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ABSTRACT

FUNCTIONAL ANALYSIS OF ATVTI1, A FAMILY OF SNARE PROTEINS IN
ARABIDOPSIS

By
Haiyan Zheng

Most vacuolar proteins carry short peptidal sequence as targeting signals.
The ones carrying an N-terminal pro-peptide (NTPP) are sorted away from other
secretory proteins by NTPP receptors at the TGN and packaged into clathrin-
coated transport vesicles. These vesicles are further transported to the pre-
vacuolar compartment (PVC) before finally reach the vacuole. The correct
targeting of these vesicles to the PVC most likely involves SNARE proteins.

To understand the vacuolar protein trafficking step between the TGN and
the PVC in more detail, | have isolated several genes from Arabidopsis encoding
typical SNARE proteins. First, | identified a SNARE protein called AtPLP,
Arabidopsis PEP12 Like Protein. Due to its high similarity with AAPEP12 (SYP21)
and AtVAM3 (SYP22), it is grouped into SYP2 and renamed as SYP23. SYP2
group SNAREs are located on the PVC membrane. They might be the t-SNAREs
for accepting incoming vesicles.

| have also isolated AtVTI11 and AtVTI12, two related SNARE genes from
Arabidopsis genome. AtVTI11 is localized on the domain of TGN where AtELP,
an NTPP cargo receptor and sporamin, an NTPP cargo reside. It also colocalizes

with SYP2 on the PVC. AtVTI11 is found in SNARE complexes with SYP2 and
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SYPS5 group SNAREs. All these data suggest that AtVTI11 is a SNARE involved
in directing NTPP cargo containing vesicles towards the PVC.

Although AtVTI11 and 12 share high sequence similarity (65% identical at
a.a. level), they complement different yeast vti1 mutants. In Arabidopsis, AtVTI11
and AtVTI12 are localized on different membranes based on an Accudenz
gradient experiment. The majority of AtVTI12 form SNARE complexes with SYP4
and SYP6 instead of with SYP2 and SYPS5. It is likely that AtVTI11 and 12 are
involved in different vesicle targeting steps in vivo. However, the duty division
between AtVTI11 and 12 might not be exclusive. In a T-DNA insertion line of
Atvti12, although the homozygous mutant plant lacks AtVTI12 protein, it has no
observable phenotype because AtVTI11 takes the position of AtVTI12 and forms
a complex with SYP4 and SYP6.

Taken together, | have identified and characterized AtVTI1 family of
SNARE proteins. AtVTI11 is shown to be invoilved in NTPP cargo transport
between the TGN and the PVC. The closely related AtVTI12 might have

overlapping as well as different functions.
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I. The Endomembrane System in Eucaryotic Cells

The endomembrane system is an important feature that distinguishes the
eukaryotic cell from the prokaryotic cell. Originated as invaginations of the plasma
membrane, the endomembrane system has evolved into a series of membrane
enclosed organelles in modern eukaryotic cells. Owing to this sophisticated
membrane system, cells are organized into compartments featuring different
biochemical and biophysical conditions, such as the endoplasmic reticulum (ER),
Golgi, endosomes, lysosomes (vacuoles) and plasma membrane. How proteins are
targeted to the correct compartment becomes a fundamental question of eukaryotic
cell biology. Most lumenal and many membrane proteins have specific N-terminal
signal peptides that are recognized by signal recognition particle (SRP) and co-
transiationally imported into the endoplasmic reticulum (ER) (Rappoport, 1990). The
folding and initial modification of newly synthesized protein molecules take place in
the ER. The protein molecules ready to leave the ER are sorted into coated
vesicles and transported to the next compartment, the Golgi complex (Rothman
1994, Bar-Peled et al., 1996). These cargo proteins further travel through the Golgi
apparatus by vesicle transport or maturation (review see Pelham 1998). Along the
Golgi stacks, proteins are extensively modified by the resident Golgi enzymes.
Upon arrival at the trans-Golgi network (TGN), proteins are sorted into different
domains of the TGN based on specific sorting signals that indicate their
destinations, before eventually packaged into distinct vesicles. Via these vesicles,

cargoes are transported to their final destination, such as the extracellular matrix,
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endosomes or lysosomes. This forward trafficking system is termed the secretory
system. Conversely, proteins localized on the plasma membrane and in the
extracellular matrix can be taken back by the clathrin coated vesicles (CCVs) and
transported to the endosomes or lysosomes through the endocytic pathway. These
forward and retrograde pathways maintain the membrane in balance at the same
time allowing transport of proteins between organelies.

Homeostasis of each compartment is important for its proper function. The
endomembrane system developed multiple ways to achieve this. One is the active
selection mechanism. Many proteins carry peptide signals as the address for their
destination. These signals are recognized by membrane anchored signal receptors
and these proteins are selectively packaged into coated transport vesicles and
delivered to the correct compartment: i.e. many lysosomal proteins in mammalian
cells carry a mannose-6 phosphate (M6P) signal that is recognized by M6P
receptors at the TGN. These receptors recruit the proteins into CCV that transport
them to the lysosome. Some transport pathways or steps are less selective. In that
case, proteins are transported forward by bulk flow and selection takes place
downstream. The resident proteins belonging to the upstream compartment are
delivered back based on the retrieval signal they carry. Many ER resident proteins
are retained in the ER by an efficient retrieval system. Some ER proteins can reach
the plasma membrane before being delivered back to the ER. It is now believed
that in most compartments, the active selection in forward transport and bulk flow
plus selective retrieval are combined to maintain the stable composition of the

organelle. For example, in the maturation theory, most resident Golgi enzymes are
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restricted at certain stacks by retrieval from more advanced stacks. Proteins in the
Golgi apparatus are matured into the next stack by receiving these vesicles (review
see Allan and Balch, 1999).
Il. SNARE Hypothesis

Both active selection and selective retrieval require vesicles to deliver the
selected proteins. The correct targeting of vesicles is thought to be fulfilled by a
set of compartment specific membrane proteins and common soluble factors.
Based on their research on neuronal synaptic vesicle secretion, Séliner et al.,

(1993) first proposed the SNARE hypothesis that specified these membrane

protein components to be soluble NSF (N-ethylmaleimide-sensitive factor)

attachment protein receptors or SNAREs. SNARE proteins share similar

secondary structures. Most SNAREs, with the exception of the SNAP 25 family,
are type || membrane proteins with a stretch of hydrophobic residues at the C-
terminus of the protein that form a transmembrane domain. It has been shown
that in some cases, the transmembrane domain determines the location of the
SNAREs (Rayner and Pelham, 1997; Watson and Pessin, 2001). For typical
SNAREs, upstream of the transmembrane domain, there is a coiled-coil domain
that is important for interacting with other SNAREs and may contribute to the
specificity of SNARE interactions (Sutton et al. 1998). SNARESs are classified as
either Q or R SNARESs based on the presence of either a glutamate or arginine at
a conserved position, respectively (Fasshauer et al., 1998a). The SNAP25 family
of proteins are a special group of SNAREs with unique structural features. This

group of proteins lack transmembrane domain. Instead, they are anchored on the
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membrane by a post-translationally added lipid group (Oyler et al., 1989). Unlike
typical SNAREs that contain one coiled coil domain, SNARE 25 type SNAREs
have two "Q" type coiled-coil domains.

Based on their locations, SNAREs can also be divided into two groups
arbitrarily: v-SNAREs (a lot of them are also R SNARES) are localized on the
membrane of transport vesicles and t-SNAREs (Most of them are Q SNAREs)
are on the target membranes. Typically, 3 t-SNAREs (or 2 t-SNAREs if one of
them is a SNAP25 type SNARE) form a cis-SNARE complex. The v-SNARE
specifically recognizes this cis-SNARE complex and align its coil-coil region with
this complex to form a structure called 4-helices bundle or the SNAREpin
(Antonin et al., 2000). The formation of this structure brings the vesicle and target
membrane together for fusion. In the case of syntaxin-SNAP 25 and VAMP2 at
least, it has been shown 3 SNARE complexes are needed to fulfill the task of
membrane fusion (Hua and Scheller, 2001). The SNARE complex is extremely
stable. For instance, the SNAREpin formed by Snytaxin-1, SNAP25 and
snaptobrevin does not unfold until heated up to 95°C (Fasshauer et al., 1998b).
To dissociate the SNAREpin, soluble factors, N-ethylamleimide sensitive factor
(NSF) and soluble NSF attachment protein (0-SNAP) are recruited afterwards to
form a 20S complex with the SNAREs. Energy is used by NSF, an AAA type
ATPase, to dissociate the SNAREpin. (Whiteheart et al., 1994; Tolar and
Pallanck, 1998). The freed v-SNAREs are then recycled back to the original

compartment.
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The SNARE hypothesis is supported by large number of studies (review
see Hay and Scheller, 1997; Chen and Scheller, 2001). However, a large body of
evidence indicate that in vivo, the specificity of vesicle docking and fusion may
require other protein and lipid factors besides SNARESs (review see Pfeffer 1999).

There are 55 genes identified as SNAREs in Arabidopsis genome so far
(Sanderfoot et al., 2000). Several SNAREs have been found to play important
roles in development and physiology of plants. For example, KNOLLE is found to
be involved in cell plate formation (Lukowitz et al., 1996; Lauber et al., 1997).
SYR1, a SNARE in tobacco is identified by its involvement in plasma membrane
K-channels regulation in guard cells (Leyman et al., 1999). SYP21, SYP22 and
AtVTI11 might be involved in vacuolar protein transport (Bassham et al., 1995;
Sato, et al., 1997; Zheng et al., 1999a). In plants, the basic machinery of vesicle
trafficking is most likely to be conserved. However, those trafficking steps are
important for the cell and the whole plant's development in unique ways different
from its mammalian and yeast counterpart. This made functional study of SNARE
proteins in plant more intriguing.

lll. Vacuolar Protein Trafficking in Mammalian and Yeast Celis

Plant vacuoles are thought to be equivalent organelles to mammalian
lysosomes and yeast vacuoles. In mammals and yeast, there is one kind of
vacuole, although in mammals, differentiated cells sometimes develop
specialized lysosomes like melanosomes and platelet dense granules. For most
lysosomes and vacuoles, the basic function is to digest expired proteins and

recycle cellular components or sequester toxic secondary metabolite. They are
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normally maintained at low pH and contain mostly hydrolyases. For the
biosynthetic pathway, there are three routes to the vacuole. One is taken by
majority of the soluble protein. Another is mostly by vacuolar membrane proteins.
The third one is a direct cytoplasm-to-vacuole (Cvt) transport pathway.

In mammalian cells, a post-translational addition of mannose-6-phosphate
(M-6-P) to N-glycans acts as a signal to target the majority of hydrolyases to the
lysosome (Griffiths et al., 1988). The enzyme GIcNAc phosphotransferase
recognizes a certain patch of the amino acid sequence in the protein and
catalyzes the modification of N-linked oligosaccharide. At the trans-Golgi, a
membrane bound M-6-P receptor recognizes the M6P group on the cargo and
sorts them away from the bulk flow (Albert et al., 1994). M-6-P receptors like
M6PR46 and M6PR300 contain a signal comprised of an acidic stretch and a
dileucine motif at their C-terminus which faces cytosol (Chen et al., 1997). This
motif are efficiently recognized by a cytosolic protein called GGA (Golgi-localized,
v-ear-containing, ARFs-binding proteins, Puertollano et al., 2001). GGA then
recruits the clathrin, a type of cytosolic coat protein, and other accessory factors
to form clathrin-coated vesicles (CCV) at the TGN. These CCVs probably carry v-
SNAREs that promote fusion with the late endosome, an intermediate
compartment on the way to the lysosome (an equivalent compartment to
vacuoles of yeast and plant cells). There is also a M-6-P independent pathway to
the lysosome which is utilized by certain cells like pepatocytes (Lodish et al.,

1995).



Yeast
report indica’
the sorting of
ofths proter
mechanisms *

In Sac

mest other sc
tthe M6-P
2 Sugar mose
'eminus of ¢
the precursg
ftal, 1394,
aded witn

prevacUotar



Yeast vacuolar proteins are not modified with M-6-P. However, a recent
report indicates that a yeast homologue of mammalian M6PR also plays role in
the sorting of vacuolar hydrolases (Whyte and Munro, 2001). Although the ligand
of this protein has not been identified, it is possible yeast also utilize some similar
mechanisms to deliver a subset of vacuolar proteins.

In Saccharomyces cerevisiae, hydrolase caboxypeptidase Y (CPY) and
most other soluble proteins are transported to the vacuole through a route similar
to the M-6-P pathway. One difference, however, is that instead of decorated with
a sugar moiety, the cargo protein carries a peptide targeting signal at the N-
terminus of the protein (Johnson et al., 1987). At the TGN, this sorting signal in
the precursor CPY is recognized by a membrane receptor, Vps10p (Marcusson
et al., 1994). GGA recognizes Vps10p and leads to the formation of vesicles
loaded with CPY and other vacuolar proteins, which are then targeted to the
prevacuolar compartment (PVC)/late endosome (Black et al., 2000). The
targeting step of these vesicles to the PVC was recently found to be facilitated by
Vti1p, a multifunctional Q-SNARE and Pep12p, a t-SNARE localized on the PVC
(Becherer et al., 1996; Fischer von Mollard et al., 1997). The subsequent steps
for CPY delivery from the PVC to the vacuole are not well characterized.

Membrane proteins like alkaline phosphatase (ALP) and the vacuolar t-
SNARE Vam3p in yeast (Darsow et al., 1998), use an alternative pathway that
bypasses the PVC. Thus their transport is not affected by some mutations in
components of the CPY pathway (Cowles et al., 1997; Piper et al., 1997). Instead

of GGA, this pathway requires another adaptor called AP3 (Adaptor Protein 3;
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Cowles et al., 1997, Stepp et al., 1997; Darsow et al., 1998) to form vesicles from
the TGN. In mammalian cells, the proper delivery of lysosomal membrane
proteins lamp-2, limp-2 and CD63 (DellAngelica et al., 1999; Le Borgne et al.,
1998; DellAngelica et al., 2000) has also been reported to require AP3. Thus,
mammalian cells also need different pathways for transport soluble and
membrane proteins.

In yeast, some vacuolar resident proteins like aminopeptidase 1 (AP1) or
a-manosidase (Ams1p) are synthesized in the cytosol and transported to the
vacuole via the Cvt pathway (Klionsky 1998; Hutchins et al., 2001). The transport
mechanism of Cvt pathway is just beginning to be unraveled. Membrane fusion is
involved in this process, since SNAREs Tlg2p, Vam3p, Ypt7 and Vti1p, along
with the sec1 homologue Vps45p that interacts with Tig2p are required for AP1
transport (Abeliovich et al., 1999). Besides biosynthetic pathways, there are other
routes for protein delivery to the vacuole, such as through endocytosis and
autophagy. However, proteins transported by those routes are not resident
proteins, instead, most of them are delivered as substrates for digestion in the

vacuole.

IV. Vacuolar Protein Transport in Plants

IV-a. Traffic Routes for Plant Vacuoles

The plant vacuolar system is much more complex and much more difficult
to study than its yeast and mammalian counterpart. Vacuolar content and

functions not only vary depending on the cell types and developmental stages,
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but different vacuoles containing different soluble and membrane proteins may
co-exist in the same cell (Paris et al., 1996; Jauh et al., 1999; Di Sansebastiano
et al., 2001). It is likely that distinct transport pathways are used to transport
proteins to these different types of vacuoles. (Robinson and Hinz, 1997). The
plant vacuolar protein transport systems are illustrated as Figure 1-1. Like their
counterpart in mammals or yeast, plant vacuolar proteins carry specific signals to
indicate their destination. For soluble cargo proteins, three types of vacuolar
sorting signals (VSS) have been identified: sequence-specific vacuolar sorting
signals (ssVSS), C-terminal sorting signals (ctVSS), and physical structure
signals (psVSS) (review see Vitale and Raikhel, 1999; Matsuoka and Neuhaus,
1999). In the cases of prosporamin and the cysteine protease proaleurain,
ssVSS are propeptides at the N-terminus of the protein, (NTPP) which are
eventually cleaved to release the mature protein. (Matsuoka and Nakamura,
1991; Matsuoka et al., 1995). The NTPPs from aleurain and sporamin contain a
conserved motif (NPIR). The N-terminal location of the signal is not required for
their function as shown for sporamin A (Koide et al., 1997). For instance, the
precursor of ricin carries an NPIR signal in a 12aa linker joining the catalytically
active A chain and the sugar-binding B chain. On reaching the vacuole, this linker
is cleaved and mature proteins are released (Frigerio et al., 2001a). Many
proteins carrying ssVSS are acidic hydrolyases. They are transported to the lytic
vacuoles by a route reminiscent to the yeast CPY pathway and the mammalian

Mannose-6-phosphate pathway. The VSS is recognized at the TGN by vacuolar
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Figure 1-1. The routes for protein transport to the vacuole in plants. In plants, the
lytic vacuole (LV) and the protein storage vacuole (PSV) may co-exist in the
same cell. Proteins take different routes to these two vacuoles. Most vacuolar
proteins are transported by endomembrane system. They all carry a N-terminal
signal peptide that direct them to be co-translationally transported to the
endoplasmic reticulum (ER). Proteins that belong to the lytic vacuole normally
carry a vacuolar sorting signal at the N-terminus called N-treminal pro-peptide
(NTPP). The route they travel is called NTPP pathway. From ER, these proteins
are transported to the Golgi by vesicle transport. At the TGN, they are sorted
away from other proteins by the NTPP signal and are transported from the TGN
to the PVC via clathrin coated vesicles (CCV). The NTPP cargo eventually reach
the lytic vacuole possibly are mediated by fusion of the PVC to the lytic vacuole.
The proteins targeted to the PSV are transported either through the Golgi-
apparatus or follow a Golgi-independent pathway, depending on whether they
form aggregates at the ER or later. Some of these proteins carry the sorting
signals at the C-terminal of the protein and the pathway they use is called the C-
terminal propeptide (CTPP) pathway. In most mature cells, the lytic and the
protein storage vacuoles may fuse to form the central vacuole.
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sorting receptors (VSRs) and sequestered to certain areas of the TGN by some
unknown mechanism. The VSRs then recruit cytosolic factors to form CCVs.
Putative sorting receptors have been identified by several groups and will be
described in more detail below. Instead of directly to the lytic vacuole, most data
indicate that CCV transports its cargo proteins to an intermediate compartment or
the pre-vacuolar compartment (PVC, Paris et al., 1997; Conceigao et al., 1997).
The lower pH in the PVC lumen allows the VSRs to be recycled back to the TGN
after dissociated with and the cargo. The PVC eventually fuse with each other or
directly with the vacuole, delivering the cargo to its final destination.

Most storage proteins and certain hydrolyases carry ct-VSS, or C-terminal
propeptides (CTPP) that is cleaved upon arrival to the vacuole. These signals
lack consensus sequence, but the C-terminal location is critical. It is suggested
that CTPP might share similar secondary structures (Matsuoka and Neuhaus et
al., 1999). Most CTPP- type cargoes are transported to protein storage vacuoles
(PSV). Little is known about how these proteins are selected from the bulk of
transport proteins and how they are transported. Although in the case of
phaseolin, the transport has been shown to be a saturable process, suggesting
the involvement of protein factors (Frigerio at al, 1998). However, numerous
attempts to identify CTPP receptors have failed. It is conceivable that CTPP
cargo is not selected by particular protein receptors. Rather, by the help of some
protein factors, the hydrophobic CTPP signals promote the formation of
aggregates that exit from ER as precursor accumulating vesicles or dense

vesicles from Golgi (Hara-Nishimura et al., 1998; Toyooka et al., 2000 Frigerio et
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al., 2001b). These vesicles either fuse with the existing PSV or are taken up by
the storage vacuoles by autophagy at the vacuole (Levanony et al., 1992). CTPP
is cleaved once the protein arrives at the PSV. CTPP pathway apparently use
different machinery from NTPP pathway since CTPP pathway is sensitive to a
concentration of wortmannin (a phosphatidyl-inositol 3-Kinase inhibitor) that does
not affect the NTPP protein transport (Matsuoka et al., 1995).

Yet another group of cargo proteins such as bean phytohemagglutinin and
barley phytepsin, use an internal sequence of the mature protein as their
vacuolar sorting signal (Kervinen et al., 1999). In most cases examined, these
proteins are targeted to the PSV (Tague et al., 1990; Saalbach et al., 1991; von
Schaewen and Chrispeels, 1993). However, little is known about either the signal
or the route they pass.

The delivery of vacuolar membrane proteins has been shown to be
independent of soluble proteins (Gomez and Chrispeels, 1993). Since lytic and
protein storage vacuoles carry different isoforms of tonoplast intrinsic proteins
(TIP). Their delivery routes might also be different (Jauh et al., 1998; Jauh et al.,
1999).

IV-2. Components of the Plant Vacuolar Protein Delivery System

Several potential components of the vacuolar protein delivery machinery
have been identified in plants. Most of them appear to be involved in the NTPP
pathway. BP80 is a protein purified from CCV enriched fraction of pea developing
cotyledon with apparent molecular weight of 80 kDa. Its ability to specifically bind

to NTPP signals at an optimal pH of 6.0 and dissociate at pH5.5 (Kirsch et al.,
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1994; Paris et al., 1997) makes it a good candidate for NTPP cargo receptor.
AtELP, first identified by its structural similarity to mammalian EGF receptor, is a
homologue of BP80 in Arabidopsis (Ahmed et al., 1997). AtELP is also enriched
in CCV preparations and has been localized to the TGN and the PVC (Ahmed et
al., 1997; Sanderfoot et al., 1998). Like BP80, it has the similar affinity to NTPP
signals with a pH sensitive manner but fails to bind to CTPP or mutated NTPP
peptides (Ahmed et al., 2000). In the Arabidopsis genome, there are 6
homologues of AtELP, VSR1-6. Preliminary results from individual knock-out
plants and RT-PCR show that these 6 genes might have different spatial
expression patterns (Avila-Teeguarden E and Raikhel NV, unpublished data),
suggesting that these proteins might function in different developing stages. They
may also have different affinity to different NTPPs. The ligand specificity of these
VSRs is under investigation. Homologues of AtELP or BP80 have also been
identified in pumpkin (Shimada et al.,, 1997) and Nicotiana alata (Miller et al.,
1999). However, in both cases, these VSRs recognize internal or C-terminal
sequences that has no NPIR motif. BP80 may also has two separate ligand
binding site that recognize different VSS (Cao et al., 2000).

SNARESs are important components for vesicle transport machinery in all
eukaryotic cells, so they are likely to play a role in vacuolar protein transport in
plants. The completion of Arabidopsis genome allows us to examine the
composition of SNARE genes at genome range. Based on sequence similarities
and secondary structural analysis, Sanderfoot et al. (2000) reported 556 SNARE

genes in Arabidopsis. The largest group is syntaxins. Syntaxins all share similar
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secondary structures. They are always found as a part of the t-SNARE complex.
There are 24 syntaxins in Arabidopsis. They can be grouped to 10 subgroups
and named SYP (syntaxin protein) 1 to 10. One group, SYP2, has been
extensively studied due to its likelihood to be involved in vacuolar protein
trafficking. SYP21, a homologue of yeast Pep12p, was found by its ability to
functionally complement a yeast pep72 mutant (Bassham et al., 1995). A 20S
complex of SYP21 has been partially characterized. It contains SYP21, a-SNAP
and an NSF homologue. This complex readily dissociates when ATP is present
(Bassham and Raikhel, 1999). Immuno-electron microscopy studies show that
SYP21 is localized to an electron dense tubular structure that had not been
previously characterized. Since AtELP is also found in this compartment, this
structure might be the plant PVC where AtELP dissociates with the NTPP cargo
and recycles back to the TGN. (Bassham et al., 1995; Conceigao et al., 1997;
Sanderfoot et al., 1998). Thus, SYP21 may be a SNARE involved in receiving the
incoming AtELP-containing CCV derived from the TGN. There are two other
SYP2 homologues in Arabidopsis. They show around 65-70% identity to SYP21.
One of them, SYP22 was first identified by its ability to restore the transport of
CPY in yeast vam3 mutant (Sato et al., 1997). In yeast, Vam3p is the t-SNARE
localized on the vacuole that is responsible for all membrane fusion events
related to the vacuole (Darsow et al., 1997). However, in Arabidopsis, SYP22 is
localized to different places in different tissues by different labs. In root tips, we
have found SYP21 and SYP22 are both localized on the same PVC membrane

(Sanderfoot et al., 1999). In shoot meristem, however, SYP22 has been
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observed on the tonoplast of small vacuoles (Sato et al., 1997). Although SYP21
and SYP22 interact with identical set of other SNAREs, knockouts of either
SYP21 or SYP22 result in a pollen-lethal phenotype. SYP21 and SYP22 thus
must each perform critical and nonredundant functions in pollen development
and probably in later stages of development (Sanderfoot et al., 2000b). SYP23
was first identified from Arabidopsis EST collections due to its high similarity with
SYP21 and 22. Surprisingly, in Columbia ecotype, this gene encodes a protein
lacking a transmembrane domain due to a frame shift. The same gene from RLD
(another ecotype) background, on the other hand, encodes a full length SYP23
with a transmembrane domain similar to the other two SYP2s (Zheng et al.,
1999b). Previous reports show that some syntaxins lacking a transmembrane
domain can be localized correctly by interacting with other SNAREs. That may
explain why SYP23 without transmembrane domain has no dominant negative
effect on membrane fusion. Alternatively, SYP23 are not abundantly expressed
(Zheng et al., 1999b) and may have redundant functions with other SYP2s. Thus
this mutation in recent evolution is tolerated and preserved with no adverse
effects.

SYP4 group of syntaxins are most closely related to Tlg2p in yeast and
Syntaxin 16 in mammals. In yeast and mammals, this syntaxin is found on the
Golgi and the TGN (Holthuis et al., 1998; Simonsen et al., 1998). Among other
functions, Tlg2p is involved delivering vacuolar proteins via the Cvt pathway
(Abeliovich et al., 1999). In Arabidopsis, there are 3 genes in this group. SYP41

and 42 are both localized on the TGN but on separate domains (Bassham et al.,
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2000). Like SYP2 group syntaxins, single knock-out mutation of SYP41 and
SYP42 lead to pollen lethal phenotype, suggesting that they play non-redundant
roles in plant development.

The SYP5 and SYP6 group of syntaxins share similarity with yeast
syntaxin Tig1p. The SYP5 gene family is composed of 2 members, where there
is only one SYP6. Both SYP5 and 6 are localized on both the TGN and the PVC
membranes. SYP5 proteins associate with SYP2 at the PVC, while SYP6 with
both SYP41 and SYP42 on the TGN. SYP5 and SYP6 also interact with each
other (Sanderfoot et al., 2001). Figure 1-2 shows the likely players involved in the
NTPP cargo transport between the TGN and the PVC.

Vti1p is a v-SNARE first identified in yeast because of its ability to
associate with Vps10p, the cargo receptor for CPY. This interaction was later
proven an artifact (Fischer von Mollard and Stevens, 1997). However, Vti1 has
been shown to be an important SNARE with multiple functions in vesicle
trafficking. Some temperature sensitive mutant alleles of this v-SNARE in yeast
cause the mistargeting of CPY to the extracelluar space as a precursor form,
suggesting that the CPY transport be blocked at the step after the TGN (Fischer
von Mollard and Stevens 1997). More over, VTI1p forms a SNARE complex with
Vam3p and Vam7p on the vacuolar membrane that is necessary for vesicle
docking and fusion to the vacuole (Fischer von Mollard and Stevens 1997). Five
SNAREs, including Vti1p, Vam3p, Vam7p, Ykt6p, Nyvip form SNARE complex
that are required for vacuolar homotypic fusion (Ungermann et al., 1999). The

interaction between Vam3p and Vti1p contributes to all membrane docking and
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Figure 1-2. The likely players involved in the NTPP cargo transport between the
TGN and the PVC. NTPP signals are recognized by AtELP at the TGN. This
recognition leads to the sorting of NTPP cargo away from other proteins and the
formation of CCV. On the CCV membrane, besides AtELP, there are v-SNAREs.
These v-SNAREs interact with SYP2 and SYP5, the t-SNAREs localized on the
PVC, and leads to membrane fusion. Because the pH is lower in the PVC, AtELP
dissociates NTPP cargo and is recycled back. SYP4 and SYP6 are t-SNAREs
found on the TGN membrane. The functions of these SNAREs are not clear.
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fusion events with the vacuolar membrane and thus affect all traffic routes to the
vacuole (Fischer von Mollard et al., 1999). Thus, Vti1p plays important roles in all
routes to the vacuole in yeast. Besides the roles in delivering vacuolar proteins,
Vti1p also interacts with Sed5p, the t-SNARE on the cis-Golgi (Lupashin et al.,
1997; Fischer von Mollard et al., 1997), probably as part of the retrograde
transport system. Vti1p also interacts with Tig1p, a syntaxin on early endosomes
and Tlg2, the syntaxin on the TGN (Holthuis et al., 1998). Vti1p is thus involved
in multiple steps of the endomembrane transport system in yeast. The way to
achieve specific targeting is not clear. It is possible that other SNAREs are
needed for specific SNARE complex formation and membrane docking.

Vti1p homologues are also found in mouse and human (Lupashin et al.,
1997, Fischer von Mollard and Stevens 1998). Interestingly, in higher organisms,
two Vti1 genes are found although there is only one gene in yeast. The homology
between mouse and human Vti1a is 98% while mouse Vti1a and Vti1b only share
30% similarity. The notion is that the endomembrane systems in higher
organisms are more complex. Two Vti1 genes thus evolved to share the multiple
tasks. In mouse, Vti1a and Vti1b are localized on different membranes within the
cell (Xu et al., 1998). Presumably, they perform different functions.

In Arabidopsis, several EST cDNA clones were found to share significant
sequence similarity with Vti1p of other organisms (about 25-34% identity at
peptide sequence level). A search of the Arabidopsis genome reveals the
presence of three VTI1 gene homologues. We named them AtVTI11, AtVTI12

and AtVTI13. The comparison of their deduced amino acid sequences show that
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they are between 65% (AtVTI11-12, AtVTI11-AtVTI13) to 75% (AtVTI12-AtVTI13)
identical with each other. Like other Vti1 proteins, these three Arabidopsis VTI1
proteins have a C-terminal hydrophobic domain around 17 to 20 amino acids
long. They also contain a coiled-coil region that shows highest amino acids
sequence conservation. Like other Vti1 proteins, they are classified as "Q"
SNARESs because of a conserved glutamate residue at the 0 layer of the helices.
AtVTI13 is only expressed at very low level. AtVTI11 and AtVTI12 are expressed
at high levels. Thus, we characterized AtVTI11 and AtVTI12 in more detail. Both
genes are expressed in all tissues of the plant. Although very similar in
sequence, AtVTI11 and AtVTI12 complement different vti7 mutant in yeast.
AtVTI11 is able to substitute for yeast Vti1p in the transport of CPY from the TGN
to the PVC. AtVTI12, on the other hand, is more efficient at facilitating the
transport of the vacuolar membrane protein alkaline phosphatase (the membrane
protein) and aminopeptidase 1 (a marker of the Cvt pathway, Zheng et al.,
1999a). In Arabidopsis root tips, AtVTI11 is found to be located with AtELP on
the TGN area and with SYP21 on the PVC where it physically interacts with
SYP21 (Zheng et al., 1999a) and SYP51 (Sanderfoot et al. 2001). In contrast,
AtVTI12 is found in the complex with SYP4 (Bassham et al., 2000) and SYP6
(Sanderfoot et al., 2001). A T-DNA insertion mutant of AtVTI12 (Atvti12) has
been shown to lack AtVTI12 gene expression and the protein. However, this
mutant has no apparent phenotypes. Immunoprecipitation of AtVTI11 from
protein extract of this mutant co-precipitated much more SYP4 and SYP6

comparing to that from the wild type plant. Thus, it is likely that AtVTI11 takes
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place of missing AtVTI12 to maintain the normal functioning of the plant.
Recently, A shoot meristem gravitropic mutant zig1 (sgr4) is found to have a
deletion mutation in AtVT/11 gene (Morita et al., 2001; Kato et al., 2001),
indicating at least some level of non-overlap between AtVTI11 and AtVTI12
function. This mutant might give us more information about the relationship
between the endomembrane system and gravity sensing in plants. The double
mutant of Atvti12 and zig-1 will also be helpful for us to understand the function
of AtVTI family proteins.

Besides SNAREs, a homologue of the yeast Vps45 protein has been
characterized in Arabidopsis (Bassham and Raikhel, 1998). Vps45 protein is a
sec1 homologue that associates with Pep12p and Tlg2p. This association
presumably helps the syntaxin to adopt a functional conformation or to facilitate
the interactions between syntaxins and other proteins (Bryant and James, 2001).
There is no transmembrane domain on AtVPS45. However, in Arabidopsis, this
protein is associated peripherally with membrane and co-localizes with AtELP
and SYP4 in subcellular fractionation studies and immuno-electron microscopy.
Moreover, AtVPS45 physically interacts with SYP4 (Bassham et al., 2000;
Sanderfoot et al., 2001). Thus, AtVPS45 might be involved in regulating the
functions of SYP4.

V. Conclusion

Our understanding about how protein is transported to the vacuole has

been dramatically advanced by the knowledge of the Arabidopsis genome and by

tools available such as reverse genetics in Arabidopsis. Our approach of
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characterizing the molecular components of vesicle trafficking machinery
between the TGN and the PVC has already offered a lot of information of this
trafficking step and the vacuolar protein transport. We have shown that although
the basic machinery is conserved in all eukaryotic cells, plant vacuolar protein
transport has unique features that can not be inferred from studies conducted in
other systems. In particular, mutant studies have shown that vesicle trafficking is
involved in many specific aspects of plant development and physiology.

The presence of small families of related proteins are common
phenomena for secretory machinery components in plants. These multiple similar
isoforms of secretory machinery components probably indicate some functional
redundancy. However, the few cases studied thus far, indicate these proteins
have different duties to meet the unique and complex requirement for plant
secretory pathway. Alternatively, they could be required in different tissues or to
cope with different environment conditions. These gene families are great
challenges in addressing functional questions of the various components of the
machinery, but they also provide us opportunities to examine the unique features
of the plant cell machinery in the context of the whole organism

Along the rapid advance in our knowledge about plant genome, the names
of the SNAREs have been changed during past several years. This dissertation
included two chapters that are published papers where historical names were
used. To clarify the confusion, Table 1-1 indicates all the names changed that

are appeared in this dissertation.
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Table 1-1. The name changes for SNARE proteins used in this dissertation.

current name old name

AtVTI11 AtVTl1a

AtVTI12 AtVTI1b

SYP21 AtPEP12p, atPEP12p
SYP22 AtVAM3p. atVAM3
SYP23 AtPLP

SYP41 AtTLG2a

SYP42 AtTLG2b
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VI. Thesis Scheme

When | joined the lab, SYP21 (AtPEP12p) and SYP22 (AtVAM3p) had just
been identified by their ability to complement the yeast mutation in genes of
PEP12 and VAMS3 respectively. These were the first cases of syntaxins found in
plants that might be involved in vacuolar protein transport. Subsequently, |
identified a partial cDNA for AtPLP or SYP23, from an Arabidopsis EST
database. | cloned full-length cDNAs from Arabidopsis thaliana ecotypes
Columbia and RLD. The RLD cDNA sequence encodes a full length protein but
surprisingly, the cDNA from Columbia encoded a protein that lacked the
transmembarne domain. Careful examination revealed that this gene has also
gone through evolutionary changes in its DNA sequence recently that caused the
sequence difference among different ecotypes.

To further characterize the SYP2 gene family, | searched the potential
partners of this group syntaxins. At the time, the yeast Vti1ip had just been
identified and shown that it interacts with yeast Pep12p. A database search
revealed three Vti1 type genes in Arabidopsis. Since plant endomembrane
system is more complicated and advanced than that of yeast, it is reasonable to
speculate that these three Arabidopsis proteins might have functional difference.
Since AtVTI13 is only expressed in very low level, | extensively studied the
ATVTI11 (AtVTI1a) and AtVTI12 (AtVTI1b). | was able to show that AtVTI11 is
localized on the TGN and the PVC. It also interacts with SYP21 (Chapter lil).

AtVTI12, although very similar to AtVTI11, may have different functions. The first
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evidence to support this notion is that these two proteins rescue different alleles
of yeast vti1 mutant that block different trafficking routes to the vacuole (Chapter
I11). In plants, their functional difference has been indicated in
immunoprecipitation assays. AtVTI11 interacts with SYP2 and 5, whereas
AtVTI12 interacts preferentially with SYP4 and SYP6 groups syntaxins. However,
In an AtV TI/12 knock-out mutant (Atvti12), AtVTI11 is found to associate with
SYP4 and SYP6 (Chapter IV). This indicates that, although AtVTI11 and 12 have
different functions, in the absence of one family member, the remaining member

will take over its function.
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