
ABSTRACT 

ZHENG, JIAMENG. Vacuolar SNAREs, HOPS and Phosphoinositides are involved in 

Homotypic Vacuole Fusion. (Under the direction of Marcela Rojas-Pierce and Jose 

Alonso). 

 The plant vacuole is an essential organelle that performs a multitude of functions 

including maintenance of cell turgor, storage of proteins and secondary metabolites, and 

degradation and detoxification of cell waste. Because of the critical role of the vacuole in 

cell viability, there is an imperative need to understand the mechanisms for vacuole 

biogenesis, vesicle trafficking and fusion of vacuolar membranes. To identify the 

molecular mechanism underlying these processes, a genetic screen for impaired traffic to 

tonoplast (itt) mutants was carried out. itt3 was identified as a new allele of VTI11 that 

exhibits a novel multiple vacuole phenotype, and implicated the SNARE protein VTI11 

in homotypic vacuole fusion. Multiple vacuoles in the itt3 mutant fused into a single 

large vacuole when Phosphatidylinositol 3-Kinase (PI3K) was inhibited with either 

Wortmannin or LY294002. A similar Wortmannin-induced vacuole fusion was also 

detected in guard cells of fava beans, indicating that PI3K-derived phosphoinositides 

regulate vacuole fusion. In addition, VPS41, a subunit of the HOPS complex was found 

to have affinity to phosphoinositides and to localize to the tonoplast, which is consistent 

with a role in regulating vacuole fusion. Evidence provided here indicates that VPS41 

genetically interacts with VTI11 to suppress the multiple vacuole phenotype of the vti11 

mutants, and that VPS41 physically interacts with SYP22, a subunit of the VTI11 

SNARE protein complex. Together, these findings suggest that vacuolar SNAREs, HOPS 

and phosphoinositides are involved in homotypic vacuole fusion. 
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ABSTRACT 

The plant vacuole is an essential and multifunctional organelle that serves 

metabolic and physiological functions. Two types of vacuoles exist in plant cells 

depending on the developmental stage: protein storage vacuole and lytic vacuole. The 

mechanisms involved in the transition between the two types of vacuoles remain a 

question that challenges plant cell biologists, and different hypotheses for these have 

been proposed. Current evidence indicates that homotypic membrane fusion is required 

for the establishment of the large lytic vacuole. After lytic vacuoles are established, 

tonoplast proteins that are targeted to the vacuolar membrane are delivered by vesicular 

trafficking through the endomembrane system using conserved mechanisms. The final 

step for tonoplast protein trafficking involves membrane fusion between vesicles and the 

vacuole. Recent studies have identified several players important for this process, but 

more insights are still needed to better understand the vacuole fusion machinery.  
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INTRODUCTION 

The vacuole is an essential organelle in plant cells and performs a multitude of 

functions. Two types of vacuoles exist in plant cells: the protein storage vacuoles (PSV) 

in dry seeds and lytic vacuoles (LV) in most mature vegetative cells. The plant lytic 

vacuole is the largest organelle which may occupy nearly 90% of the total volume in 

mature cells of vegetative tissues. LVs have physiological significance given that they 

play critical roles in storage, pH homeostasis, degradation and detoxification of cell 

waste. Because of its essential role in plant cell viability, is important to study the 

vacuole from various aspects such as the mechanism for vacuole biogenesis, trafficking 

of vacuolar proteins and vacuolar dynamics. This introduction will discuss classic and 

recent studies that cover these topics and point out questions that need to be addressed in 

the future. 

1.1 Agricultural significance of plant vacuoles 

 PSVs accumulate seed storage proteins (SSP) that serve as a source of energy 

during seed germination and subsequent seedling development. The nitrogen in the seed 

storage proteins of seed crops is an important source for the diet of humans and livestock 

(Herman and Larkins, 1999). Storage proteins derived from plants provide essential 

amino acids (lysine, threonine, methionine, and tryptophan), which cannot be synthesized 

by human and monogastric livestock and therefore must be obtained in the diet (Galili 

and Höfgen, 2002). Given that PSVs are the storage compartment for SSPs, a significant 

effort has been placed to understand the mechanism for the formation and development 

of PSVs, and how their function is linked to or limiting the accumulation of seed storage 
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proteins. In fact, studies of SSP that accumulate in PSVs have a history of more than 250 

years because of their nutritional value and agricultural significance. 

The lytic vacuole (LV) serves important physiological functions for plant growth 

and development. Vacuoles store ions, hormones and metabolites. Their function in ion 

storage is important for maintenance of pH homeostasis. Furthermore, they are thought to 

contribute the largest amount of ions such as Ca+2 in signaling responses that require fast 

ion transport into the cytosol (Isayenkov et al. 2010). The water stored in the vacuole is 

required for the establishment of turgor pressure that plants need for cell elongation and 

growth above ground. In addition, vacuoles are important for stomata movements, with 

large implications to agriculture.  Plants regulate gas exchange and transport of water and 

ions via stomata movements, and these are important for CO2 fixation, water loss and 

ultimately yield. The opening and closing of stomata is mediated by changes of the turgor 

pressure in guard cells, which is in turn regulated by volume changes of guard cells and 

their vacuoles (Shope et al., 2003). It was recently shown that dynamic changes of the 

vacuole are involved in the rapid movement of stomata. When stomata are closed, the 

guard cells contain multiple small vacuoles, which will fuse together during stomata 

opening (Gao et al., 2005). More importantly, in plants that showed incomplete vacuole 

fusion such as mutants for the SNARE proteins VTI11 and SYP22, stomata cannot open 

completely (Gao et al., 2005, Zheng et al., 2014a). The genetic and molecular 

mechanisms underlying this rapid remodeling of the tonoplast is not completely known, 

but vacuole fusion mediated by SNARES are involved. Understanding the mechanism for 

vacuolar dynamics and remodeling can have an impact on agriculture, as it could enable 

us to manipulate stomata movement to meet specific agricultural needs. 
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1.2 Vacuole morphology and diversity 

 Early studies have shown the diverse forms of plant vacuoles, and more than one 

type of vacuole can be present in a single cell (Hoh et al., 1995; Marty, 1999; Paris et al., 

1996; Swanson et al., 1998). In general, vacuoles that have degradative functions are 

separated from those with protein storage functions. The commonly known large central 

vacuole, or lytic vacuole (LV), has degradative or lytic functions due to the presence of 

hydrolytic enzymes in the vacuolar lumen. The pH of the vacuole is typically 5-5.5 but 

can be even lower in some fruits such as lemons. The tonoplast, or vacuolar membrane, 

contains proteins that regulate movement of water and ions. The low pH of the LV is 

achieved by the activity of Vacuolar-type H+-ATPase, a family of enzymes that uses 

energy to create the electrochemical gradient to bring in protons across various 

endomembranes including the vacuole. Due to the acidic property of the LV and presence 

of hydrolases, cell wastes that are sent to the vacuole can undergo degradation and 

recycling. The large volume of the LV is capable of storing metabolites, pigments and 

other soluble compounds, and contributes to the turgor pressure that is essential for plant 

structural support and for driving cell expansion (Taiz, 1992; Wink, 1993). With recent 

advances in microscopy and live cell imaging, highly organized, complex and dynamic 

structures have been observed in lytic vacuoles, with tubular structures, transvacuolar 

strands, bulbs, and sheets formed by the membrane of vacuole (Oda et al., 2009; Saito et 

al., 2011). Mutants with abnormal morphologies of lytic vacuoles exhibit defects during 

plant growth and development. For example, zig-1 and itt3 are mutant alleles of VTI11 

that exhibit fragmented vacuoles and have agravitropic phenotype on the hypocotyl and 

inflorescence (Kato et al., 2002; Zheng et al., 2014a). A mutant of AP-3µ adaptin, pat2, 
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has altered vacuole morphology with various multilayered endomembrane enclosures and 

exhibits shorter roots, fewer lateral roots and arrested growth (Feraru et al., 2010). The 

phenotypes of zig-1 and pat2 suggest that proper formation of lytic vacuole is critical for 

plant growth and development as well as adaptation to environmental stimuli. 

The protein storage vacuole (PSV) is most abundant in dry seeds and is a major 

compartment that stores nitrogen and carbon sources for germination and subsequent 

seedling development. PSVs have a neutral pH, and generally contain three different 

classes of proteins: prolamins, albumins, and globulins, with 7S and 11S globulin being 

the most prominent form (Shewry et al., 1995). Seed storage proteins (SSP) are densely 

packed in the PSVs, and can be amorphously distributed, or localize in different 

subdomains (Herman and Larkins, 1999). There are three morphologically distinct 

regions found in the PSV, the matrix, the crystalloid and the globoid. The matrix and 

crystalloid contain storage proteins, and the globoid is composed of phytic acid crystals, a 

principal storage form of phosphorus (Jiang et al., 2001; Weber and Neumann, 1980). As 

the PSV is the major compartment containing seed storage proteins, it is important to 

understand its formation, development and dynamics.  

The tonoplast, the membrane that surrounds the vacuole, contains aquaporins that 

act as channels to transport water and small uncharged molecules across the membrane 

(Chrispeels and Agre, 1994). The aquaporins specific to the tonoplast are called tonoplast 

intrinsic proteins (TIP) and there are 10 members in Arabidopsis (Johanson et al., 2001). 

It was reported that α-TIP (TIP3) is seed specific and localizes to the PSV, while γ-TIP 

(TIP1) and δ-TIP (TIP2) localize to both protein storage and lytic vacuoles (Höfte et al., 

1992; Jauh et al., 1998). Recent studies have taken advantage of transgenic plants 
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expressing fluorescent protein fusions with TIPs to visualize the morphology of  both 

PSVs and LVs in barley, tobacco and Arabidopsis (Gattolin et al., 2010; Hunter et al., 

2007; Ibl et al., 2014; Zheng and Staehelin, 2011). Using transgenic barley expressing 

TIP3-GFP, it was revealed that during seed development, PSVs in the sub-aleurone and 

endosperm undergo considerable fusion and rupture events coupled with changes in 

associations with ER (Ibl et al., 2014). This observation suggests that PSVs are highly 

dynamic and the morphological changes may be important for the proper formation of the 

PSV due to constant deposition of newly synthesized proteins from the ER. 

The presence of both PSV and LV in a single cell has long been a matter of 

debate (Frigerio et al., 2008; Hunter et al., 2007; Olbrich et al., 2007; Paris et al., 1996). 

During pea cotyledon development, both types of vacuoles were observed as premature 

PSV formed around the pre-existing lytic vacuole, which gradually degenerates (Hoh et 

al., 1995). Similar observations were also evident in Medicago and Arabidopsis during 

embryo development (Frigerio et al., 2008). However, in the reverse transition from PSV 

to LV, the two types of vacuoles do not seem to coexist, other than a recent observation 

of a lytic compartment embedded inside the PSV in dry seeds. The compartment was 

identified as “lytic” due to the fact that was labeled with vacuolar H+-ATPase (V-PPase) 

and the metal transporter NRAMP4 which are membrane proteins directly linked to lytic 

vacuole functions (Bolte et al., 2011). However, the fate of this lytic compartment after 

germination is unknown. 

1.3 Development of vacuoles 

The development of PSVs was successfully observed in the 1990s using 

transmission electron microscopy of  fixed pea tissues under different developmental 
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stages of cotyledon formation. The study shows that the PSVs are formed de novo as 

tubular structures that gradually enlarge and surround the pre-existing lytic vacuoles, 

which later degenerate. Meanwhile, the activity of proteases is reduced and this results in 

enhanced storage protein accumulation (Hoh et al., 1995). A few genes in Arabidopsis 

have been identified as essential for PSV formation. VACUOLELESS1 (VCL1) is required 

for PSV biogenesis, and loss of function mutation of VCL1 leads to lethality due to lack 

of vacuole formation in the embryo at the torpedo stage (Rojo et al., 2001). SYP22 and 

VAMP727, which encode two SNARE (Soluble NSF Attachment protein Receptor) 

proteins, were identified as essential for PSV formation and transport of storage proteins 

by membrane fusion. Single mutants of syp22 and vamp727 have no obvious phenotype 

in the PSV, but syp22 vamp727 double mutant exhibits smaller and greater number of 

PSVs in mature embryos and dies during seedling development (Ebine et al., 2008). 

Studies to identify more players involved in PSV biogenesis will provide better 

understanding of protein storage in seeds with benefits for agricultural practices. 

The mechanism involved in biogenesis of the lytic vacuole is still largely 

unknown, but two models have been proposed. One of them involves the formation of 

vacuole precursors called “provacuoles” which are tubular structures formed by 

homotypic fusion of post-Golgi derived vesicles (Marty, 1999). In fact tubular structures 

were observed in mitotic root cells of both Arabidopsis and Euphorbia, and in both cases, 

the tubular structures were found to be acidic (Marty, 1978; Viotti et al., 2013). In 

addition, the tubular provacuoles seem to equally distribute to the two resulting daughter 

cells during cytokinesis (Marty, 1999; Viotti et al., 2013). The tonoplast localized H+-

ATPase VHA-a3 subunit is found on the margin of BCECF-stained tubular 
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“provacuoles” in the early stage of vacuole formation (Viotti et al., 2013). However, 

more conclusive evidence is still needed to identify the origin of these provacuoles 

(Viotti, 2014). The other model argues that lytic vacuoles derive from pre-existing PSVs 

(Maeshima et al., 1994; Zheng and Staehelin, 2011). Zheng and Staehelin obtained 

electron micrographs of PSV and LV in the fixed tissues of tobacco (N. tabacum) root 

tips at various stages during germination, and observed cell-type specific transformations 

of PSVs into LVs. According to their study, this transformation process involves fusion 

of PSV, degradation of storage proteins and replacement of seed specific α-TIP (TIP3) 

marker protein by the lytic-vacuole type γ-TIP (TIP1). In support of this hypothesis, 

visualization of TIP proteins in Arabidopsis during seed germination reveals that YFP-

TIP3;1 and YFP-TIP3;2 marker proteins persist on the membrane of lytic vacuoles in 

early seedling development (Gattolin et al., 2011). Similarly, visualization of TIP3;1-YFP 

and TIP1;1-YFP in germinating seeds shows that the two markers seem to briefly overlap 

in the same membrane in a short period after germination (Hunter et al., 2007). Together, 

these studies suggest that LV may at least partially derive from PSV. 

1.4 Vacuolar protein trafficking 

 The existence of two types of vacuoles with separate properties and functions 

suggests that different sorting routes for vacuolar protein trafficking must be present to 

deliver the respective cargos. The vacuole is part of the endomembrane system, a series 

of membrane-bound cellular compartments responsible for synthesis, transport, 

modification and secretion of proteins. Trafficking of vacuolar protein involves vesicle-

mediated pathways through the endomembrane system. For both PSV and LV, the 

trafficking pathway initiates from the endoplasmic reticulum (ER), where polypeptides 
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are synthesized, folded and assembled. This process has been shown to be monitored by 

chaperones, enzymes and lectins, in order to ensure that only correctly folded and 

assembled proteins are allowed to exit the ER (Pedrazzini et al., 2013). This quality 

control system is important for the protein to function properly at the site of action. 

Soluble and membrane proteins exit the ER from ER exit sites (ERES) via COPII coated 

vesicles (Bassham et al., 2008; Brandizzi and Barlowe, 2013). The COPII complex is a 

vesicle coat composed of Sar1 GTPase, Sec23/24 and Sec13/31 subunits. The functions 

of COPII are selection and packaging of cargo into ER-derived vesicles. Selection of 

cargo is achieved by binding of the inner layer Sar1and Sec23/24 with specific cargos, 

and packaging is done by polymerization of the outer layer Sec13/31 into a budding 

vesicle. This process is highly conserved among eukaryotes. Once budded and freed, ER-

derived vesicles are targeted to receptor membranes via Rab GTPases, then fusion of 

vesicles with the target membrane is driven by SNARE protein complexes (Bassham et 

al., 2008). 

The ER-Golgi transport is bidirectional and uses similar mechanisms. The 

retrograde (Golgi to ER) transport is mediated by the COPI complex by which recycled 

cargos are recognized and incorporated into vesicles (Bassham et al., 2008). Inhibition of 

COPI function by the fungal toxin Brefeldin A (BFA) leads to impaired trafficking 

between the Golgi and the ER. When the COPI-mediated retrograde transport is 

disrupted, ER export is also affected, and as a result, Golgi localized proteins accumulate 

at the ER (Brandizzi et al., 2002; Donaldson et al., 1992). Therefore, proteins that are 

targeted to the vacuole in a BFA-sensitive manner are thought to traffic through the Golgi 

(Brandizzi et al., 2002; Rivera-Serrano et al., 2012). This has led to the identification of 
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several vacuolar membrane proteins that use the Golgi-dependent pathway including 

TIP1;1 (γ-TIP) (Rivera-Serrano et al., 2012; Rojas-Pierce, 2013). Interestingly, unlike in 

other eukaryotes, trafficking of several proteins has been found to be BFA-insensitive in 

plants, such as TIP2;1 and TIP3;1(Park et al., 2004; Rivera-Serrano et al., 2012), 

indicating that trafficking of these proteins may adopt an alternative pathway which 

bypasses the Golgi. Lack of Golgi-type glycosylation has been used as evidence for 

trafficking of proteins via Golgi-independent pathways. A recent report showed that no 

glycosylation was detected in TIP3;1:gly:HA, a chimeric TIP3;1 that contains 

glycosylation sites, confirming that targeting of TIP3;1 to the vacuole occurs under a 

Golgi-independent pathway (Park et al., 2004). Other proteins shown to traffic 

independently of Golgi include Two-Pore K+ Channels (TPK) in rice (Isayenkov et al., 

2011), and vacuolar H+-pyrophosphatase (V-PPase) and vacuolar H+-

adenosinetriphosphatase (V-ATPase) in Arabidopsis (Viotti et al., 2013). In addition, a 

small chemical inhibitor, C834 (9-(5-bromo-2-propoxyphenyl)-10-ethyl-3,4,6,7,9,10-

hexahydro-1,8(2H,5H)-acridinedione), was shown to affect the trafficking of TIP2;1 and 

TIP3;1 but not the Golgi-dependent TIP1;1, confirming that an alternative trafficking 

pathway that bypasses Golgi must be present and C834 may be an inhibitor for the Golgi-

independent pathway (Rivera-Serrano et al., 2012). 

The post-Golgi traffic requires targeting signals within the cargo proteins for 

sorting to different types of vesicles, and for vacuolar protein trafficking, the initial 

signal-ligand interaction occurs at the ER (Niemes et al., 2010). Vacuolar targeting 

signals are recognized by two families of vacuolar sorting receptors, the receptor 

homology-transmembrane-RING H2 domain (RMR) family and the BP-80/vacuolar 
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sorting receptors (VSR) family (Lousa et al., 2012; Park et al., 2005). The RMR protein 

family of receptors was thought to associate with protein sorting to the PSV (Ibl and 

Stoger, 2011; Xiang et al., 2013). In Arabidopsis, RMR has been shown to localize to the 

late Golgi, seed specific dense vesicles (DV) and the PSV in embryos (Hinz et al., 2007). 

BP-80/VSR is generally thought to mediate protein sorting to the LV. This is supported 

by an early study showing that an Arabidopsis VSR AtELP recognizes and binds to 

proteins present in the LV (Ahmed et al., 2000). However, other studies have also shown 

the involvement of BP-80/VSR in protein trafficking to the PSV. For example, a BP-80 

homologue, PV72/82, was shown to bind to pro2S albumin and co-exist with pro2S 

albumin in seed specific precursor-accumulating (PAC) vesicles (Shimada et al., 2002). 

For protein trafficking to the LV, cargos recognized by BP-80/VSR are known to 

be packed into clathrin-coated vesicles and transported from the trans-Golgi network 

(TGN) to the prevacuolar compartment (PVC), and ultimately the LV (Bassham and 

Raikhel, 2000; Sanderfoot et al., 1998). The clathrin-coated vesicles were the first type of 

coated vesicles described in eukaryotes. Clathrin coats are typically found in TGN and 

the plasma membrane, and are involved in sorting cargos into various endosomes from 

both compartments (Bassham et al., 2008). A clathrin unit consists of three arms forming 

a “triskelion” with each arm containing a light chain and a heavy chain, and various 

numbers of clathrin triskelions assemble into a lattice of coats during budding of vesicles 

(Fotin et al., 2004). The formation of a clathrin coat requires various adaptor proteins 

(AP). Five adaptor proteins (AP1-5) have been identified in eukaryotes (Hirst et al., 

2011), with each of them mediating vesicle formation at distinct organelle locations 
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(Xiang et al., 2013). In Arabidopsis, AP3 was found to be involved in biogenesis of LV 

(Feraru et al., 2010). 

1.5 Vacuole fusion machinery 

The last step for vacuolar protein trafficking involves fusion of PVC with the 

vacuole, but the mechanism for this step in plants is still poorly understood. Given the 

strong conservation for proteins involved in vesicle trafficking in eukaryotes, the 

mechanisms for vacuole fusion, including the proteins involved, are expected to be highly 

conserved (Bassham et al., 2008). Therefore, insights can be inferred from studies in 

yeast (Figure 1), where vacuole fusion mechanisms have been well characterized through 

mutant analysis and in vitro vacuole fusion assays. In yeast, the major components that 

mediate vacuole fusion include Rab GTPase, a SNARE complex, phosphoinositides, and 

the tethering factor HOPS (homotypic fusion and vacuolar protein sorting) (Wickner, 

2010). Vacuole membrane fusion follows a series of events: 1) membrane tethering 

mediated by Rab GTPases and tethering factors, 2) assembly of SNARE complexes, and 

3) lipid bilayer mixing (Krämer and Ungermann, 2011). 

The Rab GTPases are a large subgroup of G proteins that regulate vesicular 

trafficking, specifically docking of vesicles to target membranes. Rab GTPases switch 

between active (GTP-bound) and inactive (GDP-bound) conformations through guanine 

nucleotide exchange and GTP hydrolysis, respectively. The inactive form of Rab GTPase 

is activated by guanine nucleotide exchange factor (GEF). This process is required to 

recruit other effectors such as SNAREs and tethering factors for membrane fusion 

(Nielsen et al., 2008; Wickner, 2010). In yeast, it is known that Ypt7, a Rab7, localizes to 

the vacuole and regulates vacuole fusion (Haas et al., 1995). In plants, Rab7 proteins are 
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also found to be localized to the tonoplast and mediate the final step of vacuolar 

trafficking as revealed by previous studies on the rice homologue OsRab7 (Heo et al., 

2010; Nahm et al., 2003; Rho et al., 2009). The Arabidopsis genome encodes eight 

putative Rab7 proteins and their functions appear to be highly redundant (Nielsen et al., 

2008), making forward genetic approaches close to impossible. A recent study using 

Dex-induced expression of RabG3f, and its constitutive active and inactive form revealed 

that RabG3f requires its active state for localization to the tonoplast, supporting its role in 

mediating vacuole fusion (Cui et al., 2014). The same study also revealed that a complex 

formed by MONENSIN SENSITIVITY1 and CALCIUM CAFFEINE ZINC 

SENSITIVITY1 (MON1-CCZ1) preferentially binds to the inactive Rab7 and functions 

as a Rab7 GEF, in agreement with the earlier study in yeast (Nordmann et al., 2010). This 

again suggests the high conservation between yeast and plant in vacuole fusion 

machinery. 

In most eukaryotes, a SNARE complex is commonly formed by subunits Qa, Qb, 

Qc, and R, which are distinguished by the sequences in the SNARE domain. Three t-

SNAREs that associate with the target membrane and one v-SNARE that associates with 

the vesicle membrane assemble via their coiled-coil domains to form a four-helical 

bundle that brings two opposing membranes close enough for lipid bilayer mixing (Chen 

and Scheller, 2001). SNARE proteins in general have organelle specificity for 

localizations, but can be assembled in different combinations for additional levels of 

regulation among organelles (Bassham et al., 2008). For example an R-SNARE, 

VAMP727, is found to participate in membrane fusion for both vacuole and plasma 

membrane in Arabidopsis (Ebine et al., 2008, 2011). Phylogenetic analysis based on 
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sequence similarities across several species has revealed a core set of 16 ancestral 

SNARE genes in the green plant lineage (Sanderfoot, 2007). It is now known that in 

plants, the SNARE protein involved in vacuole fusion are VTI11, SYNTAXIN OF 

PLANTS(SYP)22, SYP51, and VESICLE-ASSOCIATED MEMBRANE PROTEIN727 

(VAMP727) (Ebine et al., 2008; Sanderfoot et al., 2001; Sato et al., 1997). VTI11 is a 

homologue of yeast VTI1 and SYP22 is a homologue of yeast VAM3. Loss of function 

mutations in the vacuolar SNARE proteins lead to altered morphology of both lytic and 

protein storage vacuoles. In Arabidopsis, a double mutant of syp22 vamp727 displays 

smaller and greater number of PSVs (Ebine et al., 2008), and a similar phenotype can be 

found in the single mutant of vti11 (Zheng et al., 2014a). In addition, vti11 also displays a 

multiple lytic vacuole phenotype in almost all cell types of vegetative tissue. Together, 

the phenotypes of syp22 vamp727 and vti11 indicate the essential role of the VTI11 

SNARE complex in vacuole biogenesis.  

Phosphoinositides are a class of inositol phospholipids important for cell signaling 

and membrane dynamics. Phosphatidylinositol (PtdIns), the precursor of 

phosphoinositides, is synthesized primarily in the ER and delivered to other cell 

compartments by vesicular trafficking. The inositol ring of PtdIns can be phosphorylated 

resulting in the generation of several phosphoinositide species and each of them has 

specific subcellular localizations and mediates signaling events in distinct cellular 

compartments (Paolo and Camilli, 2006). Phosphatidylinositol 3-kinase (PI3K), an 

enzyme responsible for the formation of PtdIns3P by phosphorylation of PtdIns, was 

shown to be important in vacuolar protein sorting in yeast (Schu et al., 1993), and its 

activity is required by VPS15 (Stack et al., 1995). The gene encoding PI3K in 
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Arabidopsis is the homologue of yeast VPS34. Loss of function mutations of both 

AtVPS34 and AtVPS15 lead to gametophytic lethality as well as aberrantly large vacuoles 

in pollen (Lee et al., 2008; Xu et al., 2011), indicating the important role of PtdIns3P in 

vacuole development. Dynamics of PtdIns3P have been visualized using a fluorescent 

YFP fusion with a PtdIns3P-binding FYVE domain. Fluorescence microscopy studies 

showed that YFP-2xFYVE localizes to the tonoplast and endosomes (Vermeer et al., 

2006), supporting a role for PtdIns3P in vacuolar protein trafficking. An inhibitor of 

PI3K, Wortmannin (Wm), has been shown to induce homotypic fusion of PVCs and 

inhibit endocytosis (Emans et al., 2002; Wang et al., 2009). It was recently determined 

that Wm rescues the multiple vacuole phenotype of vti11 mutants (Zheng et al., 2014a). 

As previously described, a vti11 mutant displays a phenotype with multiple lytic vacuoles 

labeled by the tonoplast marker GFP-TIP2;1. In this study, it was found that Wm quickly 

induced fusion of the vacuoles and a single large vacuole was restored, which suggested 

that PtdIns3P negatively regulates vacuole fusion. This could also explain the unusually 

large vacuoles found in the vps34 and vps15 mutant pollen. It is worth pointing out that in 

addition to PI3K, Wm can also inhibit PI4K, but in a less sensitive manner because of the 

higher concentration and the longer incubation needed for inhibition (Jung et al., 2002; 

Zheng et al., 2014b). Because of the inhibition of both kinases by Wm, more conclusive 

evidence is needed to address the specificity of the phosphoinositides on regulation of 

vacuole fusion. 

 The HOPS complex is a tethering factor that consists of six subunits: Vps11, 

Vps16, Vps18, Vps33, Vps39 and Vps41 (Seals et al., 2000; Wurmser et al., 2000). In 

yeast, the HOPS complex is known to be associated with the vacuole membrane and to 
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function as an effector of the active Ypt7 GTPase (Price et al., 2000; Seals et al., 2000). 

The interaction occurs through Vps41 and Vps39, both of which were found to 

specifically interact with Ypt7 over other Rab GTPases (Brett et al., 2008). In addition, a 

purified HOPS complex exhibits affinity to phosphoinositides, and the vacuolar Q-

SNARE VAM7 (Stroupe et al., 2006) through the Vps16 and Vps18 subunits (Krämer 

and Ungermann, 2011). All SNARE-mediated fusion requires cofactors of the 

Sec1/Munc18 (SM) family, which is necessary for the initial assembly of the SNARE 

complex (Carr and Rizo, 2010; Südhof and Rothman, 2009). For vacuoles, this SM 

activity is provided by the HOPS subunit Vps33 (Lobingier and Merz, 2012). Taken 

together the functions of Vps41, Vps39 and Vps33, HOPS bridges all the protein and 

lipid components required for vacuole fusion. The HOPS subunit Vps41 was shown to 

become phosphorylated at the vacuole by vacuolar casein kinase Yck3 (LaGrassa and 

Ungermann, 2005) and its phosphorylation state affects localization of the HOPS 

complex and vacuole morphology (Cabrera et al., 2009), suggesting an additional level of 

regulation for vacuole fusion. The HOPS complex in yeast was also shown to have 

proofreading activities during SNARE-mediated membrane fusion revealed by an in vitro 

vacuole fusion assay (Starai et al., 2008). It was shown that addition of HOPS complex 

promotes vacuole fusion only when incubated with wild-type 3Q:1R SNAREs, and 

suppresses SNARE assembly and vacuole fusion with 4Q SNAREs, 2Q:2R SNAREs, or 

3Q:1R SNAREs in rotated positions in the complex(Starai et al., 2008). In addition, the 

HOPS complex also suppresses vacuole fusion when the SNARE complex contains a 

mutant R-SNARE Vam7 lacking its phosphoinositide-binding Phox homology (PX) 

domain (Starai et al., 2008). Despite the fact that much is known about HOPS in yeast, 
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very little is known about HOPS in plants. The Arabidopsis genome encodes only one 

gene copy for each subunit, and loss of function mutation of VPS16/VCL1 

(VACUOLELESS1) has been identified as embryo lethal due to aborted formation of 

vacuoles during embryogenesis (Rojo et al., 2001). Sucrose gradient fractionation 

revealed that VCL1, AtVPS11 and AtVPS33 localize to vacuole and PVC, supporting the 

role of HOPS in vacuole fusion.  
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CONCLUSION AND FUTURE PERSPECTIVE 

 Studies on the plant vacuole have clearly demonstrated its critical role on plant 

cell viability, growth, development and physiology. Understanding the mechanism for 

vacuole biogenesis, dynamics and trafficking of vacuolar proteins will advance new 

technologies for agricultural practices. The molecular mechanism underlying the process 

of vacuole biogenesis and vacuolar membrane fusion is still largely unknown, but many 

important components for this process have been shown to be conserved and can be 

inferred from studies in yeast. This dissertation will focus on the role of the VTI11 

SNARE on biogenesis of PSV and LV, and how its function is regulated by 

phosphoinositides. As previously described, we show that VTI11 is required for 

homotypic vacuole fusion and is negatively regulated by phosphoinositides (possibly 

PtdIns(3)P) (Chapters 2 and 3). In addition, we inferred from the yeast model and 

hypothesize that HOPS regulates the VTI11 SNARE function via PtdIns(3)P and we 

tested this hypothesis by analyzing subcellular localization of the HOPS subunit VPS41, 

interaction of VPS41 with the SNARE subunit SYP22, and binding of VPS41 to 

phosphoinositides (Chapter 4). 

Despite of the conservation, we found that plants have evolved some plant 

specific mechanisms due to the higher complexity and specificities in vacuolar functions. 

For example, we found that VPS41 is essential for male fertility, which was known to 

require proper formation of vacuoles during pollen development as well as germination 

(Lee et al., 2008; Xu et al., 2011). Therefore, in addition to looking for new players, 

future studies should also focus on identifying plant specific functions for the 

components that have already been known in yeast. 
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 It is known that vacuolar membrane dynamics are involved in the rapid change of 

vacuolar volume during stomata movement, suggesting that a yeast-like vacuole fission 

and fusion process may also occur in specific plant cells. More evidence is need to 

support this hypothesis, and can be acquired by observing morphological changes of 

vacuoles in guard cells during stomata movement under high resolution live cell imaging. 

In addition, the molecular mechanism underlying the fusion of vacuoles in guard cells 

may overlap with that in other vegetative cells. Future studies should focus on how this 

mechanism is incorporated into the complex signaling pathways that regulate stomata 

movement. 
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Figure 1. Model for vacuole fusion machinery in yeast. 

Small Rab GTPase Ypt7 and the HOPS complex localize to the prevacuolar compartment 

and vacuolar membrane. The HOPS complex is possibly recruited by Ypt7 or directly by 

phosphoinositides (e.g. PtdIns(3)P). HOPS promotes the assembly of SNARE complex 

(Nyv1, Vam7, VTI1 and Vam3) and subsequently, SNARE drives membrane fusion by 

bringing two opposing membranes close enough for lipid bilayer mixing. (Adapted from 

Ebine and Ueda 2008) 

 

 

  



30 
 

CHAPTER 2 

Homotypic Vacuole Fusion Requires VTI11 and is Regulated by Phosphoinositides. 
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RESEARCH ARTICLE

Jiameng Zheng, Sang Won Han, Maria Fernanda Rodriguez-Welsh, Marcela Rojas-Pierce1

ABSTRACT Most plant cells contain a large central vacuole that is essential to maintain cellular turgor. We report a new 
mutant allele of VTI11 that implicates the SNARE protein VTI11 in homotypic fusion of protein storage and lytic vacuoles. 
Fusion of the multiple vacuoles present in vti11 mutants could be induced by treatment with Wortmannin and LY294002, 
which are inhibitors of Phosphatidylinositol 3-Kinase (PI3K). We provide evidence that Phosphatidylinositol 3-Phosphate 
(PtdIns(3)P) regulates vacuole fusion in vti11 mutants, and that fusion of these vacuoles requires intact microtubules 
and actin filaments. Finally, we show that Wortmannin also induced the fusion of guard cell vacuoles in fava beans, 
where vacuoles are naturally fragmented after ABA-induced stomata closure. These results suggest a ubiquitous role of 
phosphoinositides in vacuole fusion, both during the development of the large central vacuole and during the dynamic 
vacuole remodeling that occurs as part of stomata movements.

Key words: vacuole; SNARE; phosphoinositides; membrane fusion; Wortmannin.
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Homotypic vacuole fusion requires VTI11 and is regulated by phosphoinosotides 

Jiameng Zheng, Sang Won Han, Maria Fernanda Rodriguez-Welsh and Marcela 

Rojas-Pierce* 

SUPPLEMENTAL FIGURES 

Figure S1. Multiple vacuoles per cell are present in multiple regions and cell layers 
of the itt3 root. 
Seedlings from the parent line (GFP-TIP2;1, top) or itt3 mutants (bottom) were imaged in 
the microscope. Vacuole morphology was visualized in root tips (A and B), root 
elongation zone (C and D) and matured root zone (E and F). E, epidermis; C, cortex. 
Scale bar: 20 µm. 
(G) Number of protein storage vacuoles in mature embryos of the parent line (GFP-
TIP2;1)  and itt3. N > 70 cells from at least 3 embryos per genotype. The vacuole number
in itt3 was significantly different from the parental control (GFP-TIP2;1) in a Student’s t-
test and is shown with asterisks (* P < 0.01). Lines represent standard error.
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Figure S2. Multiple vacuoles per cell are present hypocotyls of itt3 mutants. 
Dark-grown seedlings from the parent line (GFP-TIP2;1, top) or itt3 mutants (bottom) 
were imaged in the confocal microscope. Vacuole morphology was visualized in 
epidermis (A and B), cortex (C and D), endodermal cells (E and F) Scale bar: 20 µm. 

48



Zheng et al. Supporting Online Material 

Figure S3. Effects of different concentrations of Wm on zig1 and itt3 vacuoles. 
A) Wm rescues the fragmented vacuole phenotype of zig1 mutants. Seedlings were
incubated in DMSO or 33µM Wm for 2 h and stained with FM4-64 during that time.
B) Low concentrations of Wm are sufficient to induce vacuole fusion in itt3. Mutants
were incubated as in Figure 3 with 17 µM, 8 µM and 4 µM Wm for 2 h and imaged in the
microscope. The large central vacuole is restored in all concentrations. Bar: 20 µm.
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Figure S4. Effects of exogenous PtdIns(3)P and BODIPY TMR-PdtIns(3)P on the 
endomembrane system. 
(A-F) Exogenous PtdIns(3)P does not affect endomembrane morphology. Plants carrying 
endomembrane markers were exposed to either carrier alone (left column) or carrier + 
PtdIns(3)P (right column) for 50 min and imaged in the confocal microscope. The 
tonoplast marker is in the itt3 background (GFP-TIP2;1, A-B), while the TGN (mCherry-
VTI12, C-D) and PVC (mCherry-RabF2a, E-F) markers are in wild type background.  
(G) A fluorescently labeled form of PtdIns(3)P induced changes in the morphology of the
vacuole. Plants carrying the GFP-TIP2;1 (WT control) were incubated with carrier +
BODIPY TMR PtdIns(3)P. The signal from the tonoplast (top panel), the lipid (middle)
and the merged image are shown. Scale bar: 20 µm.
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Figure S5. PtdIns(3,5)P2 and PtdIns(4,5)P2 do not affect Wm-induced vacuole 
fusion.  
Four-day old itt3 seedlings were pre-incubated in lipid carrier (Wm), carrier + 
PtdIns(3,5)P2 (Wm + PtdIns(3,5)P2) or carrier + PtdIns(4,5)P2  (Wm + PtdIns(4,5)P2) for 
30 min. Seedlings were then treated with 33 µM Wm and images were captured 
immediately and for up to 50 min. 
The Relative Vacuole Number per cell was calculated as the number of vacuoles at each 
time point relative to the number of vacuoles for that cell at the beginning of the 
experiment. N: 9 cells from at least 3 seedlings per treatment.   
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Figure S6. Controls for cytoskeleton inhibitors. 
(A) Quantification of vacuole fusion in the presence of cytoskeleton inhibitors. Seedlings
were pre-treated with each inhibitor or DMSO control prior to addition of 33 µM Wm as
described in Figure 6. Vacuole numbers were obtained from confocal images taken at the
indicated time points and the Relative Vacuole Number was calculated. Data represents
10-20 cells from at least 3 seedlings and error bars represent standard error. Data points
that are significantly different from the DMSO control in a Student’s t-test are shown
with asterisks (*P<0.05; **P< 0.01).
(B) Oryzalin and Lantrunculin B disrupt microtubules and actin filaments, respectively,
in the root at the concentrations used. Four-day old seedlings carrying fluorescent fusions
to label microtubules (TUA6-GFP, top) or F-actin (ABD2-GFP, bottom) were incubated
in DMSO (control), 20 µM Oryzalin, or 50 µM Lantrunculin B (Lat-B). Roots were
imaged by confocal microscopy after 2 h of treatment.
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Figure S7. Wm enhances gravitropism in itt3.  
Dark-grown seedlings from the parental line (WT) and itt3 were incubated with 0 
(DMSO) or 33 µM Wm for 3h in liquid media. Treated seedlings were transferred to agar 
plates and incubated at 90° from the original gravity vector (g1). Plates were scanned 16 
h after incubation and the angle between g1 and the top of the hypocotyl was measured. 
Shown is the percent distribution of seedlings in each degree class (N=55-89). 
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Figure S8. Wm does not induce the fusion of protein storage vacuoles. 
Mature embryos were excised from dry seeds and incubated in DMSO (control, A) or 
33µM Wm (B) for 45 min. No changes in the morphology or size of protein storage 
vacuoles was observed. Scale bar: 20 µm.   
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SUPPLEMENTAL MOVIE LEGENDS 

Supplemental Movie 1.  Volume renderings of itt3 vacuoles. 

z-stack images from itt3 roots containing GFP-TIP2;1 were rendered into a 3-D
representation and rotated to visualize the volumes of the vacuoles.

Supplemental Movie 2.  Z stack of zig1 vacuoles 
z-stack images from zig1 roots labeled with BCECF (green) and FM4-64 (magenta) that
were used for the 3-D rendering in Figure 2.

Supplemental Movie 3.  Wm treatment induces fusion of itt3 vacuoles. 

itt3 mutants were treated with 33µM Wm and imaged immediately by time-lapse 
fluorescence microscopy. Dynamic vacuole fusion events start within 10 min of 
treatment. Images were taken every 5 seconds. Time is indicated in minutes. Note that the 
loss of fluorescence towards the end of the movie is due to photobleaching. 
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Plant vacuoles are essential and dynamic organelles, and mechanisms of vacuole biogenesis and fusion are not well
characterized. We recently demonstrated that Wortmannin, an inhibitor of Phosphatidylinositol 3-Kinase (PI3K), induces
the fusion of plant vacuoles both in roots of itt3/vti11mutant alleles and in guard cells of wild type Arabidopsis and Fava
bean. Here we used Fluorescence Recovery After Photobleaching (FRAP) to demonstrate that the vacuoles in itt3/vti11
are independent organelles. Furthermore, we used fluorescent protein reporters that bind specifically to
Phosphatidylinositol 3-Phosphate (PtdIns(3)P) or PtdIns(4)P to show that Wortmannin treatments that induce the fusion
of vti11 vacuoles result in the loss of PtdIns(3)P from cellular membranes. These results provided supporting evidence
for a critical role of PtdIns(3)P in vacuole fusion in roots and guard cells.

The vacuole is an essential organelle that is critical for cellular
homeostasis, establishment of turgor pressure and storage.1-5 The
molecular mechanisms for plant vacuole biogenesis and fusion
are not fully understood. A pathway for pro-vacuole formation
from ER membranes was recently shown in meristematic root
cells in Arabidopsis.6 Lytic vacuoles may also form by maturation
and fusion of protein storage vacuoles as it was visualized in
developing root tips during tobacco germination.7 We recently
demonstrated that the VTI11 SNARE protein is critical for the
maintenance or biogenesis of the large central vacuole in plant
cells.8 VTI11 is a vacuolar SNARE protein involved in mem-
brane fusion that was shown to regulate gravitropism and protein
trafficking to the vacuole.9-11 vti11 mutant alleles such as
impaired tonoplast trafficking3 (itt3) display defects in vacuole
fusion both during root and hypocotyl development, and during
the formation of a large vacuole in guard cells.8 It is likely that
the vacuolar SNARE complex containing VTI11,9 which local-
izes to the pre-vacuolar compartment (PVC) and vacuole,9,12 reg-
ulates vacuole fusion events during the formation of the large
central vacuole.

Recent surface renderings of stained vacuoles in Arabidopsis
meristematic cells showed tubular interconnected vacuolar com-
partments that form a single organelle.6 Therefore, we questioned
whether the multiple vacuole phenotype in vti11/itt3 mutants8

resulted from independent or interconnected vacuoles. We used
Fluorescent Recovery after Photobleaching (FRAP) to differenti-
ate between these two possibilities. Bleaching a region of the vac-
uole in the parental control resulted in almost complete
fluorescence recovery (Fig. 1A, orange). Similarly, bleaching
only a fraction of one of the itt3 vacuoles results in fluorescence

recovery due to the movement of GFP-TIP2;1 from non-
bleached regions in that vacuole (Fig. 1B, orange). In contrast,
vacuoles that are completely bleached recover poorly to the pre-
bleached levels even after 5 min (Fig. 1B, dark blue). Vacuoles
that were not bleached or regions outside the bleach area of par-
tially bleached vacuoles were included as controls (Fig. 1). To
quantify these results, 36 FRAP experiments with root epidermal
cells were analyzed and fluorescence recovery was quantified
based on relative fluorescence intensity (Fig. 1C–D). Partially
bleached vacuoles in itt3, and the parental control recovered
to almost 80% of the original fluorescence intensity. In con-
trast, membranes from completely bleached vacuoles in itt3
did not recover. These results indicate that vti11/itt3 vacuoles
are independent compartments and not connected to adjacent
vacuoles.

Vacuole fusion in plants is also regulated by
phosphoinositides.8 Using a pharmacological approach, Zheng
et al. showed that inhibition of PtdIns(3)P synthesis by either
Wortmannin or LY294002 is sufficient to induce vacuole fusion
of itt3 vacuoles in Arabidopsis roots and fragmented vacuoles of
closed guard cells in Fava bean.8 Given that most mature vege-
tative cells maintain a single large vacuole, an effect of Phospha-
tidylinositol 3-Kinase (PI3K) inhibitors on vacuole fusion could
not previously be observed, and it was the prevalent view that
Wm induced fusion only of PVCs.13 The effect of Wm on vac-
uole fusion indicated a critical role for phosphoinositides in reg-
ulating very dynamic changes in vacuole morphology.8

Furthermore, loss of function of SUPPRESSOR OF ACTIN 2–
5 (SAC2–5), results in abnormal phosphoinositide levels and
changes in vacuole morphology.14 A challenge for these analyses

*Correspondence to: Marcela Rojas-Pierce; Email: mrojasp@ncsu.edu
Submitted: 05/19/2014; Revised: 06/30/2014; Accepted: 06/30/2014
http://dx.doi.org/10.4161/psb.29783

www.landesbioscience.com e972113-1Plant Signaling & Behavior

Plant Signaling & Behavior 9:10, e972113; October 1, 2014; © 2014 Taylor & Francis Group, LLC
SHORT COMMUNICATION

58



is that the loss of PI3K function is gametophytic lethal.15 In
addition, manipulating phosphoinositide levels by either chemi-
cal inhibitors or genetically may result in changes of multiple
forms of these lipids due to lack of specificity or inter-conver-
sion between different species.16-18 In the case of Zheng et al.,8

we wanted to investigate the effect of Wm on PtdIns(3)P accu-
mulation in cells from the root elongation zone. In order to test
this, we used two biosensors that specifically bind to and report
the levels of two phosphoinositides, YFP-2xFYVE to visualize
PtdIns(3)P19 and YFP-PHFAPP1 to visualize PtdIns(4)P.20 The
effect of Wm on the localization of YFP-2xFYVE has been
tested in tobacco cells19 and Arabidopsis root tips;21 however,
these data were not available for mature root cells where the
central vacuole is fully formed, and where vacuole fusion events
can be visualized in the itt3 mutant.8 YFP-PHFAPP1 has been
shown to localize to Golgi and plasma membrane,20,22 and Wm
did not affect the localization of this marker in tobacco BY-2
cells.20 Similar to Zheng et al.,8 we exposed the two marker
lines to 33 mM Wm and imaged mature root cells by confocal
scanning laser microscopy. The YFP-2xFYVE marker localizes
to the tonoplast as well as punctate compartments, most likely
pre-vacuolar compartments as previously reported (Fig. 2A).19

After 30 min of Wm treatment, the YFP-2xFYVE fluorescence

shifted to the cytosol as shown by the more diffused signal
between the vacuole and the cell periphery and the bright signal
inside the nucleus. A defined tonoplast membrane signal is diffi-
cult to discern at 60 and 120 min (Fig. 2A). The loss of YFP-
2xFYVE from endomembranes indicates a reduction in PtdIns
(3)P levels that correlates with the inhibition of PI3-Kinase.
The accumulation of the fluorescent marker in the cytosol is
similar to the changes in YFP-2xFYVE fluorescence in tobacco
BY-2 cells treated with Wm.19 In contrast, the PtdIns(4)P sen-
sor, which is abundantly localized to the plasma membrane in
the control, does not change significantly at 30 min of Wm
treatment (Fig. 2B). To indirectly determine the accumulation
of the two sensors in the soluble fraction, e.g., no longer associ-
ated with a membrane, we quantified the fluorescence intensity
of each marker inside the nucleus. Labeling with Lysotracker
Red was used to identify the position of nucleus (Fig. 2D). As
shown in Figure 2C, the nuclear signal of 2xFYVE-YFP
increases significantly at 30 min of Wm treatment while that of
YFP-PHFAPP1 increases only at 2 h. Results from these experi-
ments indicate that Wm treatment of Arabidopsis roots results
in a significant decrease of PtdIns(3)P in tonoplast membranes
within 30 min, but not in major changes in PtdIns(4)P at this
time point. This timing correlates well with the timing of fusion

Figure 1. itt3 vacuoles are independent
organelles. (A–B) Root epidermal cells from
GFP-TIP2;1 (parental control, A) or itt3 (B)
were used for FRAP using a Zeiss710 confocal
microscope and images were captured every
10 s. Images before (pre-bleach), immediately
after (bleach 0’) and 6 min after (post-bleach
30’) bleaching are shown for one experiment.
Bleached areas are shown with white (dashed)
rectangles. ROIs that were used to measure
fluorescence recovery are shown with colored
rectangles. ROI fluorescence was quantified
for complete vacuoles included in the bleach
area (1, dark blue), vacuoles partially included
in the bleach area (2, orange), non-bleached
controls (3, light blue), and an area adjacent
to the bleach area in partially bleached
vacuoles (4, magenta). To measure the fluo-
rescence recovery of vacuoles that were
completely bleached, only the membrane
adjacent to the cell wall was selected for
quantification (1, dark blue). Bleaching was
accomplished with an argon laser in the Zeiss
LSM 710 microscope with excitation wave-
length of 488 nm. The laser was used at 100%
power and the pixel dwell time was
100.85 msec. Scale bar: 20 mm. (C–D) Quantifi-
cation of fluorescence recovery over time for
GFP-TIP2;1 (parental control, C) or itt3 (D).
Using 36 sets of FRAP experiments for each
genotype as shown in A–C, the percent fluo-
rescence recovery was calculated for each
region of interest. The numbers and colors in
the graphs correspond to those in A–B. N: 7
seedlings. Error bars indicate standard error.
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events in itt3 roots,8 and provides further
supportive evidence for a specific role of
PtdIns(3)P on vacuole fusion in plants.
Our hypothesis is that the multiple inde-
pendent vacuoles in itt3/vti11 result from delayed homotypic
vacuole fusion during early stages of seedling germination that
require VTI11 SNARE function and the regulation of PtdIns
(3)P in the tonoplast.
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CHAPTER 4 

VACUOLAR PROTEIN SORTING 41 is Involved in Homotypic Vacuole Fusion 

and is Essential for Male Fertility. 
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ABSTRACT 

The plant vacuole performs a multitude of functions and is critical for cell 

viability. However, the molecular mechanism that regulate vacuole biogenesis is still 

poorly understood. Here we functionally characterize VACUOLAR PROTEIN SORTING 

41 (VPS41), a gene that encodes a subunit of the HOPS (homotypic fusion and vacuolar 

protein sorting) tethering complex, and show that this gene is essential for male fertility. 

A weak allele of VPS41, zip2, suppresses the subcellular phenotype of a null allele of 

VTI11, a gene that was previously found as essential for homotypic vacuole fusion. 

Therefore, VPS41 may be a regulator for VTI11 functions. We report that a YFP-VPS41 

fusion protein localizes to the tonoplast and unknown punctate compartments, and that 

VPS41 physically interacts with the vacuolar SNARE SYP22, suggesting that VPS41 

may be involved in membrane fusion at the vacuole. In addition, we also show that 

VPS41 preferentially binds to phosphoinositides which were previously reported to 

regulate fusion of vacuoles. Together, our study indicates an important role of VPS41 in 

regulating homotypic vacuole fusion in plant cells. 
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INTRODUCTION 

 As an essential organelle in plants, the vacuole performs multiple functions 

including storage, pH homeostasis, recycling and cell turgor. Despite the important role 

that this organelle plays in cell viability, the molecular mechanism underlying the 

biogenesis of vacuoles is still poorly understood. Two types of vacuoles exist in plant 

cells: the protein storage vacuole (PSV) that is found in dry seeds, and the lytic vacuole 

(LV) that is present in the mature cells of most vegetative tissues. In the embryos of 

Arabidopsis, multiple PSVs are found in a single cell, and during seed germination, a 

single central LV becomes predominant in the mature cells of the emerged plant organs. 

How these types of vacuoles develop, and specifically, how the vacuole transitions from 

the multiple PSVs to a single LV remains a question, but vacuole fusion has been 

proposed to be involved in the establishment of the central lytic vacuole (Zheng and 

Staehelin, 2011). impaired tonoplast trafficking 3  (itt3), an allele of VTI11, showed 

multiple vacuoles in the mature vegetative cells, suggesting a defect in homotypic 

vacuole fusion (Zheng et al., 2014a). VTI11 encodes a Qb-SNARE (Soluble NSF 

Attachment protein Receptor) that forms a complex with Qa-SNARE SYP22, Qc-

SNARE SYP5 and R-SNARE VAMP727, and the complex is thought to mediate 

membrane fusion at the prevacuolar compartments (PVC) and vacuole (Ebine et al., 

2008; Sanderfoot, 2007). zigzag-1 (zig-1) was the first isolated null mutant of VTI11 with 

defects in gravitropism (Kato et al., 2002), and was later shown to also exhibit a multiple 

vacuole phenotype similar to itt3 (Zheng et al., 2014a). A suppressor screen for zig-1 was 

carried out based on its agravitropic phenotype, and four zig suppressor (zip) mutants 
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were isolated (Hashiguchi et al., 2010; Niihama et al., 2005, 2009). However, whether the 

zip mutants also suppress the subcellular phenotype of zig-1 has not been tested. 

 In addition to the vacuolar SNARE complex, homotypic vacuole fusion is known 

to be also regulated by phosphoinositides, such as Phosphatidylinositol 3-phosphate 

(PtdIns(3)P) (Zheng et al., 2014a, 2014b). In Saccharomyces cerevisiae, the fusion of 

vacuoles requires PtdIns(3)P and PtdIns(4,5)P2, and is mediated by the HOPS complex 

(homotypic fusion and vacuolar protein sorting), a multi-subunit tethering complex that is 

conserved in eukaryotes (Nickerson et al., 2009; Wickner, 2010), but still poorly 

characterized in plants. HOPS consists of six subunits: Vps39 and Vps41 are HOPS 

specific, while Vps11, Vps16, Vps18 and Vps33 are shared with the CORVET tethering 

complex, which is involved in fusion of early endosomes (Balderhaar and Ungermann, 

2013; Solinger and Spang, 2013). In Arabidopsis, homologues of Vps11, Vps16 and 

Vps33 have been previously characterized and were shown to localize to the tonoplast 

and PVC, and to form a complex that interacts with the SNARE protein SYP22 (Rojo et 

al., 2003). VACUOLELESS1 (VCL1), the homologue of yeast Vps16, was shown to be 

required for vacuole biogenesis because loss of VCL1 function leads to embryo lethality 

and absence of vacuoles (Rojo et al., 2001). In addition, VPS11 and VPS39 were shown 

to be involved in altered vacuolar dynamics and functions in Medicago during formation 

of symbiosomes (Gavrin et al., 2014). VACUOLAR PROTEIN SORTING 41 (VPS41, 

AT1G08190) shares 29.91% sequence similarities and 16.72% identity with yeast Vps41, 

and therefore is most likely a homolog of yeast Vps41. A weak allele of VPS41, zip2, has 

been previously identified as a suppressor of zig-1/vti11. The mutant carries a missense 

mutation on a conserved amino acid (Gly721 to Arg) of a putative clathrin heavy chain 
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repeat (CHCR) domain, but does not exhibit any obvious phenotypes in normal growth 

conditions (Niihama et al., 2009).  

In order to better understand the function of HOPS in plants, we characterized 

VPS41 using reverse genetics, fluorescently tagged proteins and biochemical analysis. 

We focused on VPS41 because it is HOPS-specific and the yeast Vps41 was shown to be 

critical for HOPS complex assembly and proper localization of other HOPS members 

(Lawrence et al., 2014). Here we show that VPS41 is essential for pollen fertility. Using 

fluorescent protein fusions and bimolecular fluorescent complementation, we 

demonstrate that VPS41 localizes to the tonoplast and unknown endosomes, and that it 

physically interacts with the vacuolar SNARE subunit SYP22. We also performed a 

lipid-protein binding assay to show that VPS41 preferentially binds to phosphoinositides. 
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RESULTS 

VPS41 is essential for pollen fertility 

In order to characterize the function of VPS41, we obtained four T-DNA insertion 

alleles of the VPS41 (At1g08190) gene from the Salk collection (Alonso et al., 2003), and 

only two were confirmed to have the flanking sequence from the original seed stock. 

vps41-2 (SALK_036406) has the T-DNA insertion in the promoter region, but reverse 

transcription analysis from homozygous lines showed no altered transcript level of the 

VPS41 gene (data not shown). Heterozygous plants were recovered from vps41-1 

(SALK_076373), which carries the T-DNA insertion in the 13th intron. No homozygous 

plants were identified from the progeny of the vps41-1/+, suggesting that loss of VPS41 

function is lethal. In addition, vps41-1/+ exhibited abnormal segregation ratios. Only 16 

out of 47 plants were heterozygous for the vps41-1/+ progeny, which is lower than the 

2/3 expected for a recessive mutation that is lethal. The opened siliques of vps41-1/+ 

showed no embryo abortion, indicating that one of the gametes may be lethal. In order to 

determine which gametophyte contributes to the abnormal segregation, reciprocal crosses 

were performed using vps41-1/+ and Col-0 WT plants, and male and female transmission 

efficiency (TE) was analyzed by PCR-based genotyping in the F1 generation. Our results 

show that female TE was 0.64 and therefore, transmission through the female gametes is 

not compromised (Table I). However TE through male gametophyte was reduced to 0, 

indicating that loss of VPS41 function may lead to male gametophytic lethality or 

inhibition of pollen germination, and that VPS41 is essential for pollen fertility. 
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VPS41 genetically interacts with VTI11 

 A weak allele of VPS41, zip2, was previously identified as a suppressor of the 

agravitropic phenotype of zig-1 mutant (Niihama et al., 2009). zig-1 is a null allele of 

VTI11, a gene that encodes a SNARE protein essential for homotypic vacuole fusion 

(Zheng et al., 2014a). zig-1 and another null allele of VTI11, itt3, both show agravitropic 

phenotypes and exhibit multiple unfused vacuoles in most mature cells (Zheng et al., 

2014a). To determine whether zip2 suppresses the subcellular phenotype of zig-1, zig-1 

zip2 double mutants were obtained and vacuoles were visualized using the tonoplast 

staining dye Lysotracker Red (Figure 1A-D). As previously described, the zig-1 mutant 

contained multiple vacuoles in root tip and the maturation zone (Figure 1A, C).  

Similarly, zig-1 zip2 still exhibits multiple vacuoles near the root tip (Figure 1B). 

However, in the root maturation zone, the multiple vacuole phenotype is no longer 

observed and a single vacuole is restored in most cells in this region (Figure 1D). These 

results indicate that zip2 suppresses the zig-1 phenotype at the subcellular level, and that 

this suppression is developmentally regulated. In addition to the vacuolar phenotype of 

vegetative cells, itt3/vti11 mutants also showed abnormal protein storage vacuoles (PSV) 

in the embryo, with smaller sizes and higher numbers of PSVs per cell (Zheng et al., 

2014a). To determine if zip2 also suppress the vacuolar phenotype of itt3 in the embryo, 

we observed PSVs of the WT, itt3 and double mutants of zig-1/itt3 zip2 (Figure 1E-G). 

The itt3 mutants showed the previously characterized increase in vacuole number when 

compared to the control (Fig 1E, F). Similar to the phenotype in root tips, double 

heterozygous zig-1/itt3 zip2 shows similar PSV morphology as the itt3 single, with more 

and smaller PSVs in mature embryos (Figure 1G). Therefore, zip2 does not suppress the 
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PSV phenotype of vti11 null mutants in mature embryos. Together, our data suggest that 

ZIP2/VPS41 genetically interacts with VTI11, and there may be developmental controls 

for this interaction.  

Subcellular localization of VPS41 

 To test the subcellular localization of VPS41, translational fusions of fluorescent 

proteins with VPS41 were generated under the control of native VPS41 or ubiquitin-10 

promoter (pUBQ10). Transient expression of YFP-VPS41 driven by pUBQ10 in 

Arabidopsis protoplasts revealed its localization to the tonoplast (Figure 2A-C), and this 

was confirmed by strong co-localization with the tonoplast markers mRFP-SYP22 

(Figure 2A) and mCherry-RabG3f (Figure 2B). YFP-VPS41 only partially co-localized 

with the marker for prevacuolar compartment (PVC) mCherry-RabF2a (Figure 2C). 

RabF2a/Rha1 is a Rab5 GTPase that primarily localizes to the PVC (Foresti et al., 2010; 

Geldner et al., 2009; Rutherford and Moore, 2002), whereas RabG3f is a Rab7 GTPase 

that localizes to the PVC and tonoplast, and is thought to mediate the final step for 

tonoplast protein trafficking (Cui et al., 2014; Kwon et al., 2010; Nahm et al., 2003). Co-

localization with RabG3f but not RabF2a is consistent with a role for VPS41 in the fusion 

of PVCs to the vacuole. Transient expression of VPS41-GFP and YFP-VPS41 in 

Nicotiana benthamiana also showed localization to the tonoplast (Figure 2D,E), as 

characterized by the labeling of transvacuolar strands. In addition, localizations to 

punctate compartments and the cytosol were also detected in this system. In order to test 

the dynamics of VPS41 localization in different cell types, stably transformed 

Arabidopsis plants expressing YFP-VPS41 and VPS41-GFP were generated. Similarly, 

both lines showed localizations to the tonoplast and punctate compartments in root cells 
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(Figure 2F, G). In order to identify these puncta, both YFP-VPS41 and VPS41-GFP were 

introduced to known endosomal markers. However, due to the patchy expression pattern 

and weak fluorescence intensity of the fusion proteins, it has been a challenge to obtain 

images to analyze co-localizations. Further screenings for co-localization lines are needed 

to determine the identity of the VPS41 puncta in stably transformed plants. Based on our 

current data, we conclude that VPS41 localizes to the tonoplast and unknown punctate 

compartments and may be involved in the final step of membrane fusion at the vacuole. 

VPS41 interacts with SYP22 

 If VPS41 is involved in membrane fusion at the vacuole, it is likely to interact 

with the vacuolar SNARE protein complex, the machinery responsible for the fusion of 

vacuolar membranes (Ebine et al., 2008Sanderfoot et al., 2001). SYP22 is a SNARE 

protein that is known to interact with VTI11 and participate in the vacuolar SNARE 

complex (Ebine et al., 2008; Sanderfoot et al., 2001). Furthermore, SYP22 was 

previously shown to interact with the HOPS subunit VPS33 in plants when SYP22 was 

overexpressed (Rojo et al., 2003). To determine whether the VPS41 interacts with SYP22 

in Arabidopsis, split YFP fusion proteins were constructed for bimolecular 

complementation (BiFC) experiments (Kerppola, 2006). The interaction between the 

vacuolar SNARE VTI11 and SYP22 was used as positive control, while the plasma 

membrane syntaxin SYP121 was combined with VTI11 for a negative control as 

previously reported by co-immunoprecipitation (Ebine et al., 2011). Because all vacuolar 

SNARE proteins have a C-terminal transmembrane domain and a small luminal domain 

that resides in the vacuole, only N-terminal n/cYFP fusion proteins were used for the 

BiFC experiment. Transient co-expression of nYFP-VTI11 and cYFP-SYP22 in 
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Arabidopsis protoplast showed a YFP signal in punctate compartments (Figure 3A), 

consistent with the localization of the SNARE complex at the PVC (Ebine et al., 2008; 

Niihama et al., 2005). No complementation signal was detected when co-expressing 

nYFP-VTI11 and cYFP-SYP121 (Figure 3B), as expected. Similar to the positive control, 

co-expression of VPS41-nYFP and cYFP-SYP22 showed YFP signal in punctate 

compartments (Figure 3C). Our data suggests that VPS41 physically interacts with 

SYP22 and the puncta may indicate the site where the SNARE-HOPS complex mediates 

fusion of endosomes (possibly PVC) with the vacuole.  

VPS41 has affinity to phosphoinositides 

 Our recent study has shown that the phosphoinositide PtdIns(3)P is a negative 

regulator for homotypic vacuole fusion, and we hypothesized that PtdIns(3)P may 

regulate vacuolar SNARE function presumably via the HOPS complex (Zheng et al., 

2014a). In yeast, PtdIns(3)P and Phosphatidylinositol 4,5-biphosphate (PtdIns(4,5)P2) are 

both known to regulate vacuole fusion (Wickner, 2010), and all HOPS subunits were 

shown to have preferential binding to phosphoinositides (Stroupe et al., 2006). To test the 

binding properties of AtVPS41 with phospholipids, a lipid binding assay was carried out. 

An AtVPS41-GST fusion was expressed in E.coli and purified by affinity 

chromatography with glutathione agarose beads. Purified GST-VPS41 was incubated on 

a lipid strip dotted with multiple lipids, and washed, and GST-VPS41 binding was 

detected with anti-GST. The result of this assay shows that VPS41 preferentially binds to 

phosphoinosides and phosphatidic acid (PA) (Figure 4). Previous studies in yeast show 

that Vps41 has strong affinity to phosphatidylinositol monophosphate (PtdIns(3)P, 

PtdIns(4)P, PtdIns(5)P) (Stroupe et al., 2006). Unlike yeast Vps41, AtVPS41 has strong 
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affinity to phosphatidylinositol biphosphates, especially PtdIns(3,5)P2, but weak bindings 

with phosphatidylinositol monophosphate. PtdIns(3,5)P2 is produced from the PtdIns(3)P 

precursor (Meijer and Munnik, 2003), and was known to localize to the tonoplast in 

Arabidopsis (Bak et al., 2013), which supports the hypothesis that PtdIns(3,5)P2 may 

regulate membrane fusion at the vacuole. Our finding suggests that AtVPS41 function 

may be regulated by PtdIns(3,5)P2 and therefore, there may be plant-specific mechanisms 

for the regulation of vacuole fusion by phosphoinositides. 
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DISCUSSION 

VPS41 is essential for pollen fertility 

 Recent studies have shown that the HOPS subunit VCL1/VPS16 is essential for 

vacuole biogenesis during embryo development, and is important for transmission of both 

male and female gametophytes (Hicks et al., 2004; Rojo et al., 2001). VPS33, another 

subunit of HOPS, physically interacts with SYP22 (Rojo et al., 2003), a SNARE protein 

responsible for membrane fusion at the PVC and vacuole (Ebine et al., 2008). Together, 

these data suggest that HOPS is likely an important player in vacuole biogenesis and 

regulates functions of the vacuolar SNAREs. Here, we characterize a HOPS-specific 

subunit VPS41 and show that loss of VPS41 function results in zero transmission through 

the male gametophyte, indicating that vps41-1 pollen is sterile. This suggests that VPS41 

may be essential for vacuole biogenesis during microspore or pollen tube development, 

or fertilization. In both processes, vacuoles were shown to be highly dynamic and exhibit 

constant morphological changes (Yamamoto et al., 2003). VACUOLELESS1 (VCL1) is 

another member of the HOPS complex. Unlike the abolished male transmission in the 

vps41 null mutant, loss of VCL1 function results in reduced transmission for both male 

and female (Hicks et al., 2004), suggesting that although working together as a complex, 

different HOPS subunit may play different roles in vacuole biogenesis during 

gametophyte development. A similar male sterile phenotype has been found in two other 

mutants related to vacuole biogenesis: vps34 and vps15. VPS34 encodes 

phosphatidylinositol 3-kinase (PI3K), an enzyme that catalyzes the phosphorylation of 

phosphatidylinositol to produce PtdIns(3)P, and VPS15 encodes a protein kinase required 

for VPS34 function. Loss of VPS34 or VPS15 function results in male gametophytic 
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lethality similar to VPS41, due to abnormally large vacuoles in the mutant pollen  (Lee et 

al., 2008; Xu et al., 2011). These results combined are consistent with phosphoinositides 

and HOPS working in the same pathway to regulate vacuole fusion during pollen 

development. Moreover, the lipid binding assay for GST-VPS41 indicated a strong 

affinity for this protein to PtdIns(3,5)P2 which was thought to be produced from the 

PtdIns(3)P precursor (Meijer and Munnik, 2003), Therefore, proper function of VPS41 

may require PtdIns(3,5)P2 and its precursor PtdIns(3)P which is in turn, the product of 

PI3K/VPS34 activity. Hence, VPS41 is likely to work downstream of VPS15 and VPS34 

in vacuole biogenesis. Future studies should analyze the viability of vps41/+ pollens and 

the ability of these pollen grains to germinate, and observe vacuole morphologies at 

various stages during pollen development in order to determine the stage that requires 

VPS41 function. 

VPS41 may regulate homotypic vacuole fusion 

 In yeast, the HOPS specific Vps41 subunit is required for the proper formation of 

vacuoles, and loss of Vps41 function results in accumulation of multiple vacuole-like 

structures (Nakamura et al., 1997; Zheng et al., 1998). Disrupted Vps41 function by 

changes in the phosphorylation state of the protein results in multiple vacuole phenotype 

(Cabrera et al., 2009). In Arabidopsis, a similar multiple vacuole phenotype has been 

reported in loss of function mutant of VTI11, suggesting defects in homotypic vacuole 

fusion (Zheng et al., 2014a). Our data shows that VPS41 physically interacts with 

SYP22, and suggests that VPS41 may regulate homotypic vacuole fusion. This is 

supported by the tonoplast localization of both VPS41-GFP and YFP-VPS41 in 

Nicotiana benthamiana and Arabidopsis. Future studies may focus on how abnormal 
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VPS41 affects vacuole morphologies by analyzing phenotypes in VPS41 null and weak 

alleles. It is expected that vps41 mutants will exhibit altered vacuole morphology or 

defects in trafficking of tonoplast proteins. 

VPS41 genetically interacts with VTI11 

 Our recent study has shown that VTI11 is required for homotypic vacuole fusion 

and this is regulated by PtdIns(3)P (Zheng et al., 2014a). We hypothesized that the HOPS 

complex may regulate vacuolar SNARE function presumably via PtdIns(3)P. According 

to this hypothesis, VPS41 is expected to interact with VTI11 genetically. A previous study 

has shown that zip2, a weak allele of VPS41, suppresses the agravitropic phenotype of 

zig-1/vti11. Here we show that the zip2 mutation also suppresses the multiple vacuole 

phenotype of zig-1/vti11 in the root maturation zone. This suppression is developmentally 

regulated because it is not observed in younger tissues including root tips and mature 

embryos. zip2 carries a missense mutation on a conserved amino acid (Gly721 to Arg) of 

a putative clathrin heavy chain repeat (CHCR) domain. The G721R substitution may alter 

the ability of HOPS to interact with the abnormal SNARE complex in zig-1 during 

vacuole fusion. The developmental effect of the VPS41-VTI11 interaction suggests that 

the mutant protein may have two distinct actions at different developmental stages.  

According the yeast studies, Vps41 is known to be a bi-functional protein depending on 

its phosphorylation state. The vacuolar casein kinase Yck3 regulates fusion of vacuoles 

by phosphorylating Vps41. Deletion of Yck3 results in increased vacuole fusion in vitro, 

and overexpression of Yck3 inhibits fusion (LaGrassa and Ungermann, 2005). 

Consistently, mutants with phosphodeficient Vps41 show enhanced vacuole fusion 

similar to yck3, and phosphomimetic Vps41 results in a fragmented vacuole. It is likely 
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that AtVPS41 also exhibits a dual action, and it will be interesting to study how this dual 

action may be regulated. Additionally, detection of phosphorylated forms of VPS41 in 

root tips and mature roots may indicate if this type of control is related to the suppression 

phenotypes of vti11 zip2 mutants. 
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MATERIALS AND METHODS 

Plant Material and Growth Conditions 

 mRFP-SYP22 (Ebine et al., 2008), mCherry-RabG3f and mCherry-RabF2a 

(Geldner et al., 2009) were previously described. SALK_035406, SALK_149976, 

SALK_076372, SALK_150724C were obtained from the Arabidopsis Biological 

Resource Center (ABRC) and genotyped by PCR. Arabidopsis seeds were germinated on 

AGM (0.5X MS media and 1% sucrose) with 4 g/L GelRite. All seeds were dark treated 

for 3 to 5 days at 4 °C before being incubated at 22 °C under 16 h/8 h light/dark cycle for 

4 days. Seedlings were transplanted and grown on soil at 22 °C under 16 h/8 h light/dark 

cycle. Nicotiana benthamiana were germinated on soil at 22 °C under 16 h light. 

Cloning 

 The VPS41, SYP22 and SYP121 coding sequences were amplified from Col-0 

cDNA by RT-PCR, and the amplicons were introduced into pENTR-D-TOPO vector 

(Invitrogen) to generate the entry vectors. The following destination vectors were used in 

recombination experiments with the entry vectors using LR clonase II (Invitrogen) after 

substitution of the short UBQ promoter with the full pUBQ10 promoter (1,596 bp) from 

pNIGEL07 (Geldner et al., 2009): pUBC-GFP, pUBN-YFP, pUBN-nYFP, pUBN-cYFP 

and pUBC-nYFP (Grefen et al., 2010). This resulted in the following expression vectors: 

pUBQ10::VPS41-GFP, pUBQ10::YFP-VPS41, pUBQ10::nYFP-VTI11, 

pUBQ10::cYFP-SYP22, pUBQ10::cYFP-SYP121 and pUBQ10::VPS41-nYFP. The 

T7::GST-VPS41 construct for protein expression in E.coli was generated by 

recombination (LR clonase II from Invitrogen) with the destination vector pDEST15 

(Thermo Fisher Scientific). 
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RT-PCR and PCR primers 

Total mRNA was extracted using TRI reagent (Ambion) and treated with DNase I 

(NEB) according to manufacturer’s instruction. cDNA was synthesized using iScript 

cDNA Synthesis Kit (BioRad) and was used as a template for RT-PCR. Oligo sequences 

used for PCR were: 

VPS41-5F 5’-GGATTCCACGAGAAAGCCCT-3’ and 

VPS41-5R 5’-CTGGGAGAGGTGGGTTTTCC-3’ 

VPS41-6F 5’-CTGCATTCTGGGGAAGGTCC-3’ and 

VPS41-6R 5’-TTGGCAGGATGACACTCTCC-3’.  

Transient transformation of Nicotiana benthamiana 

 Agrobacterium with the designated expression constructs were grown in 15 mL 

LB broth at 28°C for 24 h before being harvested by centrifugation and re-suspended in 

infiltration buffer (10 mM MgCl2, 10 mM MES-K (pH 5.6), 100 μM acetosyringone 

added immediately before infiltration) to an optical density (O.D.) of ~0.8. 4-week old 

Nicotiana benthamiana plants were used for leaf infiltration. Infiltration was carried out 

in the abaxial side using a syringe. 

Transient transformation of protoplasts 

 High quality plasmids of pUBQ10::VPS41-GFP and pUBQ10::YFP-VPS41 were 

extracted using GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich). Col-0, mRFP-SYP22 

(Ebine et al., 2008), mCherry-RabG3f and mCherry-RabF2a (Geldner et al., 2009) 4 to 6-

week-old plants were used for obtaining protoplasts. The procedure for protoplast 

isolation and transformation follows the protocol described in Sheen, 2002. 
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Microscopy 

 A Zeiss LSM 710 confocal microscope was used for all imaging experiments. The 

excitation/emission wavelengths for imaging were 488 nm/492–570 nm for GFP and 

YFP, 561 nm/588–696 nm for mCherry and mRFP, 405nm/450–510nm for auto-

fluorescence, and 561 nm/566-690 nm for Lysotracker red. 

Protein Purification 

 BL21-AI E.coli cells (Invitrogen) transformed with T7::GST-VPS41 were grown 

in 250mL LB broth at 37 °C to an optical density (O.D.) of 0.4. Expression of GST-

VPS41 was induced by 0.2% arabinose for 6 h at 28 °C. Cells were harvested by 

centrifugation and total protein was extracted using CelLytic B buffer (Sigma-Aldrich) 

followed by centrifugation at 10,000g to obtain the supernatant, which was then added to 

a Pierce™ GST Spin Purification Kit (Thermo Fisher Scientific) to purify GST-VPS41 

following manufacturer recommendations. 

Lipid-Protein Binding Assay 

 Phospholipid-coated PIP strip (Echelon) was incubated with TBST buffer (10 mM 

Tris/HCl, pH 8.0, 150 mM NaCl, and 0.1% v/v Tween 20) containing 3% w/v BSA for 

1h at RT to block the strip. The strip was then treated with 0.33 nM purified GST-VPS41 

in TBST and 3% w/v BSA at 4°C overnight and washed 3x with TBST. The strip was 

then incubated with mouse anti-GST primary antibody (Thermo Fisher Scientific) for 1 h 

and washed 3x with TBST. Incubation of secondary antibody was done in a similar 

manner using goat anti-mouse IgG secondary antibody with HRP conjugate (Thermo 

Fisher Scientific). PIP bound GST-VPS41 was detected by western ECL substrate (Bio-

Rad).   
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Table 1. Analysis of the genetic transmission of vps41-1/+ 

The inheritance of vps41-1 was analyzed by genotyping the F1 progeny of the indicated 

crosses. Transmission effeciency (TE) was calculated as: 

No. of Het / No. of WT 

Genotype (Female x Male) Observed Het:WT Observed TE Expected TE 

vps41-1/+ x Col-0 41:25 1.64 1 

Col-0 x vps41-1/+ 0:43 0 1 

 

 

 

 

 

 

 

 

Figure 1. VPS41 genetically interacts with VTI11. 

(A-D) zig-1 and zig-1 zip2 seedlings were stained with 2µM Lysotracker red for 1 h to 

label the vacuole membrane. (A) Multiple vacuoles per cell were observed in zig-1 root 

tip. (B) Multiple vacuoles are present in the root tip of zig-1 zip2 mutant, similar to the 

zig-1 single mutant. (C) Multiple vacuoles in the root maturation zone of zig-1. (D) 

Restored single large vacuole in the root maturation zone of zig-1 zip2. Scale bar: 20 µm. 

(E-H) Protein storage vacuoles were observed in Col-0 (E), itt3 (F) and itt3/zig-1 zip2 

(G) mature embryos. Scale bar: 20 µm. 
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Figure 2. Subcellular localization of VPS41. 

(A-C) Transient expression of YFP-VPS41 in Arabidopsis protoplast. Co-localization 

was analyzed using protoplasts extracted from mRFP-SYP22 (A), mCherry-RabG3f (B) 

and mCherry-RabF2a (C) that were transformed with YFP-VPS41. Note the strong co-

localization of YFP-VPS41 with mRFP-SYP22 and mCherry-RabG3f.  Scale bar: 20 µm. 

(D-E) Subcellular localization of VPS41 using transient expression of VPS41-GFP (D) 

and YFP-VPS41 (E) in Nicotiana benthamiana leaves. Punctate structures and labeling of 

transvacuolar strands are visible. Scale bar: 20 µm. 

(F-G) Subcellular localization of VPS41 in the root of stably transformed Arabidopsis 

expressing VPS41-GFP (F) and YFP-VPS41 (G). Scale bar: 20 µm.  
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Figure 3. VPS41 interacts with SYP22. 

Protoplasts were transiently co-transformed with BiFC constructs and visualized by 

confocal microscopy.  

(A) Co-expression fluorescence complementation of nYFP-VTI11 and cYFP-SYP22 as 

positive control. 

(B) Co-expression of nYFP-VTI11 and cYFP-SYP121 as negative control. 

(C) Co-expression of nYFP-VTI11 and VPS41-nYFP. Note the fluorescent 

complementation in bright puncta. Scale bar: 20 µm. 
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Figure 4. VPS41 has affinity to phosphoinositides. 

Lipid strip dotted with various lipids were incubated with purified GST-VPS41 and 

washed. Binding of GST-VPS41 with the lipids were detected using anti-GST antibody.  

 

 

 




