Arabidopsis tissues ex-
pressing the two major isoforms of AtPEP12p in the greatest
relative amounts. Step sucrose gradients from roots were
used to determine whether AtPEP12p cofractionates with
several available markers for membrane compartments. First,
we investigated whether AtPEP12p was associated with the
ER. The Arabidopsis SEC12 protein (AtSEC12p) was used as
the ER membrane marker (Bar-Peled and Raikhel, 1997). This
analysis showed that in the presence of EDTA, AtSEC12p
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Figure 4. AtPEP12p Has Two Major Isoforms.

Roots from transgenic Arabidopsis plants overexpressing AtPEP12p
were fractionated as described in the legend to Figure 2. The in-
creased expression of AtPEP12p was analyzed in homozygous
(HOMOZ.) and heterozygous (HETEROZ.) lines for single insertion
transgenes. Equal amounts of protein were loaded for the P100 frac-
tions and separately for the S100 fractions. The positions of molecu-
lar mass markers are indicated at left.
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Figure 5. AtPEP12p Does Not Fractionate as Either an ER or a Golgi Membrane Protein.

Sucrose step gradients were used to fractionate microsomal membranes extracted from Arabidopsis roots. Equal volume fractions (one-tenth)
were analyzed by SDS-PAGE. The fractionation of AtPEP12p was compared with the distribution of available membrane markers for ER

(AtSEC12p) and Golgi (ARA-4p).
(A) Fractions separated in the presence of EDTA.
(B) Fractions separated in the presence of MgCl,.

and AtPEP12p were coenriched between fractions 9 and 14;
the 26.5 to 33.5% sucrose interphase corresponds to frac-
tions 9 and 10. AtPEP12p (and AtSEC12p) has a second
peak at fraction 18, corresponding to the 40.0 to 56.0% su-
crose interphase (Figures 5A and 5B). However, whereas
AtPEP12p migrated identically in the presence of either
EDTA or Mg?*, AtSEC12p shifted toward the bottom of the
gradient, that is, high sucrose concentrations, in buffer con-
taining 5 mM MgCl, (Figure 5B). This behavior of AtSEC12p
is characteristic of ER proteins (Lord, 1987).

The same gradients were used to analyze the distribution
of AtPEP12p compared with ARA-4p, which was employed
as a Golgi marker (Ueda et al., 1996). Transgenic Arabidop-
sis plants overexpressing ARA-4p under the control of a
heat shock-inducible promoter (Ueda et al., 1996) were
used. This analysis showed that ARA-4p has a sharper peak
at fraction 9 than does AtPEP12p. Furthermore, a significant
amount of ARA-4p remained at the top of the gradient, dif-
fering from AtPEP12p and AtSEC12p (Figure 5). The frac-
tionation pattern of a second Golgi marker, latent IDPase
activity, was consistent with the ARA-4p results (data not
shown), confirming that AtPEP12p is not associated with the
Golgi apparatus.

The distribution of AtPEP12p in relation to the plasma
membrane and tonoplast was studied in cell suspension cul-
tures (Figures 6 and 7, respectively). The suspension cultures
were used because of the difficulty in isolating the quantity of
vacuoles necessary for further analysis using roots.

As shown in Figure 6, the plasma membrane was isolated
by two-phase partitioning (Kjellbom and Larsson, 1984). Af-
ter several partitioning steps, the plasma membrane fraction
was gradually depleted of other membranes; however, the
fraction containing other membranes always remained con-
taminated with plasma membrane. The results showed that
the plasma membrane fraction is enriched in RD28, a known
plasma membrane protein (Daniels et al., 1994), and almost
completely depleted of AtPEP12p, which therefore does not
reside on the plasma membrane (Figure 6).

As a marker for vacuoles, we used a member of the major
intrinsic protein (MIP) family from Arabidopsis: the tono-
plast-specific protein y-TIP (Hofte et al., 1991). Protoplasts
prepared from the cell suspension cultures were used to
isolate vacuoles by flotation in a three-step Ficoll gradient
(Figure 7). Most of the AtPEP12p was found in the pellet and
the second interphase of the gradient and did not cofrac-
tionate with the tonoplast marker, y-TIP. Thus, AtPEP12p is
not localized to the tonoplast in cell suspension cultures
(Figure 7).

Immunocytochemical Localization of AtPEP12p

Subcellular fractionations were useful in analyzing the distri-
bution of AtPEP12p, demonstrating that AtPEP12p was not
localized to the ER, Golgi apparatus, tonoplast, or plasma
membrane. Due to the lack of other endomembrane protein
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Figure 6. AtPEP12p Does Not Reside on the Plasma Membrane.

Plasma membranes were purified by two-phase partitioning. Lanes
1 contain microsomal membranes; lanes 2, lower phase of the parti-
tioning that contains intracellular membranes; and lanes 3, upper
phase enriched for plasma membranes. The protein gel blots were
probed with either RD28 or AtPEP12p antibodies. Equal amounts of
proteins from the microsomal membranes and lower phase were
loaded, compared with three times less of the enriched plasma
membrane fraction. The positions of molecular mass markers are in-
dicated at left.

markers in plants, our AtPEP12p compartmentalization anal-
ysis could not be extended further using subcellular frac-
tionation approaches. The membrane systems analyzed
above are the only ones in the plant secretory pathway for
which membrane markers are available. Therefore, electron
microscopic immunogold labeling was employed to clarify
the identity of the organelle in which AtPEP12p resides. Pre-
liminary attempts to localize AtPEP12p by conventional im-
munoelectron microscopy in leaves and roots were not
successful, probably because of the loss of AtPEP12p anti-
genicity during fixation. Instead, cryosections were used to
immunolocalize AtPEP12p in Arabidopsis roots; we were
unable to perform these experiments with other soft tissues.

In root tips, immunoelectron microscopic localization
showed that AtPEP12p antibodies labeled small circular
(<0.1 um in diameter) membrane-bound structures that
were scattered throughout the cytoplasm (Figure 8A). The
AtPEP12p antibodies did not label the ER, Golgi cisternae,
plasma membrane, or tonoplast from mature vacuoles (Fig-
ures 8A and 9B), confirming the subcellular fractionation re-
sults. In a control experiment, y-TIP antibodies did not label
these structures and instead were found to label extensively
the tonoplast of mature vacuoles and other components of
the secretory pathway, including the ER, Golgi apparatus,
and small vacuolar structures but not the plasma membrane
(Figures 8B and 9A). In other plant species, similar results
have been previously reported for y-TIP of soybean cotyle-
dons (Melroy and Herman, 1991) and vacuolar H*-ATPases
of oat roots (Herman et al., 1994). Immunological control
specimens treated with preimmune sera were free of label
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(data not shown). From the thin cryosections, it is almost im-
possible to assess the three-dimensional extension of the
labeled structures and to determine whether they are vesic-
ular or reticulotubular elements. In the most negatively con-
trasted cryosections, the labeled structures appear electron
dense, and the membrane boundary is evident in our thin-
nest cryosections. The majority of labeling with AtPEP12p
antibodies occurred at a high density on the cytoplasmic
surface of the membrane (Figure 8A), as was expected for
antibodies raised against the cytoplasmic portion of
AtPEP12p (Figure 3).

By combining subfractionation and in situ localization
techniques, we have concluded that AtPEP12p is not local-
ized to the ER, Golgi, tonoplast, or plasma membrane. Con-
sistent with our yeast complementation results (Bassham et
al., 1995) and the labeling that was found occasionally on
vesicles at the trans side of the Golgi apparatus (Figure 8A),
we propose that AtPEP12p is localized to a late post-Golgi
compartment on the vacuolar pathway.

DISCUSSION

Protein trafficking to the yeast vacuole has been shown ge-
netically to require the syntaxin homolog PEP12 (Jones,
1976; Becherer et al., 1996). Syntaxins are integral mem-
brane proteins and members of a receptor family involved in
vesicular transport through the secretory pathway (Bennett,
1995; Rothman and Wieland, 1996). In this work, the prod-
uct of the AtPEP12 gene, an Arabidopsis syntaxin homolog
previously identified by functional complementation in yeast
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Figure 7. AtPEP12p Does Not Reside on the Tonoplast.

Vacuoles were purified by flotation in a three-step Ficoll gradient.
Lanes 1 contain floating vacuoles; lanes 2, first interphase; lanes 3,
second interphase; lanes 4, bottom layer; and lanes 5, pellet. The
protein gel blots were probed with either y-TIP or AtPEP12p anti-
bodies. Equal amounts of protein from the second interphase, bot-
tom layer, and pellet were loaded, compared with ~10 times less of
floating vacuoles and first interphase fractions. The positions of mo-
lecular weight markers are indicated at left.
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Figure 8. AtPEP12p and y-TIP Have Different Patterns of Localization.

Cryosections of Arabidopsis roots were immunogold labeled with AtPEP12p and v-TIP antibodies.
(A) AtPEP12p is localized at the cytoplasmic surface of dense and small (<0.1 um in diameter) structures.
(B) y-TIP is localized to the tonoplast from vacuoles of different sizes and to the Golgi apparatus.

G, Golgi apparatus; V, vacuole. Magnification is X48,000. Bars = 0.5 pm.

(Bassham et al., 1995), was characterized. Our expression
analyses and intracellular localization studies indicate that
AtPEP12p is localized to a membrane compartment that
may be involved in protein transport to plant vacuoles.

Although it has been suggested that the yeast PEP12p is
associated with an endosome-like compartment (Becherer
et al., 1996), its exact localization has not yet been deter-
mined. We have analyzed the intracellular distribution of
AtPEP12p by using subcellular fractionation and immunocy-
tochemical techniques. First, the membrane association and
tissue expression of AtPEP12p were addressed. Our analy-
ses show that AtPEP12p is a membrane protein anchored at
its C terminus and that it is expressed at relatively low levels
in leaves compared with other tissues, which is consistent
with our previously observed low levels of mMRNA in leaves
(Bassham et al., 1995).

Interestingly, two major polypeptides were recognized by

the polyclonal antibodies raised against AtPEP12p. The
presence of protein doublets corresponding to syntaxin
molecules was previously reported, and alternative splicing
and post-translational modification have been postulated
(Bennett et al., 1993; Ibaraki et al., 1995). We have ad-
dressed the former possibility by analyzing AtPEP12p distri-
bution in plants overexpressing the AtPEP12 gene. Because
the level of expression of both polypeptides in transgenic
plants was equally increased and only a single band corre-
sponding to AtPEP12 on RNA gel blots was observed, we
consider it unlikely that the bands observed by protein gel
blot analysis were the result of alternative splicing. These
bands could be explained as the result of post-translational
modification. Although AtPEP12p contains a potential N-gly-
cosylation site at residue 83, it is unlikely to be glycosylated
because syntaxins have been found to be inserted into
membranes post-translationally and thus would be inacces-
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Figure 9. AtPEP12p Does Not Reside on the ER or Golgi Apparatus.

Cryosections of Arabidopsis roots were immunogold labeled with y-TIP and AtPEP12p antibodies.
(A) The y-TIP antibodies labeled the tonoplast of the mature vacuole and the membranes of the ER, Golgi apparatus (G), and small vacuoles

along the vacuolar biosynthetic pathway.

(B) The same types of organelles are not labeled by the AtPEP12p antibodies.

Magnification is X47,000. Bars = 0.5 pm.

sible to the N-glycosylation machinery in the ER lumen.
Other potential forms of post-translational modification of
this protein are currently being investigated.

We analyzed further the localization of AtPEP12p by sub-
cellular fractionation of Arabidopsis roots. Step sucrose gra-
dients obtained from this tissue showed that AtPEP12p is
localized to neither the ER nor the Golgi apparatus. Other
fractionation techniques demonstrated that AtPEP12p does
not reside on vegetative vacuoles or plasma membrane.
Cofractionation of the two AtPEP12p isoforms through dif-
ferent procedures further suggested that both polypeptides
exist in the same or similar compartments. Due to the diffi-
culties encountered in finding a membrane marker of the
plant secretory system that was coenriched with AtPEP12p,
the subcellular localization of this syntaxin homolog was es-
tablished by immunoelectron microscopic analysis of roots.
This showed that AtPEP12p is localized to the membranes
of a post-Golgi compartment on the vacuolar pathway. The
observation that AtPEP12p is not localized to the tonoplast
of the mature plant vacuole and yet can complement a yeast
vacuolar sorting mutant suggests that there may be another
organelle that contains AtPEP12p found between the Golgi
apparatus and the vacuole.

Protein transport to the plant vacuole is known to involve
different mechanisms. Three classes of vacuolar targeting
signals have been identified (Chrispeels and Raikhel, 1992;
Gal and Raikhel, 1993; Nakamura and Matsuoka, 1993), and
some evidence indicates that transport of soluble proteins
to vacuoles is mediated by at least two different pathways
(Matsuoka et al., 1995) and two types of transport vesicles

(Hohl et al., 1996). Furthermore, in the same plant cell, two
functionally distinct vacuole types have been identified (Hoh
et al., 1995; Paris et al., 1996). The important question now
is whether plants possess one or several types of late post-
Golgi compartments on the vacuolar pathway. We must also
ascertain whether the vacuolar proteins, using three differ-
ent targeting signals, are delivered to the main vacuole via
the compartment carrying AtPEP12p or whether some un-
identified syntaxin proteins are responsible for the delivery
of a subset of vacuolar proteins.

One of the predictions of the SNARE hypothesis is that
the fusion of transport vesicles with the membrane of an ac-
ceptor compartment is specifically determined by the recog-
nition of a v-SNARE molecule by its counterpart t-SNARE
(Bennett, 1995; Rothman and Wieland, 1996). On the other
hand, it has been shown that rat syntaxins in the plasma mem-
brane are represented by several related proteins (Bennett et
al., 1993); similarly, two syntaxin-like proteins in yeast, SSO1p
and SSO2p, are localized to the plasma membrane, implying
their closely related functions (Aalto et al., 1993). A search for
AtPEP12p homologs in the expressed sequence tag data
bank showed that syntaxin-like proteins are encoded by
several Arabidopsis cDNA clones. By characterizing these
clones, we may be able to answer major questions concern-
ing conservation of the machinery described by the SNARE
hypothesis among different eukaryotic kingdoms.

Recently, the universality of the SNARE model has been
challenged by an increasing pool of data documenting mem-
brane fusion events that do not require NSF or associated
factors. One example is vesicular transport from the trans-Golgi
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network to apical plasma membrane in Maden-Derby canine
kidney cells (Ikonen et al., 1995). In addition, Golgi reassem-
bly in mammalian cells and nuclear envelope fusion in yeast
require p97 and CDC48p, respectively. These two proteins
share sequence homology with NSF (Acharya et al., 1995;
Latterich et al., 1995; Rabouille et al., 1995). However, p97
and CDC48p appear to have a mode of action different from
NSF, and they do not require SNAP components (reviewed
in Mellman, 1995).

Protein targeting to vacuoles also appears to be a com-
plex variation of the SNARE model. Vesicular transport of
proteins from late Golgi and/or a more distal prevacuolar/
endosome-like organelle to vacuoles does not require the
yeast NSF, SEC18p (Graham and Emr, 1991), although mu-
tations in a t-SNARE homolog (PEP12) result in the secretion
of Golgi-modified precursors of vacuolar proteins (Becherer
et al., 1996). Moreover, the requirement for SEC18p and
SEC17p (yeast a-SNAP) in homotypic vacuole fusion occurs
during the predocking stage (Haas and Wickner, 1996;
Mayer et al,, 1996). Whereas all vacuolar protein sorting
(VPS) genes of the same mutant class as PEP72 have been
cloned (VPS3, VPS6/PEP12, VPS9, VPS15, VPS19/VACT,
VPS21, VPS34, and VPS45), surprisingly, none of them is
homologous to other components of the SNARE complex
(Raymond et al., 1990; Herman et al., 1991; Weisman and
Wickner, 1992; Schu et al., 1993; Cowles et al., 1994;
Horazdovsky et al., 1994; Piper et al., 1994; Becherer et al.,
1996; Burd et al., 1996). This leads to the question of how
proteins find their way from the trans-Golgi network to the
late post-Golgi AtPEP12p organelle and from there to the
central vacuole. Despite these observations and the ques-
tions raised, ruling out the possibility that the AtPEP12p in-
teracts with other proteins to form a docking/fusion
multimeric structure equivalent to SNARE complexes re-
mains premature.

METHODS

Plant Growth Conditions

Arabidopsis thaliana wild-type plants (RLD ecotype) were grown in
soil and tissue culture at 22°C with 80% humidity and 14 hr of light.
For plants grown in liquid tissue culture to obtain large amounts of
roots (Bar-Peled et al., 1995), the medium consisted of 10 g/L sucrose,
4.3 g/L Murashige and Skoog salts (Gibco BRL), 0.5 g/L Mes, 0.1 g/L
myoinositol, 1 mg/L thiamine, 0.5 mg/L pyridoxine, and 0.5 mg/L nic-
otinic acid, pH 5.7. The liquid cultures were maintained under con-
stant agitation (50 to 60 rpm). To select transgenic plants, we used
solid medium containing 8 g/L phytoagar and 50 mg/L kanamycin.

Cell Suspension Cultures

The original Arabidopsis cell suspension lines were established by
Axelos et al. (1992) and were maintained by weekly subcultures of 10

mL of cell suspension into 60 mL of fresh culture medium 3.2 g/L
Gamborg’s B5 [Sigma], 20 g/L sucrose, and 2.5 uM 2,4-dichlorophen-
oxyacetic acid, pH 5.7).

AtPEP12p Expression in Escherichia coli and Production of
Antibodies

The Bglll fragment (621 bp) of AtPEP12 (GenBank accession number
L41651) corresponding to the predicted cytosolic domain was
cloned into the BamHi site of pBluescript KS+ (Stratagene, La Jolla,
CA) to generate the plasmid pAC3. From pAC3, an EcoRI-Notl frag-
ment containing the AtPEP12 region was ligated into pGEX-5X-3.
The derived plasmid, pAC5, was used to express in E. coli the
AtPEP12 protein domain as a glutathione S-transferase (GST) fusion.
The fusion protein was purified over glutathione-Sepharose 4B
(Pharmacia), according to the manufacturer’s instructions and the
method of Bar-Peled and Raikhel (1996). Briefly, the expression of
AtPEP12p in E. coli liquid cuitures (50 mL) growing for 3 hr at 37°C
was induced by adding isopropyl B-b-thiogalactopyranoside to a fi-
nal concentration of 0.2 mM. The cultures were grown at 28°C for an
additional 2 or 3 hr, and the cells were collected by centrifugation.
The pellet was resuspended in 10 mL of cold extraction buffer (20
mM sodium phosphate, pH 7.0, 0.15 M NaCl, and 1 mM EDTA) con-
taining 0.1 mM phenylmethylsulfony! fluoride (PMSF). After incuba-
tion at 4°C for 5 min, the cells were lysed using a French press at
1100 psi. Triton X-100 was added to a final concentration of 1% (v/v),
and the lysate was rocked at 4°C for 30 min and centrifuged at
12,000g for 20 min. The supernatant was added to 2 mL of a 50%
slurry of glutathione—Sepharose 4B and mixed at room temperature
for 20 min. After sedimenting the Sepharose beads (500g for 1 min),
they were washed four times (5 min each) in extraction buffer con-
taining 0.5% Triton X-100. The AtPEP12p~GST fusion was eluted
from the beads in 50 mM Tris-HCI, pH 8.0, and 10 mM reduced glu-
tathione. The eluted protein was mixed with TiterMax adjuvant
(CytRx Corporation, Norcross, GA) in a double hub needle, accord-
ing to the manufacturer’s instructions, and injected into rabbits.

AtPEP12 Sense Construct and Plant Transformation

‘The AtPEP12 cDNA insert was subcloned into the plant binary ex-

pression vector pGAB43 and introduced into Agrobacterium tumefa-
ciens GV3101(PMP90) by electroporation. Arabidopsis RLD pfants
were transformed using vacuum infiltration, as described by Bent et
al. (1994). Transformants were selected by growth on kanamycin,
and the presence of increased amounts of AtPEP12p was detected
in several independent lines by protein gel blot analysis.

SDS-PAGE and Immunoblotting

Protein samples were either lyophilized or trichloroacetic acid precipi-
tated before separation by SDS-PAGE, according to Laemmili et al.
(1970). The proteins were transferred from gels to nitrocellulose mem-
branes by electroblotting in Tris—glycine buffer at 40 V for 2.5 hr. After
blocking (10% nonfat milk powder in PBST), blots were incubated with
primary antibodies raised against ARA-4p (1:750), AtPEP12p (1:1000),
AtSEC12p (1:500), y-TIP (1:2000), and RD28 (1:250).



Immunoprecipitation of in Vitro Translation Products

The in vitro transcription mixture (23 pL) of AtPEP12 or KNOLLE con-
tained 1 ng of linearized DNA, 5 pL of 5 X transcription buffer
(Promega), 6 pL of INTPs (ATP, CTP, and UTP; 2.5 mM each), 1 pL of
Cap analog (5 mM; Boehringer Mannheim), 1.0 pL of DTT (100 mM),
1.0 pL of RNase inhibitor, and 0.5 pL of RNA polymerase. After 10
min at 37°C, 2 pL of 10 mM GTP was added, and the mixture was in-
cubated for an additional 50 min (37°C). For the in vitro translation re-
actions in a total volume of 50 pL, 2 pL of RNA was added to 25 pL
of wheat germ extract (Promega), 4 pL of amino acid mix without
methionine (1 mM of each), and 5 pL of EXPRE 35S protein labeling
mix (New England Nuclear-Du Pont). Incubation was done at room
temperature for 90 min. Protein A-Sepharose beads were washed
several times in TNET 250 buffer (25 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 150 mM NaCl, and 1% Triton X-100). To 1 to 3 pL of the in
vitro translations, 300 pL of TNET 250 and 5 pl of antibodies were
added and rocked. After a 90-min incubation, 25 uL of a 50% slurry
of protein A-Sepharose was added and rocked for an additional 30
min. The beads were washed three times, 5 min each, with TNET
250. After a final wash in Tris—EDTA buffer (10 mM Tris-HCI, pH 7.5,
and 5 mM EDTA), 20 pL of sample buffer was added. The samples
were boiled for 3 min and spun in a microcentrifuge, and the super-
natant was loaded into SDS-polyacrylamide gels.

Protein Crude Extracts

To prepare crude extracts of proteins (modified from Bar-Peled et al.,
1995), we ground fresh tissue in liquid nitrogen and added 4.5 mL of
homogenizing buffer (100 mM Tris-HCI, pH 8.0, 1% SDS, 1% sodium-
deoxycholate, 20 mM EDTA, and 0.2 mM PMSF) per gram of tissue.
Debris were pelleted by centrifugation at 1000g for 10 min.

Membrane Isolation by Differential Centrifugation

All extraction steps were done at 4°C. Different plant tissues were
frozen in liquid nitrogen and ground in a mortar; 4 mL of extraction
buffer (100 mM Tris-HCI, pH 7.5, 300 mM sucrose, 1 mM EDTA, and
0.1 mM PMSF) was added per gram of fresh tissue. The tissue was
further ground, and debris was pelleted twice by centrifugations at
500g for 5 min. Organelles of high density were pelleted by centrifu-
gation of the supernatant at 8000g for 15 min. The supernatant was
further centrifuged at 100,000g for 2 hr to pellet microsomal mem-
branes. The final supernatant corresponded to cytosol. The 100,000g
pellets were resuspended in extraction buffer containing 0.4% SDS
and 1% Triton X-100.

Protease Treatments

Seeds of transgenic Arabidopsis plants expressing phytohemagglu-
tinin were germinated in liquid media (Bar-Peled et al., 1995). After 2
weeks of culture, 2 g of roots were ground in 5 mL of lysis buffer (50
mM Hepes-KOH, pH 6.8, 10 mM potassium acetate, 1 mM EDTA,
400 mM sucrose, 1 mM DTT, and 0.1 mM PMSF). Alternately, proto-
plasts were isolated from 50 mL of Arabidopsis cell suspensions, ac-
cording to Bar-Peled and Raikhel (1997). Approximately 3 mL of
packed protoplasts were resusp_ended in 6 mL of lysis buffer and
lysed by more than eight passages through a 25%-gauge needle. Af-
ter the root and cell suspension lysates were cleared at 1000g, they
were spun at 8000g. The supernatant (S8) was saved. All proteases
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were from Sigma, and the stocks were prepared at 1 mg/mL in lysis
buffer (pepsin, trypsin, and papain) or in protease K buffer (50 mM
Tris-HCI, pH 7.5, and 1 mM CaCl,). Aliquots of S8 (100 pL) were di-
gested with 1 g of protease in either the absence or presence of 1%
Triton X-100 and were incubated on ice for various times from 0 to 30
min. At the end of each time point, 10 pg of leupeptin (Sigma) and 50
ul of boiling 3 X SDS sample buffer (188 mM Tris-HCI, pH 6.8, 30%
glycerol, 3% SDS, and 3% B-mercaptoethanol) were added to each
aliquot and boiled for an additional 5 min to destroy the protease.
Equal volumes of each time point were separated by SDS-PAGE,
blotted to nitrocellulose, and probed with antibodies.

Step Sucrose Gradients

The fractionation of cellular membranes was done at 4°C, based on the
procedure of Gibeaut and Carpita (1994) and modified by M. Bar-Peled
and N.V. Raikhel (unpublished data). Arabidopsis roots (1.5 g) were
chopped with a razor blade and ground with glass beads in 6 mL of ly-
sis buffer (50 mM Hepes-NaOH, pH 7.0, 13.5% [w/v] sucrose, and 10
mM NaCl) containing 0.5 mM PMSF, 1 mM DTT, and either 2 mM
EDTA or 3 mM MgCl,. The homogenate was passed four times
through a 22.5-gauge needle, transferred to a centrifuge tube, and
spun at 1000g for 10 min. The supernatant was collected and loaded
on the top of a sucrose step gradient consisting of 2 mL of 56.0%,
5.84 mL of 40.0%, 4.66 mL of 33.5%, 4 mL. of 26.5%, and 3.0 mL of
16% sucrose solution (w/v) in 10 mM Hepes-NaOH, pH 7.0, 10 mM
potassium acetate, and either 2 mM EDTA or 5 mM MgCl,. The gra-
dient was centrifuged at 110,000g for 2 hr. Fractions of 1.4 mL were
collected starting from the top of the gradient, trichloroacetic acid
precipitated, and analyzed by SDS-PAGE.

Two-Phase Partitioning Method

The preparation of plasma membrane fractions from Arabidopsis cell
suspension cultures was performed according to Daniels et al.
(1994), whose protocol was based on Kjellbom and Larsson (1984).
Repartitioning was done four times for both the plasma membrane
and the intracellular membrane phase.

Protoplast Isolation and Vacuole Flotation

Protoplasts from Arabidopsis cell suspension cultures were pre-
pared based on Axelos et al. (1992) with modifications. Arabidopsis
cultures (100 mL) were filtered through a 1.5-mm mesh to remove
large clumps. The cells were collected in a 50-um nylon mesh and
washed with 135 mL of B5 medium (3.2 g/L Gamborg's B5 medium
and 2% sucrose [w/v], pH 5.7), followed by a 100-mL wash in proto-
plast medium (3.2 g/L Gamborg’s B5 medium, 15.4% sucrose [w/vj,
pH 5.7). The cells were transferred into 15 mL of filtered (0.45 um) en-
zyme solution (0.1 g of cytolase 345 L and 0.015 g of pectolyase Y23
in protoplast medium). After incubation for 3 hr under agitation (70
rpm) at room temperature in the dark, the protoplast solution was fil-
tered through a 50-pm nylon sieve to remove undigested cells. Proto-
plasts were centrifuged in a Babcock bottle for 10 min (1200 rom in a
clinical centrifuge). The floating protoplasts were collected, diluted in
wash buffer (0.4 M betaine, 10 mM CaCl,-2H,0, and 3 mM Mes, pH
5.7), and centrifuged for 10 min (80g). The protoplast pellet was re-
suspended in prewarmed (87°C) lysis buffer (0.2 M mannitol, 20 mM
EDTA, 2mM DTT, 5 mM Hepes, and 10% Ficoll type 400 [Sigmal, pH
8.0). Vacuoles were isolated according to Hofte et al. (1991).
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Electron Microscopy

For electron microscopy, the procedure described by Tokuyasu
(1980) was used. Frozen thin sections were prepared from Arabidop-
sis root tips. Seeds were soaked in distilled water for 1 hr at room
temperature and germinated on humidified filter papers on Petri
dishes. The plates were kept at a vertical position and incubated at
20°C in the presence of light. After 2 to 3 days, the root tips were im-
mersed in freshly prepared 2% (v/v) formaldehyde and 0.1 M sodium
phosphate buffer, pH 7.4, for 6 hr at room temperature. The speci-
mens were rinsed in 0.1 M phosphate buffer and cryoprotected by in-
filtration in a 0.1 M phosphate buffer solution containing 2.3 M sucrose
and 10% (w/v) polyvinylpyrrolidone K 15 (Fluka, Buchs, Switzerland)
for 2 hr at room temperature (Tokuyasu, 1989). Root tips were
mounted individually onto an aluminium specimen holder and di-
rectly frozen in liquid nitrogen. Ultrathin cryosections (60 to 80 nm)
were cut with a diamond knife (Diatome, Biel, Switzerland) at —120°C
on a microtome (model UCT; Leica, Heerbrugg, Switzerland) equipped
with an FCS cryo-attachment housing an antistatic device (Diatome).
Cryosections were transferred on formvar/carbon—coated nickel
grids that were ionized before use. The grids were floated on solu-
tions. After blocking in 5% (v/v) newborn calf serum in PBS, sections
were incubated with primary antibodies raised against AtPEP12p
(1:20 for 4 hr at 20°C), y-TIP antibodies (Marty-Mazars et al., 1995;
1:500 for 1 hr at 20°C), or corresponding preimmune sera. Excess
primary antibodies were removed by multiple washes in 1% (v/v)
newborn calf serum in PBS. AtPEP12p antibodies and the related
control with preimmune serum were detected by first labeling with
biotinylated goat anti-rabbit IgG (Amersham) for 1 hr at 20°C, fol-
lowed by incubation with streptavidin conjugated to 10-nm colloidal
gold particles (30 min at 4°C in the dark). Detection of y-TIP and the
related control with preimmune serum were done using a secondary
antibody linked directly to 5-nm colloidal gold particles (Amersham).
The grids were washed in double distilled water and stained accord-
ing to Griffiths et al. (1983). The sections were observed with an elec-
tron microscope (model H600; Hitachi, Tokyo, Japan) operating at 75 kV.
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