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Membrane-delimited compartments in eukaryotic
cells provide physical scaffolds to localize biochemical
reactions, confining proteins and their activities as
well as soluble compounds within cells. This struc-
tural differentiation is supported through the biosyn-
thesis of membrane lipid and protein at the endoplasmic
reticulum and Golgi apparatus as well as the shuttling
of membrane vesicles and their contents between endo-
membrane compartments and the plasma membrane.
The traffic of vesicles and their fusion at these various
target membranes is critical for nervous signal trans-
mission across the synaptic junctions of nerves, for cell
wall delivery and budding in yeast, and for maintaining
cell polarity, growth, and development in plants (Pratelli
et al., 2004; Surpin and Raikhel, 2004; Sutter et al., 2006a).
These are highly dynamic processes that, even in rela-
tively quiescent plant tissues, contribute to a rapid
turnover of large areas of membrane surface and, in cer-
tain specialized cell types, such as pollen and root hairs,
drive the turnover of plasma membrane at rates in
excess of 0.01 cm2 min21 at the growing tip (Campanoni
and Blatt, 2007).

SNARE (for soluble N-ethylmaleimide-sensitive fu-
sion protein attachment protein receptor) proteins
facilitate vesicle traffic by overcoming the immense
dehydration forces associated with bringing two lipid
bilayers together in an aqueous environment (Rand
and Parsegian, 1989) and by matching vesicles with
their destinations to ensure efficient targeting and de-
livery of specific membrane proteins and soluble
cargo. Subsets of SNAREs are found at both vesicle
and target membranes, and it is the pairing of the
complementary SNARE partners to form a tetrameric

bundle of coiled helices that draws the membrane sur-
faces together for docking and fusion (Fig. 1). Elements
of this SNARE complex differ widely in size and
structure, but they share common structural motifs,
notably those contributing to interactions at the core of
the SNARE complex. Within the bundled a-helices of
the SNARE core complex, at least one helix each is
derived from a membrane-anchored protein associ-
ated with the target membrane (hence a t-SNARE) and
with the vesicle (hence a v-SNARE), and in every case
functional SNARE complexes are built of one element
of each of four submotif domains, designated Qa, Qb,
Qc, and R (Bock et al., 2001). These submotifs extend
over roughly 60 amino acid residues and confer an
amphipathicity to the helices that strongly favors their
assembly, like a semicrystalline ‘‘zipper’’ (Sutton et al.,
1998; Misura et al., 2000). Nominally, the Qa, Qb, and
Qc domains center about a Gln residue within the
SNARE motif, while the R domain centers about an
Arg residue of the complementary SNARE motif.
At the nerve synapse, t-SNAREs contribute three
a-helices, one from syntaxin (Qa) and two from the
N-terminal (Qb) and C-terminal (Qc) halves of SNAP-25.
Intriguingly, the tripartite assembly of the neuronal
SNARE complex is far less common by comparison
with the model characterized by a single SNARE coil
per polypeptide (Linial, 2001). The latter appears to be
the norm also for plants. For example, Arabidopsis
(Arabidopsis thaliana) has 18 syntaxin-like Qa-SNAREs,
18 Qb- and Qc-SNAREs, but only three SNAP-25-like
(Qb1Qc)-SNAREs, and a similar distribution of SNARE
groupings is found in rice (Oryza sativa; Sutter et al.,
2006a).

The formation of a SNARE complex is sufficient to
drive fusion (Weber et al., 1998; McNew et al., 2000; Hu
et al., 2002) and will even facilitate fusion between
cells when expressed with complementary SNARE
motifs exposed outside the cells (Hu et al., 2003). These
experiments provide strong evidence for SNARE func-
tion, but they do not rule out the role of lipids (Tamm
et al., 2003) and other (possibly regulatory) proteins in
fusion (Dennison et al., 2006; Vicogne et al., 2006).
When assembled, the core complex of SNAREs shows
a remarkable homology to viral type I fusion proteins,
notably to the influenza hemagglutinin protein and
gp41 of human immunodeficiency virus (Hughson,
1999; Jahn et al., 2003). Although each constitutes a
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single membrane protein, both hemagglutinin and
gp41 tether viral and host membranes before under-
going a conformational change that brings the two
membranes in close apposition and drives fusion. Fur-
thermore, like the SNARE core complex, once inserted
in the host membrane the viral peptide sequence not
only anchors the two membranes but also deforms the
bilayers to favor transition to a hemifusion structure
and to force fusion (Colotto et al., 1996). There are
similarities, too, in the stoichiometry of protein (com-
plex) units between the two fusion processes. Fusion
driven by hemagglutinin is cooperative, engaging two
to three fusion initials to open the fusion pore (Bentz,
2000), while measurements of the stoichiometry asso-
ciated with Ca21-dependent vesicle fusion indicate a
minimum of three to four SNARE complexes cooper-
ating in neuronal exocytosis (Stewart et al., 2000) and
that may oligomerize to form a supercomplex of bun-
dles that open the fusion pore (Rickman et al., 2005).

The combinatorial model of SNARE interactions is
largely sufficient to explain both the high specificity
and the overlaps in function among the different
SNAREs (McNew et al., 2000; Paumet et al., 2004) and
is a key to understanding the functional relationships
within the substantially expanded family of these pro-
teins in plants (Sutter et al., 2006a; Sanderfoot, 2007). In
fact, surprisingly little direct evidence of redundancy
among these proteins has come to light. Among the
Arabidopsis Q-SNAREs, which divide between eight
classes (SYP1–SYP8, for syntaxins of plants), three of
the Syp classes—Syp2x, Syp4x, and Syp1x (where x
identifies the class member)—have shown gene dis-
ruptions and mutations of single members that give
lethal phenotypes (Pratelli et al., 2004; Sutter et al.,
2006a). Among members of the plasma membrane-like
class, SYP1, T-DNA knockouts Atsyp121 and Atsyp122
have not yielded obvious differences from the wild

type in the glasshouse, although the Atsyp121-Atsyp122
double knockout is severely stunted (Assaad et al.,
2004). Both AtSYP121 and AtSYP122 interact in
jasmonate and salicylate signaling (Zhang et al.,
2007). However, several distinctions have surfaced be-
tween these and related plasma membrane-associated
Q-SNAREs. Notably, AtSYP121 plays a role in nonhost
resistance to fungal pathogens and its expression is
sensitive to the plant hormone abscisic acid (ABA),
while AtSYP122 appears to contribute to resistance to
bacterial pathogens (Collins et al., 2003; Nühse et al.,
2003). Furthermore, AtSYP121 failed to rescue the
Atsyp111 (knolle) mutant when expressed under its
promoter (Muller et al., 2003). AtSYP111 is essential for
the formation of the cell plate during division (Jurgens,
2004). It has been suggested to localize in part to the
plasma membrane (Dhonukshe et al., 2006), but the
physiological significance of this latter finding is doubt-
ful (Reichardt et al., 2007). Thus, a mixed picture of
genetic overlaps as well as spatiotemporal overlaps and
specializations is emerging.

Despite the growing body of data bearing on
SNAREs in plants, remarkably little evidence is avail-
able that speaks directly to their functions in vesicle
traffic within the living plant cell. Two different phar-
macokinetic approaches have been utilized exten-
sively in work on mammalian SNARE function, but
they are only beginning to attract attention in plants.
Clostridium botulinum (BotN/x, where x 5 A to G)
neurotoxins have provided a powerful set of molec-
ular tools with which to manipulate vesicle traffic
in neuromuscular as well as other secretory tis-
sues. These toxins act as endopeptidases to selec-
tively cleave SNARE proteins, thereby blocking vesicle
fusion and neurotransmitter release at the synapse
(Humeau et al., 2000), and they have yielded substan-
tial kinetic detail, including that of its coupling with

Figure 1. The canonical SNARE cycle and its regula-
tion. SNARE components as indicated: red, R-SNARE;
blue, syntaxin-like Qa-SNARE; yellow, Qb- and Qc-
SNAREs. The cycle begins with the release of the
closed conformation by Sec/Munc (SM) protein bind-
ing to the Ha/Hb/Hc domain to expose the Q-SNARE
(H3) motif. Association in the trans-complex is ac-
companied by a large increase in core a-helical
structure, which drives the transition to the cis-
complex (Jahn et al., 2003). Dissociation of the cis-
complex and repriming requires the energy input of
ATP hydrolysis and is achieved through the binding
of a-SNAP and the NSF ATPase. (Modified from
Pratelli et al. [2004].)
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Ca21 channel control (Stanley and Mirotznik, 1997;
Degtiar et al., 2000; Sakaba et al., 2005). In plants, to
date, the neurotoxins have seen application in two
studies only. Nonetheless, this work has confirmed a
selective cleavage by BotN/A, BotN/C, and BotN/E
toxins in Arabidopsis and tobacco (Nicotiana tabacum)
and demonstrated neurotoxin action in suppressing
ABA-mediated signaling (Leyman et al., 1999; Kargul
et al., 2001). A second strategy, making use of dominant
negative inhibitors complementary to a selected SNARE,
was first employed by Leyman et al. (1999) to ex-
plore the role for the tobacco SNARE NtSYP121 in
K1 and Cl2 channel control and was subsequently
used to examine the functioning of the same SNARE
in membrane vesicle traffic and development (Geelen
et al., 2002). The rationale of this method lies in the
ability of a protein fragment genetically engineered
from the full-length sequence to bind the native
protein partners, thereby preventing completion of
the normal SNARE function. The specificity of dom-
inant negative SNARE fragments in vivo (Scales et al.,
2000; Tyrrell et al., 2007) suggests that this approach
will find much wider application in studies of traf-
ficking in plants, although it should be noted that
pairing of the dominant-negative fragment may also
yield noncanonical SNARE complexes with similar
functional consequences (Jahn et al., 2003; Tyrrell et al.,
2007). Among the Arabidopsis SNAREs, Tyrrell et al.
(2007) found that the targets of so-called Sp2 (domi-
nant negative) fragments were exclusive to traffic at
the membranes associated with the corresponding
SNAREs. Furthermore, they were able to resolve quan-
titative differences in the efficacy of Sp2 fragments to
the plasma membrane SNAREs AtSYP121, AtSYP122,
and AtSYP71 in suppressing secretory traffic. Of course,
not all traffic to a common target membrane need pass
through the same vesicular pathway (Oufattole et al.,
2005; Sutter et al., 2006a), a fact that must be borne in
mind when comparing the traffic of different markers
(Foresti et al., 2006; Tyrrell et al., 2007).

SNARES IN VACUOLAR TRAFFICKING
AND GRAVITROPISM

The vacuole is a major destination for vesicle traf-
ficking, and SNAREs have been identified that func-
tion in this branch of the secretory pathway. Soluble
vacuolar proteins contain a vacuolar sorting signal
that is recognized at the trans-Golgi network (TGN) by
a receptor protein for diversion away from the secre-
tory route toward the vacuole. Two major transport
pathways exist between the TGN and vacuole, distin-
guished by different types of sorting signal, pharma-
cological sensitivities, and type of cargo transported
(lytic or storage; Matsuoka et al., 1995; Ahmed et al.,
2000; Shimada et al., 2003; Park et al., 2005). In some
cell types, these pathways terminate in distinct vacu-
ole types, lytic vacuoles, or protein storage vacuoles
(Paris et al., 1996; Di Sansebastiano et al., 2001). In
other cells, a single vacuole type exists and both

pathways lead to this same vacuole (Hunter et al.,
2007; Olbrich et al., 2007). Transport occurs via a pre-
vacuolar compartment (PVC)/multivesicular body, a
site from which trafficking components can be recycled
to the TGN (Mo et al., 2006).

The SYP2 family of SNAREs probably functions in
anterograde trafficking to the vacuole. Knockout muta-
tions in the corresponding genes are lethal (Sanderfoot
et al., 2001a), but overexpression and analysis of point
mutants has now yielded some functional informa-
tion about these proteins. SYP21 is found at the PVC
(da Silva Conceicao et al., 1997) and most likely
functions in the trafficking of lytic cargo, as overex-
pression leads to mistargeting of fusion proteins con-
taining a lytic vacuole sorting signal (Foresti et al.,
2006). The fusions are partially secreted and partially
retained in the PVC, which becomes enlarged and
also accumulates some tonoplast proteins. SYP22 lo-
calizes to both the vacuole and the PVC (Sato et al.,
1997; Sanderfoot et al., 1999) and potentially func-
tions in fusion with the tonoplast (Rojo et al., 2003).
Point mutations in VAM3 cause defects in growth
(Ohtomo et al., 2005) and in shoot gravitropism (Yano
et al., 2003; see below).

Perhaps the best studied SNARE subfamily in vac-
uolar trafficking is the VTI1 group of v-SNAREs. VTI11
and VTI12 are partially redundant in function, as a
double mutation is embryo lethal but the correspond-
ing single mutants are viable, albeit with some growth
defects (Surpin et al., 2003). The single mutants have
quite distinct phenotypes: a vti11 knockout has defects
in vascular patterning, auxin transport, and shoot
gravitropism (Kato et al., 2002; Surpin et al., 2003),
and vti12 is hypersensitive to starvation and senesces
prematurely (Surpin et al., 2003), phenotypes charac-
teristic of autophagy mutants. Upon analysis of the
vacuolar trafficking pathways involving VTI11 and
VTI12, it was revealed that a vti11 mutant is defective
in trafficking of proteins to the lytic vacuole, whereas a
vti12 mutant fails to correctly transport storage pro-
teins to the protein storage vacuole (Sanmartin et al.,
2007). The basis for the functional redundancy was
seen from analysis of the SNARE complexes in which
the two proteins participate. In wild-type plants, VTI11
and VTI12 form distinct SNARE complexes, with VTI11
interacting with t-SNAREs from the SYP2 and SYP5
classes and VTI12 interacting with the SYP4 and SYP6
classes (Bassham et al., 2000; Sanderfoot et al., 2001b).
This specificity is relaxed in the vti11 and vti12 single
mutants, and the proteins can at least partially substi-
tute for one another in SNARE complexes (Surpin et al.,
2003) and presumably in other complexes that may be
required for function. For example, the EPSIN family of
trafficking proteins in Arabidopsis show specificity in
their interactions, with EPSIN1 interacting with VTI11
and being required for transport to the lytic vacuole
(Song et al., 2006) and EPSINR2 interacting with VTI12
(Lee et al., 2007).

A particularly intriguing consequence of inefficient
vacuolar trafficking is the loss of shoot gravitropism.
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This was first discovered when screens for mutants in
shoot gravitropism identified the SNAREs SYP22 and
VTI11, both predicted to function in vacuolar traffick-
ing (Kato et al., 2002; Yano et al., 2003). A complex
between SYP22, VTI11, and the t-SNARE SYP5 was
shown to exist in the gravity-perceiving endodermal
cells, and the mutant SYP22 protein had a decreased
ability to form this SNARE complex (Yano et al., 2003).
While the precise mechanism by which the SNAREs
allow gravity responses is unknown, one possibility is
that the mutant phenotype is due to an indirect effect
on the vacuolar membrane structure or composition,
rather than vesicle trafficking being required directly
for gravitropism. Shoot gravitropism involves the
sedimentation of amyloplasts in endodermal cells,
and this sedimentation is disrupted in the SNARE
mutants and other mutants predicted to affect vacuo-
lar structure (Saito et al., 2005). Vacuolar structure is
abnormal in these mutants, with loss of transvacuolar
strands and accumulation of vesicle-like structures,
possibly restricting amyloplast movement.

MEMBRANE TRAFFIC, SOLUTE TRANSPORT, AND
RECEPTOR TURNOVER

Membrane vesicle traffic is intimately linked to
transmembrane ion transport, and not only in cou-
pling electrical signals of the nerve to synaptic trans-
mission and neurotransmitter release (Jahn et al.,
2003). During vesicle formation, the recruitment of
membrane components, including small GTPases and
coat proteins essential for budding, is tied to luminal
acidification (Zeuzem et al., 1992; Aniento et al., 1996;
Maranda et al., 2001). Homotypic SNARE fusion in
yeast has been associated with vacuole acidification
(Ungermann et al., 1999). Similarly, the sensitivity of
vesicle traffic to the H1-ATPase inhibitor bafilomycin
A can be understood in the context of energizing
K1/H1 exchange to facilitate vesicle swelling and fu-
sion (Cousin and Nicholls, 1997; Palokangas et al.,
1998; Choi et al., 2007). Thus, it is notable that the
VHA-a1 protein, a member of the vacuolar V-type
H1-ATPases, localizes to the Golgi and the TGN in
Arabidopsis, consistent with a projected role in vesicle
acidification (Dettmer et al., 2006). Although more
direct evidence associating vesicular pH with VHA-a1
activity is still lacking, pharmacological studies using
the V-type H1-ATPase antagonist concanamycin A
build up a convincing picture of its likely contribution
to endocytosis from the plasma membrane as well as
export from the Golgi.

Equally, the transport of ions and solutes across
membranes is subject to membrane traffic, if only
through its impact on the population of transport
proteins present at the membrane surface. Thus, exo-
cytosis and endocytosis of selected ion and solute
transporters serve to regulate the transport capacity,
albeit not necessarily the intrinsic kinetic characteris-
tics for transport across the membrane. The best char-
acterized model among mammalian cells is the traffic

of the Na1-coupled Glc transporter GLUT4, which
cycles between the apical membrane and a pool of
cytosolic vesicles in intestinal epithelial cells (Simpson
et al., 2001; Ishiki and Klip, 2005). GLUT4 exocytosis in
these cells is stimulated by insulin and leads to a
roughly 5-fold increase in the rate of Glc uptake within
10 to 20 min. Fusion of GLUT4 vesicles depends on
SNARE complexes that include mammalian SNAP-23,
Syntaxin 4, and VAMP2 within lipid rafts of the
plasma membrane (Volchuk et al., 1996; Chamberlain
and Gould, 2002; Williams and Pessin, 2008). In turn,
GLUT4 transporters are recovered from the apical
plasma membrane by endocytosis and sequestered in
specialized GLUT4 vesicles before recycling.

In Arabidopsis, a number of integral membrane
proteins have now been identified to traffic to, and be
recovered from, the plasma membrane. Takano et al.
(2005) have described the boron transporter BOR1 as
an integral membrane protein essential for xylem
loading and boron translocation to the shoot under
nutrient limitation, and they note that its accumulation
at the plasma membrane is strongly affected by boron
resupply, leading to BOR1 endocytosis and degrada-
tion in the vacuole. A similar pattern of traffic appears
to govern the plasma membrane residence of KOR1,
which contributes to cell wall deposition (Robert et al.,
2005), of the putative auxin transporter PIN1 at the
apical membrane of root epidermal and cortical cells
(Geldner et al., 2003), and of the brassinolide receptor-
like kinase protein BRI1 (Russinovaa et al., 2004; Geldner
et al., 2007). Intriguingly, endocytosis of PIN1 appears
to be modulated by auxin itself (Paciorek et al., 2005),
and as a variation on this theme, Robatzek et al. (2006)
have reported that the endocytosis of the flagellin
receptor FLS2 is evoked by its ligand flg22. Internal-
ization of the GFP-tagged FLS2 was observed to lead
initially to its accumulation in endosomes and was
sensitive to the inhibitor wortmannin as well as to
cytoskeletal antagonists, again consistent with con-
certed passage of the receptor protein en route to the
vacuole and its degradation. Thus, each of these ex-
amples has described a traffic characterized to varying
degrees by changes in the constitutive turnover of the
integral membrane protein; unlike GLUT4 traffic,
however, upon endocytosis these plant proteins enter
a one-way path that leads to their sequestration in the
vacuole and degradation. Almost nothing is known of
the molecular mechanics of traffic, although SNAREs
almost certainly play roles in delivery to, and removal
from, the plasma membrane as well as endomembrane
compartments.

Traffic of the Kv-like K1 channel KAT1 presents a
different picture (see also ‘‘Membrane Traffic, ABA,
and Auxin’’ below). Turnover of KAT1 at the plasma
membrane of intact epidermal and guard cells is
tightly controlled through a mechanism evoked by
ABA and leads to recycling in true exchange with an
endomembrane pool distinct from known degratory
pathways to the vacuole (Sutter et al., 2007). The close
parallels to GLUT4 traffic and its role in transmem-
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brane solute transport are self-evident. Furthermore,
studies using dominant negative Sp2 fragments have
indicated that export of KAT1 to the plasma mem-
brane is dependent on SYP121 function. Sutter et al.
(2006b) found that coexpression of the SYP121 Sp2
fragment selectively suppressed KAT1 delivery to the
plasma membrane, but not that of the PMA2 H1-
ATPase, and altered its local distribution within the
plasma membrane. They engineered hemagglutinin
epitopes within external loops of the K1 channel
protein to demonstrate its localization within bona
fide plasma membrane microdomains and observed
that expressing the Sp2 fragment also led to a loss of
the microdomain boundaries and ‘‘smearing’’ of the
KAT1 channel over the surface of the plasma mem-
brane. This loss of microdomain organization might be
explained simply as a consequence of the Sp2 frag-
ment interference with targeting of KAT1 delivery to
the plasma membrane. However, Sutter et al. (2006b)
also observed a roughly 100-fold increase in the lateral
mobility of KAT1 within the plane of the plasma mem-
brane in the presence of the Sp2 fragment, thus impli-
cating an additional role for the SNARE in anchoring
the KAT1 protein within the microdomains.

In fact, recent work from the same laboratory has
yielded direct evidence for SYP121 as a key structural
element determining the gating of another K1 channel
and implicating the SNARE in an extensive scaffold of
proteins associated with the membrane transport of K1.
Honsbein et al. (2007) used a yeast mating-based split-
ubiquitin assay (Obrdlik et al., 2004) to screen for
protein partners that interact with SYP121 and reported
a regulatory subunit that interacts selectively both in
coimmunoprecipitation assays after heterologous ex-
pression and in vivo using a bimolecular fluorescence
complementation assay (Walter et al., 2004). Signifi-
cantly, they observed the interaction to be essential for
K1 channel gating and K1 uptake. Thus, the SNARE
may be a missing component essential for channel-
mediated K1 nutrition, a function wholly distinct from
any role in membrane traffic. In fact, a few SNARE
proteins are known to interact with ion channels,
notably mammalian Syntaxin 1A, which binds several
different Ca21 and K1 channels in nerves, subtly affect-
ing channel gating to facilitate synaptic transmission
(Rettig et al., 1996; Fili et al., 2001; Leung et al., 2007).
However, such interactions have been thought to be
restricted to mammalian tissues and to serve highly
specialized functions in coupling membrane traffic and
signaling. Thus, it will be of interest now to determine
whether similar SNARE interactions contribute di-
rectly to other ion transport, signaling, and homeostatic
functions.

MEMBRANE TRAFFIC, ABA, AND AUXIN

In addition to its role in balancing membrane trans-
port activities to the need for nutrient acquisition,
vesicle traffic in plants has been implicated in a variety
of responses to hormonal and environmental stimuli

(Sutter et al., 2006a). We touch on two examples here.
Recent studies of the relationship of membrane traffic
to ABA signaling have provided direct evidence not
only for evoked endocytosis at the plasma membrane
but also for its selectivity among integral membrane
proteins and their subsequent recycling back to the
plasma membrane. ABA acts as a drought stress signal
to control ion transport in stomatal guard cells and
suppress transpiration from leaf tissues (Blatt, 2000;
Hetherington and Brownlee, 2004). It triggers rapid
changes in the activities of three dominant K1 and
Cl2 channels at the guard cell plasma membrane that
are, in part, coordinated through elevations in cytosolic-
free Ca21 concentration ([Ca21]i), and it is also associ-
ated with longer term adaptive changes in the capacity
for solute flux and stomatal responses to stress (Peng
and Weyers, 1994; Allen et al., 2001). How these tem-
porally different behaviors are related is still unre-
solved, but pieces of the puzzle are now falling into
place. Last year, Sutter et al. (2007) reported that,
concurrent with its action in ion channel gating, ABA
initiates the endocytosis of the KAT1 K1 ion channel,
which normally is active in K1 uptake for stomatal
opening. Endocytosis was selective for the K1 channel
over a similarly tagged H1-ATPase, and it led to
sequestration of the protein within an endosomal mem-
brane pool, from which it recycled back to the plasma
membrane over 6 to 8 h after ABA washout (Fig. 2).
Quite apart from offering the first unambiguous evi-
dence for evoked endocytosis and membrane recycling
in a plant cell, these data point to a role for channel
traffic in adaptive changes in the capacity for solute
flux, consistent with so-called ‘‘programmed closure’’
(Allen et al., 2001).

SYP121 (or a close homolog; Tyrrell et al., 2007) may
also contribute to the early changes in ion channel
gating in ABA. Indeed, the original observations of
Leyman et al. (1999) were based on the finding that a
dominant negative fragment of the tobacco homolog
NtSYP121 (NtSYR1) blocked changes in K1 and Cl2

channel gating in response to ABA. The recent work of
Sokolovski et al. (2008) revisits these experiments to
show that these changes can, in part, be understood by
an action of the dominant negative fragment in sup-
pressing Ca21 channel gating, Ca21 entry across the
plasma membrane, and the consequent rise in [Ca21]i
(Fig. 3). Significantly, while the SNARE fragment
blocked stomatal closure in response to ABA, the
experiments show that closure could still be evoked
by nitric oxide, which affects only Ca21 release from
endomembrane stores (Garcia-Mata et al., 2003). These
findings offer primary evidence for the functional
coupling of a SNARE with Ca21 channels at the plant
cell plasma membrane and, thus, add substance to a
long-standing expectation that Ca21 signaling may be
tied to SNAREs in plants as it is in mammalian cells
(Leung et al., 2007). Because [Ca21]i plays a key role in
the control of K1 and Cl2 channel currents in guard cells,
this underscores an important mechanism for SNARE
integration with ion channel regulation during stoma-
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tal closure and raises a question about similar roles in
Ca21 signaling associated with other physiological re-
sponses in plants, notably in pathogen defense (Collins
et al., 2003; Heese et al., 2005; Zhang et al., 2007).

Less is known of the contributions of SNAREs to
trafficking associated with auxin and development per
se. Nonetheless, an intriguing feature of the PIN (for
PIN-formed) and AUX1 (for AUXIN1) proteins is their
apical-basal polarity of distribution. Thus, quite apart
from their presumptive roles in polar auxin transport,
the subcellular targeting of these proteins, like the
targeting of the KAT1 K1 channel to plasma mem-
brane microdomains (Sutter et al., 2006a), makes these
proteins attractive as models for study of the control of
plant membrane traffic. Indeed, in many ways, the
subcellular distribution of AUX1 and the PIN proteins
may find analogs in traffic in mammalian epithelia. In
the latter, distinct subsets of SNARE proteins are
responsible for the differential targeting of solute
transporters, including the Na1/K1-ATPase, gastric
H1-ATPase, and coupled transporters such as the Glc
transporter GLUT4, to the apical and basal cell mem-
branes (Banerjee et al., 1999; Ishiki and Klip, 2005).
AUX1, which is thought to function as an auxin uptake
carrier, is localized to the apical ends of cell files,
notably in epidermis and cortex of the Arabidopsis
stem and root, while, conversely, the PIN1 protein,
which is one of several presumptive auxin efflux
carriers, has been found primarily at the opposite

ends of the same cells. To date, however, attention to
AUX1 and the PIN proteins has centered principally
on their relationship to the phenomenology of polar
auxin transport: these studies have yielded consider-
able evidence, if correlative, that their polar distribu-
tion is the molecular embodiment of the classic theories
for auxin transport, plant growth, and development
(Vieten et al., 2007).

If the analogy to mammalian epithelial polarity
holds true (Muday et al., 2003; Vieten et al., 2007),
we can expect that AUX1 and PIN traffic will depend
on different subsets of Q- and R-SNAREs. Thus, it
would be of interest to know which (if any) of the
extant plasma membrane (Assaad et al., 2004; Zhang
et al., 2007) or other SNARE mutants affect the distri-
butions of these proteins, especially given the long-
established role of auxin in gravitropism (Pickard,
1985; Hicks et al., 1989) and evidence that several
SNAREs affect gravitropic responses (Kato et al., 2002;
Surpin et al., 2003; Yano et al., 2003). What is known of
the traffic of AUX1 and the PIN proteins has come
largely from experiments with brefeldin A, a fungal
toxin that affects traffic to the Golgi through its sup-
pression of an ARF-GEF GTPase essential for vesicle
formation (Jurgens, 2004; Teh and Moore, 2007). These
studies have led to speculation that a constitutive traf-
ficking and endocytosis, especially of the PIN proteins,
is essential for the feedback control of polar auxin
transport (Geldner et al., 2001; Vieten et al., 2007). At

Figure 2. KAT1 K1 channels recycle to plasma
membrane-localized microdomains. Three-dimensional
reconstructions (for clarity, omitting the upper and
lower surfaces) of tobacco guard cells expressing
KAT1 tagged with a photoactivatable GFP are shown.
Epidermal peels were pretreated with 20 mM ABA for
60 min. Images were taken before (top) and after
(middle) photoactivation (1pa) at the start of ABA
washout and after a further 7-h continuous superfu-
sion (bottom) with buffer (2ABA). Images are (left to
right) overlay, GFP, and chloroplast (red) channels. A
bright-field image overlay is included in the bottom
set of frames. Nuclei (n) are labeled in middle frame
left. Because only photoactivatable GFP photoacti-
vated at the start of ABA washout will fluoresce, the
GFP signal obtained 7 h later (bottom) reflects a true
recycling of the KAT1 channel to the plasma mem-
brane. (After Sutter et al. [2007].)
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present, one difficulty with such speculation is that,
although brefeldin A does effect a loss in polar distri-
butions of these proteins (Steinmann et al., 1999;
Paciorek et al., 2005), the concentrations required are
more than one order of magnitude greater than those
required to influence auxin transport per se (Petrasek
et al., 2003). More still, the effects of various auxins in
suppressing PIN endocytosis in root epidermis and
cortex tissues are evident only at concentrations roughly
two to three orders of magnitude higher than needed
to determine the characteristics of auxin-stimulated

growth in these tissues (Goldsmith, 1977; Trewavas,
1992). Clearly, there remain major gaps in our under-
standing of the mechanics of PIN and AUX1 traffic as
well as its significance for auxin signaling and devel-
opment. Closing these gaps is likely also to provide
important discoveries that relate traffic to plant devel-
opment.

SECRETORY SNARES ARE REQUIRED FOR PLANT
DEFENSE AGAINST PATHOGENS

A specific role for several plasma membrane
SNAREs in plant defense against pathogen attack
has now been revealed. Possibly the best characterized
example is that of the resistance of Arabidopsis to
barley (Hordeum vulgare) powdery mildew. Barley
powdery mildew infects barley and causes disease,
but Arabidopsis is not normally a host plant for this
species; spores are able to germinate on Arabidopsis,
but they are not able to penetrate the plant cells and
therefore are unable to establish an infection. This
nonhost resistance is an active mechanism, in which
cell wall deposits (known as papillae) are secreted at
the site where penetration is attempted, providing a
physical barrier to infection (Collins et al., 2003). A
genetic screen for Arabidopsis mutants with increased
susceptibility to barley powdery mildew, and there-
fore defective in nonhost resistance, led to the identi-
fication of pen mutants (for increased penetration). The
pen1 mutant was discovered to have a mutation in the
SYP121 gene encoding a plasma membrane syntaxin
closely related to NtSyr1, a tobacco syntaxin required
for secretion (Geelen et al., 2002). A barley homolog of
PEN1/SYP121, named ROR2, is required for basal
penetration resistance in barley, suggesting a relation-
ship between the mechanisms of innate and nonhost
immunity (Collins et al., 2003).

The precise function of SYP121 in resistance is not
clear, but it most likely is related to cell wall structure
and deposition as a physical barrier to fungal entry.
Upon infection of barley, large vesicles filled with
hydrogen peroxide are evident in the barley cells just
below the site of infection; these were decreased in the
ror2 mutant (Collins et al., 2003). These vesicles po-
tentially function in cross-linking of cell wall compo-
nents as a general response to infection attempts, thus
leaving the mutant cells physically more susceptible to
fungal penetration. The Arabidopsis syp121 mutant
has a delay in the fungus-induced formation of papil-
lae, which could also cause increased susceptibility to
infection (Assaad et al., 2004). Recent work, however,
suggests that the idea of a physical barrier deposited
via a SYP121-mediated trafficking pathway may not be
the whole story. The syp121 mutant also has increased
expression of the pathogen response gene PR-1 and
increased levels of salicylic acid (SA; Zhang et al.,
2007), which acts as a signal in defense pathways,
suggesting that SYP121 is a regulator of SA-mediated
defense. These data indicate that SYP121 may have

Figure 3. Expressing the inhibitory (dominant negative) Sp2 fragment
of NtSyp121 shifts the voltage threshold, elevating [Ca21]i. Kymographs
(left) and individual images (right) of voltage-evoked [Ca21]i rise were
taken from image sequences of two intact guard cells before (above)
and 24 h after inducing Sp2 fragment expression. The time line runs top
to bottom, with voltage scale and ramps as indicated (center). [Ca21]i

was determined from fura2 fluorescence ratios, with selected ratio
images (A–D, right) corresponding to the time points indicated adjacent
the voltage scale. Kymographs were constructed from successive ratio
images averaged over a two-pixel-wide band along the line indicated in
the image frames (A and C) from cell exterior (left) and periphery (P) to
the perinuclear region (PN). Note that the voltage threshold for [Ca21]i

rise (red arrows, center) shifted from approximately 2130 mV before to
2185 mV after inducing Sp2 fragment expression. (After Sokolovski
et al. [2008].)
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distinct and opposite roles in modulating different
pathogen-responsive pathways.

Expression of the SYP121-related SNARE SYP122
is induced by fungal, bacterial, and viral infection
(Assaad et al., 2004). It is also phosphorylated rapidly
in response to the general bacterial elicitor flg22 (Nühse
et al., 2003), suggesting that it may play a role in
pathogen defense. In contrast, tobacco SYP121 is phos-
phorylated in response to the race-specific elicitor Avr9
and not flg22 (Heese et al., 2005). Unlike SYP121,
mutants in SYP122 have no detectable defects in disease
resistance. Despite this, double-mutant analysis indi-
cates some overlap in their function, as unlike either
single mutant, the double mutants are dwarfed and
develop necrotic patches (Assaad et al., 2004) and have
even higher levels of PR-1 and SA (Zhang et al., 2007).
The primary functions of SYP121 and SYP122, there-
fore, are likely to be distinct, although it appears that
they can partially substitute for one another.

Upon exposure of Arabidopsis to a nonhost fungus,
both SYP121 and SYP122 are recruited to the sites of
attempted penetration, although this is much more
evident for SYP121 (Assaad et al., 2004). Barley ROR2
shows a similar redistribution within the plasma mem-
brane to the proximity of fungal entry sites. It has been
suggested that pathogen infection causes the forma-
tion of sterol-enriched plasma membrane microdo-
mains, similar to lipid rafts in animal cells, and that
components of the resistance response such as ROR2
move to these microdomains to combat the infection
(Bhat et al., 2005). While this provides some intriguing
corollaries to animal cells, the validity of this sugges-
tion awaits a much more comprehensive biochemical
analysis of the membrane structure.

A third plasma membrane syntaxin, SYP132, has
been implicated in defense against bacterial infection.
Arabidopsis SYP132, like SYP121 and SYP122, is phos-
phorylated upon elicitor treatment (Kalde et al., 2007),
and it seems that phosphorylation may be a general
method for regulating the function or localization of
defense-related SNAREs (Nühse et al., 2003; Heese
et al., 2005; Kalde et al., 2007). Tobacco plants in which
tobacco SYP132 is silenced are more susceptible to
bacterial infection, which may be due to decreased
secretion of PR proteins. These results extend previous
observations that a functional secretory pathway is
required for plant defense via the secretion of proteins
required for resistance to infection (Wang et al., 2005).

Additional components of the SNARE complex
containing SYP121 have now been identified, lending
credence to the idea that vesicle fusion, rather than
other possible functions of the syntaxin-type SNAREs,
is required for plant defense pathways. SNAP33 ex-
pression is induced by pathogen attack (Wick et al.,
2003), and knockout mutants in SNAP33 are dwarfed
and develop necrotic lesions (Heese et al., 2001),
reminiscent of the syp121 syp122 double mutant com-
bination. A syp121 mutant with a point mutation in the
SNARE domain has a partial phenotype and, unlike
wild-type SYP121, fails to form a SNARE complex

with SNAP33 (Kwon et al., 2008). The v-SNARE for
this complex is most likely a member of the VAMP72
family, with VAMP722 probably the most important
but some functional redundancy present. While a com-
plete vamp721 vamp722 knockout mutant is lethal, de-
creased expression of the VAMP72 family gave a similar
phenotype to the syp121 mutant, with increased sus-
ceptibility to nonhost fungal infection. SNAP33 colo-
calizes with SYP121 at the plasma membrane, whereas
GFP-VAMP722 labels structures that may be secretory
carriers that move to the site of pathogen attack (Kwon
et al., 2008). Together, these results suggest that many of
the secretory SNAREs are multifunctional proteins,
with a role in the general secretory pathway under
normal conditions, and are recruited to defend the cell
against pathogen attack by delivering cell wall material
and defense proteins during challenge with pathogens.

SNARES IN ABIOTIC STRESS RESPONSES

An indication of a role for SNAREs in the tolerance
of abiotic stress conditions came from a screen for
mutants that were sensitive to osmotic and salt stress.
One of the mutants (named osm1) was disrupted in the
TGN-localized t-SNARE SYP61 (Sanderfoot et al.,
2001b; Zhu et al., 2002). The SYP61 protein is able to
function as a t-SNARE in membrane fusion (Chen
et al., 2005), but whether the mutant phenotype reflects
a defect in membrane fusion or in an additional
process requiring SYP61 is not known, and it is not
clear whether the osm1 mutant is a null mutant or may
retain some function.

A plant-specific family of SNAREs, the NPSN group,
may have multiple functions, including responses to
the environment. Arabidopsis NPSN interacts with
the cytokinesis-specific SNARE KNOLLE and may
function in cell division (Zheng et al., 2002). By con-
trast, the rice NPSN gene family has been studied with
respect to stress responses. OsNPSN11 expression
increases upon hydrogen peroxide exposure and de-
creases in salt or mannitol (Bao et al., 2008). Over-
expression of OsNPSN11 in tobacco gave rise to
oxidative stress tolerance but salt and osmotic stress
sensitivity, although the basis for this phenotype re-
mains to be seen. Whether the Arabidopsis and rice
NPSN proteins really have different functions is not
clear, but it is possible that in both species the proteins
function in both cell division and stress responses or
that different members of the NPSN family have
distinct functions.

The VAMP71 family of tonoplast-localized SNAREs
(Carter et al., 2004) also decreases in expression during
salt and osmotic stress, and knockout mutants have
increased salt tolerance (Leshem et al., 2006). Closer
analysis of the phenotype indicated that during expo-
sure to high-salt conditions, reactive oxygen species
were produced by endosomes that fused with the
vacuole, and this fusion was blocked in the absence of
VAMP711. It was suggested that these oxidative species
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damaged the tonoplast in wild-type plants, whereas
the damage was minimized in the mutants and thus
vacuole function was maintained (Leshem et al., 2006).
Validation of this hypothesis awaits further analysis,
but the involvement of other types of vesicle-trafficking
proteins in stress responses (Mazel et al., 2004) may
point to a general role of vesicle transport or membrane
fusion in stress tolerance.

PROSPECTS FOR BIOTECHNOLOGY

Many plant secondary metabolites are stored in
vacuoles, including various compounds that have
anticancer and other useful properties (Noble, 1990).
These metabolites are often produced only in trace
quantities in the native plants, opening the possibility
for greatly enhancing production using genetic engi-
neering (Verpoorte and Memelink, 2002). In the exam-
ple of anticancer alkaloids produced by Catharanthus
roseus, not only are the metabolites stored in the vac-
uole, but they are also synthesized there (Sottomayor
et al., 1996; Costa et al., 2008). One of the enzymes
involved in their synthesis, a class III vacuolar perox-
idase, has been shown recently to have a C-terminal
vacuolar sorting signal (Costa et al., 2008). As over-
expression of vacuolar proteins has been shown to
saturate the vacuolar targeting machinery, leading to
secretion instead of vacuolar targeting (Frigerio et al.,
1998), an increase in production of the useful metab-
olites may also require increases in the activity of
vacuolar trafficking components.

Increasing interest is now evident in the use of
plants for the production of high-value proteins such
as pharmaceuticals, and the endomembrane system
has been proposed to be a useful site for the target-
ing and accumulation of these proteins (Vitale and
Pedrazzini, 2005). Production of antibodies is one
potential application, and systems have been devel-
oped for the synthesis of high levels of either full-
sized antibodies or Fv-Fc fragments in transgenic
plants (Stoger et al., 2005; Giritch et al., 2006; Van
Droogenbroeck et al., 2007). One concern when pro-
ducing pharmaceutical proteins via the secretory
pathway is the addition of glycans; while plant cells
are able to glycosylate animal proteins, and glycosyl-
ation is often important for function, plant complex
glycans have structures different from those present
on animal proteins. One possibility for overcoming
this problem is retention and accumulation of the
recombinant proteins in the endoplasmic reticulum,
leading to the presence of only high-Man glycans
(Sriraman et al., 2004; Triguero et al., 2005). However,
adding an endoplasmic reticulum retention signal to
antibodies, although effective in leaves, was ineffec-
tive in retaining the protein in the endoplasmic retic-
ulum in seeds, potentially the most useful site for
protein accumulation (Petruccelli et al., 2006). Instead,
the recombinant protein was partially secreted and
partially transported to protein storage vacuoles. Pro-

duction of single-chain Fv-Fc antibodies in Arabidopsis
seeds was even less effective, as not only was the re-
combinant protein secreted but high-level expression
also disrupted normal trafficking pathways, leading
to the secretion of endoplasmic reticulum chaperones
and seed storage proteins (Van Droogenbroeck et al.,
2007). Clearly, interfering with trafficking could lead to
detrimental effects on seed viability and plant growth
and development. These experiments highlight the
need to understand the trafficking of proteins through
the endomembrane system and the roles of vesicle-
trafficking components. It is possible that for efficient
targeting of foreign proteins, the appropriate traffick-
ing components, including the SNAREs and other
proteins required for vesicle budding and fusion, will
need to be up-regulated to compensate for the increase
in cargo through the system.

OUTLOOK

Research over the last 10 years has shown that
SNARE proteins in plants have critical roles in a wide
range of cellular activities, and not only those related
to homeostasis, growth, and development. SNAREs
are almost certainly important ‘‘cogs’’ in the machin-
ery that plants engage during pathogen defense, for
example; but they also play roles in coordinating
events of cellular stimulus-response coupling and
show up in protein complexes that do not have any
obvious functions associated with membrane traffic.
Precisely how SNAREs integrate these different func-
tions at the cellular and molecular levels has yet to be
explored in much detail in most cases, and it will be
necessary now to fill in these gaps in our understand-
ing. Future work must also address questions of mech-
anistic overlap between stimulus-response coupling
and vesicle trafficking, notably in cargo and selective
membrane protein cycling within the cell.
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