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BENJAMIN CARLISLE CALHOUN 
Characterization of Gastric Tubulovesicles: Implications for Vesicle Fusion and Recycling 
(Under the_ direction of JA¥£S R. GOLDENRING) 

Gastric parietal cells undergo a massive morphological transformation in response 
t. 

to· secretagogues such as histamine and acetylcholine. The surface area of the apical 

secretory canaliculus increases, and the volume occupied by the intracellular tubulovesicles, 

which sequester the H/K-ATPase in resting parietal cells, decreases. These morphological 

changes are thought to correspond to the delivery of the H/K-ATPase from the intracellular 

tubulovesicles to the cell surface in a regulated vesicle fusion event. The scope of this 

reversible membrane addition makes the parietal cell an ideal model for the study of the 

molecular regulation of regulated apical vesicle fusion and recycling. The aim of this study 

was to determine if candidate regulators of vesicle fusion in other well-:-characterized 

systems also participate in the fusion of the tubulovesicles with the secretory canaliculus of 

the parietal cell. Highly purified ·tubulovesicles were prepar(?d by gradient fractionation and 

immunoisolation on magnetic beads coated with monoclonal antibodies against the ex.

subunit_ ofH/K-ATPase. The association of Rab proteins, vesicle-associated membrane 

protein (V AMP-2), syntaxins, and secretory carrier membrane proteins (SCAMPs) with 

inimunoisolated tubulovesicles was determined by western blot analysis. Rab 11 and 

Rab25 are two ras-related small OTP-binding proteins enriched in gastric parietal cells. 

The vesicle prote!n V AMP-:-2 forms a putative vesicle docking-and fusion complex with the 

target membrane proteins syntaxin and synaptosome-associated protein (SNAP-25). The 

SCAMPs are markers for vesicles that recycle from the cell surface. The gastric H/K-

A TPase, Rabl 1, Rab25, V AMP-2, syntaxin 3 and SCAMPs were recovered in 

tubulovesicles immunoisolated with the anti-H/K-ATPase antibody. The association of 

Rabl 1, V AMP-2 and SCAMPs with H/K-ATPase-containing tubulovesicles was 

confirmed in immunoisolation experiments using monoclonal antibodies specific for 



V AMP-2 and SCAMPs. In contrast, immunoreactivity for syntaxin lA/B, syntaxin 4 and 

SNAP-25 was detected in gradient isolated vesicles but not in the immunoisolated 

tubulovesicles. 'The association of V AMP-2 and two Rab proteins with immunoisolated 

tubulovesicles sugges~s that tubulovesicles undergo regulated· ve_sicle fusion with the 

secretory canaliculus. · The observation that syntaxin 3, a putative target membrq11e docking 

protein, is a component of immunoisolated tubulovesicles suggests that tubulovesicles 

undergo vesicle-vesicle fusion during the delivery of the H/K.-ATPase to the secretory 

canaliculus. In addition~ the association of SCAMPs, along ~ith Rabll and Rab25, with 

immunoisolated tubulovesicles suggests that tubulovesicles likely comprise a compartment 
I • 

of apical recycling vesicles. These data are all consistent with the role of tubulovesicles as 

an expanded apical recycling system that delivers the H/K.-ATPase to the surface of the 

gastric parietal cell in a regulated vesicle fusion event. 

INDEX WORDS: Gastric Parietal Cell, H/K.-ATPase, Tubulovesicles. 
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INTRODUCTION 

A. Statement of the Problem 

The gastric parietal cell is responsible for the acidification of the lumen of the 

stomach during digestion. In response to agonists such as histamine and acetylcholine, 

parietal cells produce large quantities of 0.16 N hydrochloric acid, thereby generating the 

steepest ionic gradient across the plasma membrane of any mammalian cell (1). This 

production of hydrochloric acid coincides with dramatic morphological transformations 

within the gastric parietal cell (2). At rest, parietal cells contain a vast cytoplasmic network 

of tubulovesicles that lies beneath the invaginated apical plasma membrane which is 

. referred to as the secretory canaliculus. After stimulation with secretory agonists, the 

surface area of the secretory canaliculus increases five- to ten-fold while the volume 

occupied by the tubulovesicles decreases (3). The number and length of the microvilli 

lining the secretory canaliculus also increase in the stimulated parietal cell (4). 

Although the expansion of the secretory canaliculus is thought to result from the 

regulated fusion of the H/K-ATPase-containing tubulovesicles with the secretory 

canalic~lus (31), other hypotheses have been proposed to explain this phenomenon. 

Previous studies of these molecular events have focused on either the regulation of acid 

production or the cellular mechanism of acid production. In an attempt to further our 

understanding of the cellular mechanism of gastric acid production, we have have chosen to 

focus more directly on the specific proteins that may be involved in the fusion of the 

1 



tubulovesicles with secretory canaliculus. The following is a brief review of the previous 

investigations ·of the regulation and the cellular mechanism of gastric acid production. 

1. Regulation of gastric acid production 

Gastric acid production is regulated by input from neurocrine, endocrine and 

paracrine pathways in vivo (5). The principal parietal cell secretagogues in these three 

pathways are acetylcholine, gastrin and hi~t~ne, respectively_(5). The interdependence 

of parietal cell ac~ivation pathways and the cellular heterogeneity of the gastric mucosa 

complicate the interpretation of in vivo experiments deigned to determine the direct effects 

of a given secretagogue on parietal cells .. Physiologically responsive preparations of 

isolated gastric glands (6) and purified parietal cells (7,8) provide two valuable in vitro 

models for the study of gastric acid production. T4e initial intracellular signaling events 

that follow the activation of specific receptors at the basolateral membrane of the parietal 

cell have been characterized in gastric glands and parietal cells (9,10). 

The parietal cell receptors and intracellular second messengers for cholinergic 

agents, gastrin and histamine have been identified in several mammalian species (10). 

Histamine released from enterochromaffin-like cells (ECL cells) activates the H subclass 
' 2 

2 

( 11) of histamine receptors in parietal cells. The H
2 

receptor is a G-protein-coupled 

receptor that activ~tes adenylyl cyclase, thereby increasing the intracellular concentration of 

cyclic AMP (1,12). Gcells in the antrum of the stomach release gastrin which activates the 

pariet~ cell cholecystokinin type B receptor (13,14). Acetylcholine, released from 

postganglionic fibers in response to vagal stimulation, activates the M
3 

subclass muscarinic 

receptor in parietal cells (15,16). Both gastrin and cholinergic agents cause increases in 

intracellular calcium in parietal cells (1,12,17). Experiments in isolated parietal cells and 

gastric glands have revealed potentiating interactions among cholinergic agents, gastrin and 
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histamine ( 10). For example, histamine potentiates the stimulation of parietal cells by 

cholinergic agents (18,19) and gastrin (20). The activation of distinct but interdependent 

signaling pathways by multiple secretagogues makes the parietal cell an excellent model for 

the study of signal transduction. 

The studies of parietal cell signaling pathways have focused, in part, on the 

characterization of phosphoproteins that are phosphorylated in response to specific 

secretagogues. Several parietal cell proteins (M 27,000, 30,000, 40,000, and 80,000) are 
r 

phosphorylated in.response to histamine (21-23). Three phosphoproteins have been 

detected in cholinergically stimulated parietal cells (M 28,000, 36,000, and 66,000) (22). 
. r . 

One of these proteins (M 28,000) was recently cloned and identified as a novel protein that 
r 

is phosphorylated by the type II calcium-calmodulin-dependent protein kinase in vitro (24 ). 

Ezrin ( M 80,000), one of the proteins phosphorylated in response to histamine, is the only r . 

parietal cell phosphoprotein for which any functional data is available (23). Ezrin is an 

actin-binding protein associated with the cortical F-actin beneath the secretory canaliculus 

of parietal cells (23). Ezrin was also recently identified as an anchoring protein for the type 

II regulatory subunit of cyclic AMP-dependent protein kinase (protein kinase A) in parietal 

cells (25). The phosphorylation of ezrin and its interaction with actin and protein kinase A 

suggest that ezrin may play an important role in the rearrangement of the cytoskeleton in 

histamine-stimulated parietal cells_ (23,25). Polarized epithelial cells specialized for apical 

exocytosis must coorclinate two spatially distinct cellular events, basolateral receptor 
' . 

activation and. apical exocytosis, in order to resporid-:appropriately to a particular stimulus. 

In the parietal ~ell, the activation of receptors at the basolateral membrane must be translated 

into acid production at the apical plasma membrane. Phosphoproteins such as ezrin may 

provide a link between signaling events initiated at the basolateral membrane and 

cytoskeletal and membrane dynamics at the apical cell surface. 
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2. The cellular mechanism of gastric acid production: two hypotheses 

Although the characterization of parietal cell phosphoproteins such as ezrin has 

provided insights into parietal cell activation, the molecular basis for the morphological 

transformation of parietal cells that accompanies acid production is still poorly understood. 

Despite the activation of distinct signaling pathways, all parietal cell secretagogues stimulate 

profound morphological changes in the par~etal cell (Figure 1) (2). The surface area of the 

secretory canalicullis at the apical pole of the cell increases ~hile the volume occupied by 

the intracellulartubulovesicles decreases (3,4). Two hypotheses have been proposed to 

explain these morphological changes. 

The osmotic flow hypothesis: In the osmotic flow hypothesis, membrane fusion is not 

involved. Instead, the tubulovesicles are always confluent with the canaliculus and are in a 

super-collapsed state in the resting parietal cell (26,27). In the stimulated parietal cell, 

osmotic bulk flow follows the protons pumped into the canaliculus causing swelling of the 

confluent tubulovesicular and canalicular spaces.· Accordingly, an osmotic expansion, 

~ rather than actual membrane addition, explains the increase in ~e surface area of the 

canaliculus. A recent study of parietal cell morphology proposed a modification of the 

· osmotic flow hypothesis (28). Based on electron microscopic observations of parietal cells 

prepared by fast-freeze fixation and freeze-substitution, the proposal was made that the 

expansion of the secretory canaliclilus corresponds to a cytoskeleton-mediated uncoiling of 

a coiled network of H/K-ATPase-containing tubules which are continuous with the 

canaliculus (28,29). The proposed continuity of the tubulovesicles with the secretory 

canaliculus remains an inc~nsistent and controversial opservation ( 4,30). 



Figure 1. Parietal cell morphological change. According to the membrane 

recycling hypothesis, tubulovesicles (TV)fuse with the secretory canaliculus (SC) in 

response to secretagogues such as histamine and acetylcholine. This vesicle fusion event 

delivers the Hlk-ATPase to the cell su,face to pump proton~ into the lumen of the gastric 

gland. After removal of stimuli, the HIK-ATPase-containing membranes are ·internalized 

from the cell su,face and recycled into tubulovesicles, which are then competent for another_ 

round of fusion. 
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Figure 1. Parietal Cell Morphological Change 

Resting Stimulated 



. The membrane recycling hypothesis: The membrane recycling hypothesis attributes the 

expansion of the canaliculus and the microvilli to the fusion of tubulovesicles with the 

canaliculus (2,31). This fusion event delivers the H/K-ATPase from intracellular 

membranes to the cell surface to pump protons into the lm:~en of the gastric gland. After 
. ' ' 

. withdrawal of the secretagogQe, the H/K-_t\ TPase-containing membranes are internalized 

into a cytoplasmic vesicle pool. 

6 

The biochemical data produced over the last two decades overwhelmingly support 

the membrane recycling hypothesis. Experiments that examined the characteristics of H/K

ATPase-containing membranes before and after the stimulation of gastric proton pumping 

have provided evidence for vesicle fusion in the activated parietal cell. The H/K-ATPase

containing membranes have different sedimentation and permeability properties in the 

resting and stimulated gastric parietal cell (32-34). The stimulation of the parietal cell 

changes the sedimentation pattern ofH/K-ATPase containing membranes from 

homogenates of gastric mucosa (32). Moreover, stimulation reduces the recovery ofH/K

ATPase activity in the microsomal pellet and concomitantly increases the recovery ofH/K

ATPase activity in higher density membranes (stimulus-associated membranes) (32). 

Furthermore, although microsomes from resting parietal cells require an exogenous K+ 

ionophore for efficient ATP-dependent H+ translocation, the stimulus-associated (s.a.) 

vesicles are highly permeable to K+ ions (33). These data have been interpreted as evidence 

for the movement of the HIK-ATPase among membrane populations with different 

physiological properties (32,33). These results are consistent w~th the hypothesis that the 

fusion of tubulovesicles with the secretory canaliculus is responsible for the morphologic~ 

transformation of the. stimulated parietal cell. A recent morphological study using scanning 

electron microscopy supports the,proposition that tubulovesicles are distinct from the 



secretory canaliculus in the resting parietal cell and undergo fusion with the canaliculus in 

response to secretagogues (30). 

3. The gastric parietal cell as a vesicle trafficking model 

7 

Advantages of the gastric parietal cell model: If the membrane recycling hypothesis is 

correct, the gastric parietal moves more membrane reversibly than almost any other cell. 

The scope of this reversible membrane movement alone makes the parietal cell an ideal 

model for the study of regulated vesicle transport and recycling. The gastric parietal cell 

displays three other characteristics which make it a powerful model for the study of 

membrane trafficking. First, the parietal cell is primarily specialized for the delivery of an 

ion transporter, the H/K-ATPase, to the cell surface. Second, parietal cells deliver the 

H/K-ATPase to the cell surface in response to physiological stimuli. Third, the parietal cell 

is a polarized epithelial cell that selectively delivers the H/K-ATPase to the apical plasma 

membrane in a regulated vesicle fusion event. No other model of regulated exocytosis 

shares all of these features with the parietal cell. The speci&}ization of the parietal cell for 

the trafficking of a membrane pump rather than vesicle contents provides an interesting 

system for comparison to the classical models of packaged secretion. The physiological 

responsiveness of the parietal cell facilitates the study of the signaling cascades involved in 

parietal cell activatio~. Finally, the magnitude and polarity of the reversible membrane 

addition in the parietal' cell make it a unique model for the study of regulated apical vesicle 

fusion and recycling in a polarized epithelial cell. 

Limitations of the classical models: Historically, most epithelial cell research has focused 

on the sorting of newly ,synthesized.proteins to either the basolateral or apical plasma 

membrane of cultured polarized epithelial cells. Although this approach has provided 

valuable data on the polarized sorting of newly synthesized membrane proteins, there are 
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limitations to the use of cultured epithelial cell models. For example, the sorting of the 

gastric H/K-ATPase has been ~tudied in transfected porcine kidney epithelial cells (35-37}. 

In these cells, the H/K-ATPase is sorted to the apical plasma membrane rather than 

sequestered in a subapical vesicle compartment as it is in resting parietal cells (35-37). 

Since cultured epithelial cells do not deliver the H/K-ATPase to the apical cell surface in 

response to physiological agonists, they cannot provide any information about the regulated 

vesicular trafficking of.the H/K-ATPase. 

Previous investigations of regulated exocytosis have focus~d on packaged secretion 

systems such as the pancreatic acinar cell(38) and'-the syn.aptic termi~al (39,40). The 

characterization of these systems has significantly· advanced our understanding of the 

regulation of vesicle fusion. However, packaged secretory systems are specialized for the 
. '• 

delivery ofvesicle contents to the extracellular environment. These models do not provide 

any information about the regulated delivery of membrane pumps to the apical cell surface 

for the transport of solutes 'into the extrac~llular environment. 

4. Candidate regulatory proteins in vesicle trafficking 

At least three classes of membrane proteins are involved in regulated vesicle 

trafficking in a number of systems. One class of membrane proteins is referred to as 

yesicle or target membrane-SNAP receptors or v- and t-SNAREs (41). The v-SNAREs 

and t-SN AREs bind to each other to form a scaffolding for the assembly of a complex of 

soluble factors includfog the N-ethylmaleimide-~ensitive fusion protein (NSF) (42,43) and 

.s_oluble NSF-_i!ttachment 12roteins (SNAPs) (Figure 2) (44,45). The SNARE hypothesis 

-holds that the assembly and disassembly of the SNAP-SNARE complex regulates all 

vesicle docking and fusion events (46,47). 

In addition to SNARE proteins, the Rab subclass of ras-related small OTP-binding 

proteins and ~ecretory carrier membrane 12roteins (SCAMPs) are vesicle proteins that are 



Figure 2. SNAPs and SNAREs in vesicle fusion. In the SNARE hypothesis, 

vesicle docking is controlled by the pairing of vesicle membrane proteins (v-SNARE, 

VAMP-2) with plasma membrane proteins (t-SNARE, Syntaxin). SNAP-25 

(syuaptosomal qssociated 12.rotein of25 kDa, not related to the SNAPs) is another t-SNARE 

(not shown here) which assembles into a ternary complex with Syntaxin and VAMP-2. 

After assembly of the SNARE complex, the s_oluble NSF-g_ttachment 12.roteins (SNAPs) 

mediate the association of NSF (N-ethyl maleimide-sensitive factor) with the SNARE 

complex. The membrane proteins on the vesicle and target membrane are referred to as 

SNAREs or SNAP receptors. The hydrolysis of ATP by NSF disassembles the SNARE 

complex in vitro. 



Figure 2. SNAPs and SNAREs in Vesicle Fusion 
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involved in vesicle trafficking. Rab proteins are low molecular weight GTP-binding 

proteins that are thought to regulate vesicle fusion in endocytosis and exocytosis ( 48-51) . 

In addition, Rab proteins are required for the assembly of the SNARE complex (52). The 

association of specific Rab proteins with specific vesicle populations suggests that each _ 

Rab protein controls vesicle traffic through a particular compartment (49-51,53). Gastric 

parietal cells are enriched in two Rab proteins, Rabl 1 and Rab25 (54,55). In non

polarized cells, Rabl 1 regulates transport through the recycling endosomes(56). The 

SC_AMPs are associated with a variety of exocytotic vesicles (57,58) and are markers for 

vesicles that recycle from the cell surface (59). 

5 .. Hypothesis 

We hypothesized that gastric tubulovesicles constitute a regulated, apical recycling 

vesicle system in which specific SNARE, Rab and-SCAMP proteins play important 

regulatory roles. 

\ 

6. Specific aims 

T~e aims of this· study were: (1) to develop an immunoisolation procedure for the 
' ' 

purification of gastric tubulovesicles and: (2_) to· analyze the association of SNARE, Rab 

and SCAMP proteins with_ immunoisolated tubulovesicles. 

7. Rationale for the compositional analysis of·. tubulovesicles 
) - ' 

Testing the membrane recycling and SNARE hypotheses: The critical difference between 

the membrane recycling hypothesis and the osmotic flow hypothesis is regulated vesicle 

fusion. The membrane recycling hypothesis requires vesicle fusion for the delivery of the 

H/K-ATPase to the apical cell surface (2,31), and the osmotic flow hypothesis only 

requires pump "activation" (27). One way to distinguish between these two hypotheses is 



to compare the gastric tubulovesicle to well characterized vesicles in other membrane 

transport models. According .to the SNARE hypothesis, all vesicle fusion events involve 

the formation of a: SNARE complex ( 46,47). Based on the available data, it seems likely 

that gastric tubulovesicles contain SNARE proteins, Rab proteins and SCAMPs. The 

association of these candidate regulators of vesicle fusion and recycling with gastric 

tubulovesicles would support the. rµembrane recycling hypothesis and the SNARE 

hypothesis. 

11 

Characterizing transporter trafficking versus packaged secretion: A compositional analysis 

.of gastric tubulovesicles should highlight the similarities and differences between packaged 

secretion and the delivery of an ion transporter to the apical plasma membrane of a 

polarized epithelial c~ll. Since Rab proteins' may regulate SNARE complex formation 

(52,60), the most significant difference between packaged secretion and transporter 

trafficking may be the Rab proteins involved. Two Rab proteins, Rabl land Rab25, are 

enriched in gastric parietal cells (54,55). The characterization of tubulovesicle-associated 

Rab proteins might identify the Rab proteins as the major compositional difference between 

packaged secretory vesicles and transporter trafficking vesicles. 

8. Experimental design 

We developed a vesicle immunois(?lation procedure for the compositional _analysis 

ofH/K-ATPase-containing gastri~·tubulovesicles. The standard method for obtaining the 

H/K-ATPase-enriched membrane vesicle fraction from resting rabbit gastric mucosa was 

originally described by Crothers et al. (1990) (61). The 100,000 x g microsomes from 

rabbit gastric mucosa! homogenates are fractionated over a discontinuous sucrose gradient, 

and the vesicles taken from the 10-20% sucrose interface are recovered as "enriched 

tuqulovesicles." Although this preparation is highly enriched for H/K-ATPase [80-85% of 



the protein in the fraction (62)], the proteins responsible for vesicle trafficking are often 

minor components. However, the sensitivity of current methods of antigen detection is 

such that minor impurities in an enriched fraction may appear as major immunoreactive 

proteins. Therefore, we sought to develop a method by which to isolate a higher purity. 

tubulovesicle preparation by immunoisolation of a membrane fraction. Monoclonal 

antibodies specific for the a-subunit of the gastric H/K-ATPase were used to 

immunoisolate H/K-ATPase-containing tubulovesicles. The immunoisolated 

tubulovesicles were. analyzed for the presence of SNARE proteins, Rab proteins and 

SCAMPs by immunoblotting. 

12 
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B. Review -of Related Literature 

1. The SNARE complex 
., J 

Intracellular compartments are structurally and compositionally distinct but 

functionally interrelated by the use of membrane-limited transport vesicles in the processing 

of polypeptides (38). Recent studies have shed some light on the molecular mechanisms 

that regulate the targeting, docking, and fusion of transport vesicles with the appropriate 

acceptor membranes. Compositional characterization of synaptic vesicles and the synaptic 

plasma membrane led to the discovery of the SNARE complex, a multimeric protein 

complex thought to be involved in vesicle docking and fusion (41,46). The regulated 

assembly and disassembly of this complex is thought to regulate the docking and fusion of 

vesicles with the target membrane ( 46,47). Rigorous testing of this hypothesis, however, 

is required to determine if it should be applied to all vesicle fusion events. For example, 

the role of this complex in the vesicle fusion required for the regulated delivery of ion 

transporters to the cell surface is unknown. Comparisons between ion transporter 

trafficking systems, such as the gastric parietal cell, and classical secretory systems, such 

as neurons and neuroendocrine cells, should provide insights into the universal aspects of 

regulated vesicle fusion. The proteins that comprise th~ SNAP-SNARE complex will be 

discussed below in the order of their discovery. 

N-ethylmaleimide-sensitive fusion protein (NSF): Recent advances in the studies of intra

Golgi transport, neurotransmitter release, and temperature sensitive yeast secretory mutants 

have led to the identification of a common group of proteins involved in vesicle· docking 

and fusion. The experimental model for intra-Golgi transport was provided for by the 

sequential processing of the vesicular st9niatitis virus (VSV) glycoprotein (G protein) 

across the Golgi cistemae (6~,64). The addition of N-ethylmaleimide (NEM), a cysteine 
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alkylating agent, to a Golgi transport assay blocked transport and caused the accumulation 

of uncoated vesicles (65). This observation led to the purification of an NEM-§.ensitive 

fusion protein (NSF) (42) that has two nucleotide binding sites and exhibits intrinsic 

ATPase activity (43). Amino acid sequence alignment revealed extensive similarity . 

between NSF (66) and the product of the yeast SEC18 gene (67). Previous studies had 

demonstrated that yeast cytosol could substitute for mammalian cytosol in the in vitro intra

Golgi transport assay (68). Cytosol from SEC18 yeast lacked NSF activity in such a 

heterologous complementation assay, and Sec 18p was identified as the yeast homolog of 

NSF (66). 

Soluble NSF-attachment proteins (SNAPs): The membrane association of NSF is 

mediated in part by a group of §.Oluble NSF sttachment 12roteins (ex-,B-,y-SNAPS) (44,45). 

Yeast mutant SEC 17 cytosol .cannot support transport across the Golgi cisternae in a cell

free assay, but the addition of ex-SNAP to SEC17 cytosol renders the cytosol capable of 

supporting transport ( 45). The detection of yeast Sec 17-p with anti-ex-SNAP antibodies 

confirmed that SECl 7 is the yeast homolog of ex-SNAP (69). In a recent report, ex-SNAP 

is reported to enhance the ATPase activity of NSF in vitro and is predicted to activate ATP 

hydrolysis by NSF at physiological concentrations of ATP (70). 

SNAP receptors (SNAREs): Experiments using detergent extracts of brain tissue facilitated 

the discovery of integral membrane protein receptors for SNAPS or SNAP receptors 

(SNAREs) (41). The SNAREs, three previously characterized synaptic vesicle and 

plasma membrane proteins, were affinity purified using a SNAPs-NSF complex stabilized 

with ATPyS (71). Two of the SNARE proteins, syntaxin (72-74) and V AMP-2 (yesicle

f!SSociated membrane protein) (75,76), are type II integral membrane proteins of the 
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synaptic plasma membrane and the synaptic vesicle, respectively. The third ~NARE, 

SNAP-25 (.s.ynaptosome ~ssociated 12rotein of 25 kDa) is palmitoylated on several cysteines 

and behaves as an integral membrane protein of the neuronal plasma membrane (74,77,78).· 

The identification of these proteins as SNAREs provided the first clue to their function in 

synaptic vesicle fusion. The discovery that the cleavage of SNARE proteins by specific 

clostridial neurotoxins abolished neurotransmission (79-83) provided more evidence for the 

role of SNAREs in vesicle fusion. 

V AMP-2, syntax.in and SNAP-25 bind to each other in a 7S complex resistant to 

SOS dissociation in detergent extracts of brain membranes (46,84). Syntax.in and V AMP-2 

bind directly to each other, and this interaction is potentiated specifically by SNAP-25 (85). 

The core complex of syntax.in, V AMP-2 and SNAP-25 forms a high affinity binding site 

for a-SNAP, moreover, a-SNAP was reported to bind only weakly to the individual 

SNAREs (86). NSF and a-SNAP bind to this core complex to form a 20S fusion particle 

that is stabilized by ATPyS (46,71). The hydrolysis of ATP by NSF disassembles the 20S . 

complex (41,46,71). Rothman and colleagues have proposed that v-SNAREs and t

SNAREs selectively bind to each other to facilitate the docking of the vesicle at the 

appropriate site on the acceptor membrane ( 46). 

V AMP-2, syntax.in, and SNAP-25 were originally thought to be found exclusively 

in the central nervous system. Recent studies have shown that isoforms of VAMP are · 

distributed in tissues throughout the body (87-92). Several isoforms of syntax.in are also 

differentially expressed in a v~ety of tissues (93-95). SNAP-25 has also been found in 

tissues outside the nervous system such as the adrenal medulla -(96) and the endocrine 

pancreas (97). The entire SNARE complex has been isolated from adrenal chromaffin cells 

(96,98). The combinatorial diversity of VAMP and syntaxin isoforms is thought to 

provide_ specificity to sites of vesicle docking ·and fusion among different cellular 

compartments and different tissues throughout the body (46,47,99,100). 
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2. Other modulators of vesicle trafficking 

Rab proteins: Rab proteins ar~ a subclass of ras-related low molecular weight GTPases 

that are thought to regulate intracellular membrane fusion events (48). Rab proteins appear 

to regulate membrane trafficking in both the endocytotic and,exocytotic pathways (Figure 

3),-and more than thirty Rab proteins h~~e been discovered to date (49-51). The 

membrane attachment of Rab proteins is mediated by geranylgeranyl fatty acid groups 

covalently attached to cysteines located in the carboxyl-terminal domains of the proteins 

(101,102). These hypervariable carboxyl-ternrinal domai11s are responsible, at least in part, 

for the targeting of Rab proteins to specific membrane compartments (103). The functional 

paradigm for Rab proteins is that Rab proteins associate with specific endocytotic and 

exocytotic compartments, and each Rab protein regulates transport through a specific 

compartment (50,51,53). 

Studies of yeast secretory mutants led to the discovery of the role of low molecular 

weight GTPases in vesicular transport. Yptlp is a small GTPase required for transport 

from the endoplasmic reticulum to the Golgi apparatus, and Sec4p is required for the fusion 

of post-Golgi vesicles to the plasma membrane ( 104-106). Mammalian proteins related to 

YPT 1 and SEC4, referred to as Rab proteins (rat ,hrain proteins), were cloned using PCR 

with oligonucleotide primers based on conserved OTP-binding sites in ras-like GTPases 

(107,108). Rab proteins were proposed to function similarly to YPTl and SEC4 in 

regulating vesicle trafficking (48). 

The disruption of vesicle transport by mutant Rab proteins provides evidence for 

the functional role of Rab proteins in vesicle trafficking (109,110). For example, Rab5 has 

been well characterized functionally (109,111,112). Rab5A, 5B and SC are localized to 

early endosomes and regulate endosomal fusion in vitro and in intact cells (53,111,112). 

GTPase-deficient mutants of Rab5 arrest transport through early endosomes and cause the 



Figure 3. Rab proteins in endocytosis and exocytosis. Rab proteins are 

a~sociated with discrete membrane compartments involved in exocytosis and endocytosis. 

A particular Rab protein( s) is thought to regulate vesicle transport through each 

compartment. For example, Rab5 is associated with early endosomes and regulates fusion 

among early endosomes. Rab2 is associated with the endoplasmic reticulum ( ER) and 

Golgi complex and regulates vesicle transport from the ER to the Golgi apparatus. It must 

be noted that multiple Rab proteins may be associated with a single compartment. For 

example, late endosomes contain Rab7 and 9. 
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appearance of enlarged early endosomes (109). Rahl and Rab2 have also been well 

characterized functionally (110,113,114). GTP-binding mutants of Rabl and Rab2 disrupt 
l 

vesicle traffic between the endoplasmic reticulum and the Golgi apparatus (110). The· 

alteration of ves~cle trafficking by mutant Rab proteins supports the proposition that Rab 

proteins regulate vesicle fusion. 

Other Rab proteins are thought to regulate exocytosis because they redistribute from 

the vesicle surface to the cytosol during exocytosis ( 115-117). Rab3A and Rab3C 

dissociate from synaptic vesicles when synaptosomes are depolariz~d (115,116). Rab4 is 

a component of Glut4 vesicles ( 118) and dissociates from the Glut4 vesicles in response to 

insulin (117). The redistribution of Rab proteins during exocytosis in response to a 

physiological stimulus is consistent with the hypothesis that Rab proteins regulate vesicle 

trafficking. 

Although it was originally proposed that one Rab protein would regulate vesicle 

transport through a particular compartment (53), it is now recognized that a single 

compartment often contains multiple Rab proteins·. For ·example, at least seven GTP- . 

binding proteins are associated with pancreatic acinar cell zymogen granules (119). Rab3A 

and Rab3C are components of synaptic vesicles (116,120). Hepatic transcytotic vesicles 

contain RablA, Rabl7, and Rab6 (121). Rab7 and Rab9 are both targeted to late 

endosomes (53,122,123). The functional significance of the localization of multiple Rab 

proteins to a single compartment is not known. It is possible that vesicles that pass through 

several compartments require multiple Rab proteins. Perhaps a single Rab protein is 

recognized or activated when a vesicle arrives at a particular compartment. 

The functional relationship between Rab proteins and the SNARE complex is not 

entirely understood. In yeast YPTl and SEC4 interact genetically with SNAREs 

. (106,124,125). Although no Rab proteins are found in the isolated SNARE complex, wild 

type Yptl p is required for the assembly of the ER-Golgi SNARE complex in intact yeast 
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(52). The isolation of a complex containing Rab3A, syntaxin lA/lB, V AMP-2, SNAP-25, 

and N-type calcium· channels from bovine brain has been reported (126), but the nature of 

the physical association between Rab proteins and the SNARE complex is unknown. Rab 

proteins appear to act upstream of SNARE complex formation (52). A functional Rab 

protein is required for SNARE complex assembly (52), and GTP hydrolysis by a Rab 

protein is required for the disassembly of the SNARE complex (60). 

SCAMPs: The SCAMPs ~ecretory carrier membrane 12roteins) are ubiquitous integral 

membrane proteins associated with a variety of secretory and transport vesicles including 

synaptic vesicles, exocrine granules, endocrine granules, and Golgi membranes (57). 

SCAMPs are localized_ to multiple intracellular transport pathways . and are thought to be 

involved in a general cell surface recycling system (59). SCAMPs are residents of 

immunoisolated Glut4-containing vesicles in unstimulated adipocytes and are found on the 

cell surface with Glut4 transporters afterinsulin stimulation (58). SCAMPs are also 

components of the secretory granule membranes of neutrophils ( 127). Northern blot 

analysis revealed that SCAMPs are e~pressed in the brain and a wide variety of other 

tissues including the parotid, pancreas, muscle, and adipocytes (59). 

3. Classical models of vesicle trafficking versus the parietal cell 

According to the SNARE hypothesis, the regulated assembly and disassembly of a 

SNARE complex is required for vesicle fusion ( 46,47). The critical data supporting the 

SNARE hypothesis were generated in classical packaged secretion systems such as the 

synaptic terminal (39-41 ). Since the primary function of the parietal cell is the delivery of 

the H/K.-ATPase to the cell surf ace via vesicle. fusio~, the parietal cell provides an excellent 

system for testi~g the uni':'ersality of the· SNARE hypothesis. A comparison of the parietal 

cell to classical packaged secretion systems such as pancreatic acinar ceUs (38➔ and the 
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synaptic terminal (39,40) also might identify candidate regulators of vesicle trafficking 

specifically involved in either packaged secretion or transporter trafficking. The regulated 

delivery of water channels (Aquaporin-2, AQP-2) to the apical plasma membrane of renal 

collecting duct epithelial cells (52) and the delivery of glucose transporters (Glut4) to the 

plasma membrane of adipocytes (128) are two models of transporter trafficking. The 

preliminary characterization of these two systems indicates that the proteins involved in 

vesicle fusion in packaged secretion and transporter trafficking are indeed similar. 

SNARE proteins: SNARE proteins are involved in transporter trafficking and packaged 

secretion. One difference between transporter delivery and classical packaged secretion 

may be the specific syntaxin isoforms involved in each process. Specific syntaxin 

isoforms are found in different tissues as well ·as distinct plasma membrane domains in 

neu~ons and polarized epithelial cells. For example, syntaxin 1 is associated with the · 

axonal plasma membrane in neurons and is excluded from the dendrites and the cell body 

(76). In pancreatic acinar ~ells, syntaxin 2 and 4 are associated with the apical and 

basolateral plasma membranes, respectively (129). In contrast, the apical. plasma 

membrane of ren~ collecting duct cells contains syntaxi~ 4 (130). The plasma membrane of 

at least one non-polarized cell, the adipocyte, also contains syntaxin 4 (131). The 

distribution of the various syntaxin isoforms in different tissues may define the membrane 

compartments involved in either packaged secretion or transporter trafficking. The 

differential distribution of syntaxin isoforms within polarized cells may provide specificity 

to the vesicle fusion at particular membrane domains. 

In addition to t-SN AREs, packaged secretion and transporter delivery also appear to 

utilize v-SNAREs. V AMP-2 is a component of the Glut4-containing vesicles of adipocytes 

(88), renal AQP-2-containing vesicl~s (92), zymogen granule membranes of pancreatic 

acinar cells (90,91) and synaptic vesicles (75). These data indicate that V AMP-2 is 



involved in both packaged secretion and the delivery of transporters to the cell surface; 

however, the different vesicle fusion systems seem to involve different isoforms of 

syntaxin. 
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Rab proteins: The preponderance of data indicates that Rab proteins provide specificity to 

vesicle targeting and fusion. Individual Rab proteins are thought to regulate vesicle 

transport through particular intracellular compartments (48,50,51). Rab proteins are 

required for the assembly of the SNARE complex (52), and GTP hydrolysis by a Rab 

protein is required for the.disassembly of the SNARE complex (60). One of the 

differences between packaged secretion and transporter trafficking may be the use of 

different Rab proteins to regulate vesicle fusion. Glut4-containing vesicles (117,118), 

pancreatic acinar zymogen granules (132,133), and synaptic vesicles (116,120) all contain 

Rab proteins. However, all packaged secretory vesicles examined to date contain an 

isoform of Rab3 (116,120,132,133). In contrast, Rab4, a component of Glut4-containing 

vesicles in adipocytes, is the only Rab protein known to be associated with transporter 

trafficking vesicles ( 117,118). 

Prior to this investigation, the Rab proteins were the only candidate regulators of 

vesicle trafficking characterized in the parietal cell (54,55).· Gastric parietal cells do not 

contain an isoform of Rab3 (134), but Rabl 1 and Rab25, two Rab proteins that are 63% 

identical to each other, are enriched in· gastric parietal cells (54,55). The precise subcellular 

localization of Rab 11 and Rab25 in the gastric parietal cell-is unknown. The observation 

that Rabl 1 co-fractionates with the H/K-ATPase in resting and stimulated parietal cells 
. ' 

suggests ·that Rab 11 may regulate the delivery of the gastric H/K-ATPase to the secretory 

_canaliculus (54,135,136). We previously noted the apical distribution of Rabll in 

epithelial cells throughout th~ gastrointestinal tract (137). This distribution of Rabl 1 is 



consistent with the hypothesis that Rab 11 may regulate the delivery of ion transporters to 

the apical plasma membrane of epithelial cells . 
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. Finally, an important aspect of membrane trafficking in the parietal cell is the 

recycling ofH/K-ATPase-containing membranes from the apical cell surface into fusion

competent tubulovesicles. The regulation of this apical vesicle recycling is critical to the 

function of parietal cells. Since Rab 11 regulates transport through the recycling endosomes 

in non-polarized cells (56), Rabl 1 may direct the recycling of the H/K-ATPase-containing 

membranes from'the apical plasma membrane of gastric parietal cells. 

SCA.MPs: The SCA.MPs are integral membrane proteins associated with transporter 

trafficking vesicles (58) and packaged secretory vesicles (57). Since SCAMP37 

colocalizes with the transferrin receptor in transfected fibroblasts, SCAMPs. are thought to 

be components of vesicles that recycle from the ·cell surface (59). Based on these data and 

the fact that tubulovesicles are recycling transporter trafficking vesicles, we have speculated 

that SCA.MPs would be as_sociated with gastric tubulovesicles. 



MATERIALS AND METHODS 

Materials 

Male New Zealand White rabbits were obtained from Shelton's Bunny Barn 

(Waverly Hall, GA). The monoclonal antibody 12.18, specific for the a-subunit of the 

gastric H/K-ATPase (138,139), was a generous gift from Dr. Adam Smolka (Medical 

University of South Carolina, Charleston, SC). Anti-syntaxin (HPC-1) and anti-SNAP--25 

(SMI 81) monoclonal antibodies were purchased from Sigma (St. Louis, MO) and 

Sternberger Monoclonals Incorporated (Baltimore, MD), respectively. The V AMP-2-

specific monoclonal antibody Cl69 .1 ( 140) was a generous gift from Dr. Reinhard Jahn 

(Yale University, New Haven, CT). The anti-SCAMPs antibody (7C12) which recognizes 

all SCAMPs (57) was a generous gift from Dr. David Castle (University of Virginia, 

Charlottesville, VA). The production of a Rabl 1-specific monoclonal antibody (8Hl 0) has 

been described previously (54). Anti-syntaxin 3 (LL344) and anti-syntaxin 4 (LL279) 

(130) polydonal antibodies were generous:gifts from Dr. Mark Knepper (National 

Institutes of Health, Bethesda, MD)~. Anti-mouse IgG-coated magnetic Dynabeads were 

obtain,ed from Dynal (Great Neck, NY). Fe ·fragment-specific secondary antibodies 

conjugated with horseradish peroxidase were purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA). Enhanced chemiluminescence substrate (SuperSignal) 

was obtained from Pierce (Rockford, IL). Non-immune control IgG2b was purchased 

from Sigma (St. Louis, MO). Peptides were synthesized at either the University of 
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Georgia Peptide Synthesis Core Laboratory or the Medical College of Georgia Core 

Biochemistry Laboratory and subsequently reconstituted in distilled wa,ter. Immobilon~P 

polvinylidene fluoride (PVDF).membrane_s_ were purchased from Millipore (Bedford,MA). 

All other reagents were from standard suppliers and were of the highest purity available. 

Tubulovesicle prepar~tion 

Gastric tubulovesicles were prepared from resting rabbit gastric mucosa as 

described by Crothers et al. '(1990) (61). Briefly~ eight to twelve weekold (approximately 

2.5 kg body weight) male New Zealand White rabbits were anesthetized by intravenous 

administration of a mixture of ketamine and xylazine, and their stomachs were perfused 

under high pressure with oxygenated phosphate buffered saline (PBS) and removed. The 

gastric mucosa was scraped off the serosa with a glass slide, minced with scissors, and 

homogenized in five volumes of homogenization buffer (in mM: 113 mannitol, 37 

sucrose, 0.4 EDTA, 5 2-(N-morpholino)ethanesulfonic acid, pH 6.7, 5 benzamidine, and 

0.1 AEBSF) plus a protease inhibitor cocktail (1.75 µg/mL aprotinin, 2.5 µg/mL soybean 

trypsin inhibitor, and 1 µg/mL of chymostatin, pepstatin A, and leupeptin). The 

homogenate was centrifuged sequentially at 50 x g, 1000 x g, 14,000 x g, and 100,000 x 

g. The 100,000 x g pellet was resuspended in 10% sucrose buffer (5 mM Hepes/NaOH at 

pH 7.4, 300 mM sucrose) and fractionated over discontinuous sucrose gradients ·consisting 

of layers of 20%, 27%, and 33% sucrose. The vesicles partitioning at the 10-20% sucrose 

interface were used for immunoadsorption experiments. 

Immunoadsorption of tubulovesicles 

For a single immunoadsorption experiment, 750 µg Dynabeads were washed three 

times in PBS containing 1 % bovine serum albumin (BSA), blocked for 30 min. at 4°C in 
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PBS/1 % BSA, and washed twice in PBS/0.1 % BSA. The blocked beads were incubated 

overnight at 4°C with monoclonal antibodies specific for the a-subunit of the gastric H/K

ATPase (12.18), V AMP-2 (Cl69.l), SCAMPs (7C12), and non-immune IgG2b. The 

beads were washed 4 times for 30 min. at room temperature with PBS/0.1 % BSA and 

incubated with tubulovesicles (20 µg of protein) for two hours af room temperature in 

PBS/0.1 % BSA plus a protease inhibitor cocktail (5 mM benzamidine, 0.1 mM AEBSF, 

1.75 µg/mL aprotinin, 2.5 µg/mL soybean trypsin inhibitor, and 1 µg/mL of chymostatin, 

pepstatin A, and leupeptin). After two hours the unbound material was removed, 

centrifuged at 20 psi for 5 min. at 4 °C in an Airfuge (Beckman Instruments, Stanford, 

CA), and resuspended in SDS sample buffer. The bound material was eluted from the 

beads in SDS sample buffer and ·all samples were heated at 65°C for 5 min. The proteins 

were separated by s·ns-PAGE, electrophoretically transferred to Immobilon-P PVDF 

membranes, and analyzed by immunoblotting. The proteins of interest were detected by 

incubating the blots sequentially with primary antibodies, an Fe fragment-specific 

secondary antibody conjugated to horseradish peroxidase (Jackson ImmunoResearch 

Laboratories, West Grove, PA) an<i an enhanced chemiluminescence substrate (Pierce, 

Rockford, IL). For quantitation; autoradiographs were digitized using an Alpha Innotech 

image analyzer and Alpha Ease software (San Diego, CA), and integrated densities from 

three identical experiments were determined. The exposure of the images analyzed by 

densitometry was monitored using the Saturation Palette of the Alpha Ease software (Alpha 

Innotech, San Leandro,CA). All images quantitated by densitometry were within the 

optimal exposure range. Results were expressed as percent recovery +/- SEM. The 

statistical significance of the densitometry data was analyzed using the non-parametric t 

test. 
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Production of monoclonal antibodies against .Rab25 

His-tagged recombinant rabbit Rab25 was pr~pared as previously described (55) 

and purified by nickel-affinity (His-Bind) chromatography (Novagen, Madison, WI). 

Monoclonal antibody production was· performed at the University of Georgia Monoclonal 

Antibody Facility, as previously described (137). Initial immunizations were performed 

with 150 µg of Rab25 with boost injections with 100 µg of protein. Hybridomas were 

screened by ELISA simultaneously for immunoreactivity against both recombinant Rab 11 

and Rab25. Only clones displaying selective immunoreactivity against Rab25 were 

propagated. 

For competition studies, two synthetic peptides were constructed based on the 

carboxyl-terminal variable regions ofRabl 1 

(QKQMSDRRENDMSPSNNVVPIHVPPTTENKPKVQ) and Rab25 

(KVSKQIQNSPRSNAIALGSAQAGQEPGPGQKR). These peptides span the region of 

greatest sequence divergence between Rab 11 and -Rab25. We reasoned that the area· of 

greatest sequence divergence between these two proteins might contain the epitopes for the 

specific anti-Rabl 1 and anti-Rab25 monoclonal antibodies. Competitive western blot 

assays were carried in the presence or absence of either the Rab 11-specific or the Rab25-

specific peptide. In the western blot competition assays carried out in the presence of either 

. peptide, strips of either recombinant proteins ( approximately 25 ng per strip) or gastric 

mucosal 100,000 x g microsomes (approximately 25 µg per strip) were incubated 

overnight at room temperature with peptides and antibodies added together without 

preincubation. The proteins of interest were then detected by incubating the blots 

sequentially with an Fe fragment-specific secondary antibody conjugated to horseradish 

peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA) and an enhanced 

chemilumine~cence substrate (Pierce, Rockford, IL). 



RESULTS 

Tubulovesicles contain the gastric WK-ATPase, SNAREs and SCAMPs 

The standard enriched tubulovesicle preparation was t_he starting material for all the 

immunoadsorption experiments described below. Enriched tubul?vesicles were incubated 

with antibody-coated magnetic beads, and the vesicles that bound to the beads were· 

collected using a magnet and eluted from the beads in SDS sample buffer. The non

adsorbed material was collected and centrifuged at 110,000 x g, and the sedimented 

membranes were resuspended in SDS sample buffer. The composition of the 

tubulovesicles, the immunoadsorbf~d pellet, and the ~on-adsorbed supernatant was 

analyzed by immunoblotting. Since V AMP-2 and syntaxin are·SNARE proteins (41,46) 

and SCAMPs are components of recycling vesicles (59), we analyzed the association of 

1 V AMP-2, syntaxin and SCAMPs_with immunoisolated tubulovesicles. Immunoreactivity 

for the H/K-ATPase, V AMP-2, SCAMPs and syntaxin lA/B were all detected on 

immunoblots of enriched tubulovesicles (Figure 4). The tubulovesicles were 

immunoadsorbed with monoclonal antibodies specific for the a-subunit of the gastric H/K

ATPase, V AMP-2, SCAMPs, and non-immune IgG2b. 

When enriched tubulovesicles were immunoadsorbed with the anti-H/K-ATPase 

antibody, the immunoreactivity for the H/K-ATPase, V AMP-2 and SCAMPs was 

recovered in the immunoadsorbed pellet (Figure 4; Table 1). However, the 

immunoreactivity for syntaxin lA/B was not recovered in the immunoadsorbed pellet, but 
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Figure 4. lmmunoisolated tubulovesicles contain the gastric HIK-ATPase, 

Rahl 1, VAMP-2, and SCAMPs, but not syntaxin · lA/B. The distribution of 

Rab] 1, VAMP-2, SCAMPs, and syntaxin JA/B in gastric parietal cells was determined by 

immunoadsorbing gastric tubulovesicles to magnetic beads coated with monoclonal 

antibodies specific for the a-subunit of the gastric HIK-ATPase (HIK), VAMP-2, 

SCAMPs and non-immune immun.oglobulin (lgG2b ), as described under "Materials and 

Methods." Enriched tubulovesicles (TV), the immunoadsorbed tubulovesicles (P, pellet), , 

and the non-ad~orbed material ( S, supernatant) were analyzed by immunoblotting with 

monoclonal antibodies specific for the gastric HIK-ATPase, Rab] 1, V AMP-2, SCAMPs 

and syntaxin JA/B. The gastric HIK-ATPase, Rabll, VAMP-2, and SCAMPs were all 

isolated on immunoadsorbed tubulovesicles. Syntaxin JAIB immunoreactivity was 

consistently observed in non-adsorbed vesicles. The results are representative of 6 separate 

experiments. 



Figure 4. lmmunoisolation of Gastric Tubulovesicles 
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Table I. Immunoisolated gastric tubulovesicles contain H/K-ATPase~ Rab 11, V AMP-2 and SCAMPs, 
but not syntaxin- 1 

Immunoisolation antibody 

lmmunoreactivity_ lgG2b anti-H/K-ATPase anti-VAMP-2 anti-SCAMPs 
pa Sh p s p s p s - --

H/K-ATPase 10.1 ±5.1 89.8 ±5.1 82.3 ± 14.0C 17.6± 14.0 75.2 ± 10.7c 24.8 ± 10.7 78.5 ± f4.2C 21.5 ± 14.2 

Rabil 4.2±1.9 95.7 ± 1.9 82.3±6.9e 17.7 ±6.9 78.4 :±, lQ.2d 21.6 ± 10.2 84.9 ± 12.7c 15.0 ± 12.7 

SCAMPs 2.1 ±0.5 97.8 ±0.5 68.1 ± 7.5c 31.8± 7.5 89.2±8.9d 10.7 ±8.9 89.8±8.6d 10.1 ±8.6 

VAMP-2 1.0±0.9 98.9±0.9 89.3±5.3d 10.7 ±5.3 d I 88.6 ±8.1 11.4 ±8.1 92.2±3.8d 7.7 ±3.8 

syntaxin 1 4.6±0.9 95.4 ±0.9 7.0 ±2.6e 92.9 ±2.6 11.9 ±2.le 88.0±2.1 5.0±2.2e 94.9 ±2.2 

Enriched tubulovesicles were immunoadsorbed with magnetic beads coated with non-immune lgG2b or 
monoclonal antibodies specific for the H/K-ATPase, V AMP-2 or SCAMPs and analyzed as described 
under "Materials and Methods." 
ap indicates the immunoadsorbed fraction. 
hS indicates the non-adsorbed fraction. 
coon-parametric t test p < 0.05 
dnon-parametric t test p < 0.005 . 
enon-parametric t test p < 0.0001 

N 
\0 
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was retained in the non-adsorbed supernatant. Beads coated with non-immune IgG2b did 

not adsorb any significant immunoreactivity. The recovery of immunoreactivity in the 

sedimentable non-adsorbed fraction indicated that the immunoadsorption procedure did not 

disrupt the vesicles. To confirm the specificity of the proteins associated with 

tubulovesicles, the immunoadsorption experiments were repeated with antibodies specific 

for V AMP-2 and SCAMPs. In both cases, the H/K-ATPase, V AMP-2 and SCAMPs 

immunoreactivities were recovered in the immunoadsorbed pellet (Figure 4; Table I). 

These data indicate that HJK-ATPase-containing tubulovesicles contain V AMP-2, and 

SCAMPs, but not syntaxin lA/B. These data are consistent with the recent report that 

V AMP-2 is a component of immunoisolated rat gastric tubulovesicles (141). These data 

are also consistent with previous studies demonstrating the association of V AMP-2 and 

SCAMPs with vesicles involved in packaged secretion (75,90,91) and the delivery of 

transporters to the cell surface (58,88,92). These results highlight the importance of 

vesicle immunoadsorption in the compositional analysis of secretory vesicles. The 

detection of syntaxin lA/lB immunoreactivity in the enrich~d tubulovesicles, but never in 

the immunoisolated tubulovesicles, indicates that vesicles other than the HJK.-ATPase

containing_tubulovesicles are present in the enriched tubulovesicle preparation. 

lmmunoisolated tubulovesicles contain Rabll a~d Rab25 

Two Rab proteins, Rahl 1 and Rab25, are enriched in gastric parietal c_~lls (54,55). 

We therefore sough{ to· determine whether Rab 11 and Rab25 are components of 

immunoisolated tubulovesicles. Rabl 1 and Rab25 are 68% identical in their deduced 

amino acid sequences, but their carboxyl-terminal regions demonstrate little significant 
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sequence similarity {55). · The carboxyl-terminus or hypervariable domain of Rab proteins 

is the region: of least similarity among all the Rab proteins, and is responsible, at least in 

part,'for targeting Rab proteins to specitic'intracellular compartments (103)~ 

Immunoadsorption experiments were performed to determine whether these two closely 

related Rab proteins with divergent carboxyl-termini are targeted to the same population of 

vesicles in the gastric parietal cell. 

We have previously demonstrated that Rab 11 immunoreactivity partitioned into the 

enriched tubulovesicle fraction (137). We now report that Rabl l is associated with 

immunoisolated gastric tubulovesicles (Figure 4; Table I). Rab 11 immunoreactivity was 

immunoadsorbed using monoclonal antibodies specific for the ex-subunit of the gastric 

H/K-ATPase, V AMP-2 or SCAMPs. · The pattern of recovery of Rab 11 immunoreactivity 

was nearly identical to that for the H/K-ATPase, y AMP-2 and SCAMPs in the same 

experiments (Figure 4; Table 1 ). 

A Rab25-specific monoclonal antibody (12C3) which does not cross-react with 

Rab 11 was developed for the analysis of the distribution of Rab25 in gastric parietal cells. 

On western blots, 12C3 strongly recognized recombinant Rab25, but no immunoreactivity 

for recombinant Rabl 1 was detected (Figure 5A). We have previously demonstrated that 

the specific monoclonal antibody 8H10 detects Rahl 1 but not Rab25 (137). Since both 

proteins have similar molecular masses, we have mapped the antigenic sites recognized by 

the 8H10 and 12C3 monoclonal antibodies using synthetic peptides constructed against the 

carboxyl-terminal variable regions of the two Rab proteins. Figure 5B demonstrates that 

8Hl0 recognized a 25 kDa protein in gastric 100,000 x g microsomes. Rabl 1 

immunoreactivity was specifically inhibite? by incubation with the Rabl 1 carboxyl-terminal 

peptide, but not the Rab25 peptide. Similarly, 12C3 recognition of a 25 kDa species in 

100,000 x g microsomes was inhibited by incubation with the Rab25 carboxyl-terminal 

peptide, but not by the Rab 11 peptide. 



Figure 5. Rab25 in gastric tubulovesicles. A. The anti-Rab25 monoclonal 

antibody 12C3 was used to probe western blots of 50 ng of either recombinant Rabll 

(rRabll) or recombinant Rab25 (rRab25). 12C3 recognized only Rab25. 

B. Anti-Rabll (BHJO) and anti-Rab25 (12C3) were used to probe western blots of 

100,000 x g gastric microsomes (25 µg protein) in the absence or presence of 10 µglml 

blocking carboxyl-terminal blocking peptides. Rahl 1 immunoreactivity was abolished by 

the Rahl 1 carboxyl-terminal peptide (Rl ]pep), but was unaffected by R25pep. Rab25 

immunoreactivity was abolished by R25pep but unaffected by Rl 1 pep. 

C. Rabbit gastric membrane fractions were prepared as described under "Materials and 

Methods" and analyzed (20 µg protein) by immunoblotting with the anti-HIK-ATPase and 

anti-Rab25 monoclonal antibodies. H, homogenate; PO,· 50 x g pellet; PN, postnuclear 

supernatant; P 1, 1000 x g pellet; P2, 14,000 x g pellet; P3, 100,000 x g pellet; S3, 

100,000 x g supernatant; Tl, 20% sucrose gradientinteiface; 12, 27% gradient inteiface; 

T3, 33% gradient inteiface,~ and TP, gradient pellet. Immunoreactivity for Rab25 co

distributed with HIK-ATPase in the membrane fractions. 

D. Enriched tubulovesicles (TV), the tubulovesicles immunoadsorbed (P, pellet) with an 

anti-H/K-ATPase monoclonal antibody (HIK) or non·-immune immunoglobulin (lgG2b), 

and the non-adsorbed material (S, ~upernatant) we_re analyzed by immunoblotting with the , 

anti-HIK-ATPase and anti-Rab25 monoclonal antibodies. The majority of Rab25 

immunoreactivity was recovered in the immunoisolated tubulovesicles. The results are 

representative of 3 separate experiments. 



Figure 5. Rab25 in Gastric Tubulovesicles 

C. 

H/K 

Rab25 

A. ~' ~ 
~ ~v 

H PO PH Pt P2 P3 S3 Tl T2 T3 TP 

B. a-Rab25 a- Rabll 
1 2 3 4 5 6 

R2Spep - - + - - + 
Rltpep - + - - + -

Im.mnmi:ola.mn 

D. Anlibod:, 

H/K 

Rab25 

lg02b HJK 

TVP SP S 

w 
N 



33 

The distribution of Rab25 in membrane fractions· obtained during the preparation of 

enriched tubulovesicle m~mbr~es was analyzed by imm.unoblotting membrane fractions 

derived from resting rabbit gastric mucosa (Figure 5C). The_Rab25-specific monoclonal 

antibody ( 12C3) detected a 25 kDa polypeptide which co-enriched with immunoreactivity 

. for the gastric H/K-ATPase in density gradient tubulovesicle preparations (Figure 5C). To 

confirm the association of Rab25 with tubulovesicles, immunoadsorption experiments were 

performed with the monoclonaj antibody specific for the a-subunit of the gastric H/K

ATPase, and the immunoadsorbed tubulovesicles were analyzed by immunoblotting with 

the Rab25-specific monoclonal antibody (12C3). Rab25 was present in the enriched 

tubulovesicle preparation and efficiently recovered in tubulovesicles immunoadsorbed with 

a monoclonal antibody specific for the a-subunit of the gastric H/K-ATPase (Figure 5D; 

Table II). These data indicate that, despite their divergent carboxyl-termini, both Rabl 1 

and Rab25 are targeted to the same population of vesicles in gastric parietal cells. This is 

the first report of the association of either Rab 11 or Rab25 with a vesicle that delivers an 

ion transporter to the apical plasma membrane of a polarized epithelial cell. 

Tubulovesicles· contain the t-SNARE Syntaxin 3, but neither Syntaxin 4 nor 

SNAP-25 

SNAP-25, originally described as a resident of the pre-synaptic membrane (77) has 

been recognized as at-SNARE in neurons (41,86) and.neuroendocrine cells (96,97). 

Since SNAP-25 is present on recycling synaptic vesicles (142), we sought to determine 

whether immunoisolated tubulovesicles contain SNAP-25 (Figure 6; Table Il). As in the 

case with syntaxin, SNAP-25 immunoreactivity was detected in the gradient isolated 

enriched tubulovesicles. However, no SNAP-25 immunoreactivity was recovered in 

vesicles immunoisolated with antibodies against the a-subunit ofH/K-ATPase. These 



Table II. Immunoisolated g~stric tubulovesicles contain Rab25, but not SNAP-25 

.Immunoisolation antibody 

.'(. 
Immunoreactivity · IgG2b anti-H/K.-ATPase 

pa Sh p s 

H/K-ATPase 18.3 + 15.6 81.7 + ·15.6 85.8 + 6.3d 14.2 + 6.3 

Rab25 7.5 +2.5 92.5 +2.5 68.3 + 6.5c 31.7 + 6.5 

SNAP-25 6.7 + 1.3 93.3 + 1.3 4.3 + 1.4e 95.7 + 1.4 

Enriched tubulovesicles were immunoadsorbed with magnetic beads coated with 
non-immune IgG2b or an anti-H/K-ATPase monoclonal antibody and analyzed as 
described under "Materials and Methods.". 
ap indicates the immunoadsorbed fraction. 
hS indicates the non-adsorbed fraction. 
c non-parametric t test p < 0.05 
dnon-parametric t test p < 0.005 
enon-parametric t test p < 0.0001 
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Figure 6. SNAP-25 is not present on immunoisolated tubulovesicles. · 

Enriched gastric tubulovesicles were immunoadsorbed to magnetic beads coated with a .

monoclonal antibody specific for the a-subunit of the gastric HIK-ATPase (HIK) and non

immune immunoglobulin (IgG2b). Enriched tubulovesicles (TV), the immunoadsorbed 

tubulovesicles (P, pellet), and the non-adsorbed material (S, supernatant) were analyzed 

by immunoblotting with monoclonal antibodies specific for the gastric H/K-ATPase and 

SNAP~25. SNAP-25 immunoreactivity was consistently recovered in the non-adsorbed 

membranes. The results are representative of three separate experiments. 



Figure 6. SNAP-25 is not associated with 
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results indicate that neither syntax.in lA/B or SNAP-25 are present on tubulovesicle 

membranes from resting parietal cells. 
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The restricted subcellular distributions of syntaxins in polarized epithelial cells 

(129,143) and non-polarized cells (93) is thought to provide specificity to the SNARE 

complex formation among various cellular compartments. Since syntaxin 3 and syntaxin 4 

are distributed in a restricted, non-overlapp~ng fashion in polarized epithelial cells 

(129,143), we analyzed the association of syntaxin 3 and syntaxin 4 with imniunoisolated 

gastric tubulovesicles (Figure 7; Table ID). In imniunoisolation experiments using a 

monoclonal antibody specific for the a-subunit of the gastric H/K-ATPase, the 

immunoreactivity for syntaxin 3, but not syntax.in 4, was consistently recovered in the 

immunoadsorbed fraction. Syntaxin 4 immunoreactivity.was recovered almost exclusively, 

in the non-adsorbed fraction .. Peng et al. (1997) recently reported similar results from 

experiments using immunoisolated rat gastric tubulovesicles (141)~ In pancreatic acinar 

cells, syntaxin 4 is predominantly found in the basolateral membrane, and syntaxin 3 is a 

component of the zymogen granule membranes (129). Syntaxin 4 is found at the plasma 

membrane of adipocytes and renal collecting duct epithelial cells and may be the t-SN ARE 

for the vesicular trafficking of Glut 4 in adipocytes and water channels (AQP-2) in the 

kidney (130,131). The association of syntaxin 3 with gastric tubulovesicles suggests· that 

tubulovesicles form SNARE complexes with each other and undergo vesicle-vesicle 

fusion. 



Figure 7. Syntaxin 3, but not syntaxin 4 is present in immunoisolated 

gastric tubulovesicles. Enriched gastric tubulovesicles_ were immunoadsorbed to 

magnetic beads coated with a monoclonal antibody specific for the a-subunit of the gastric 

H/K-Ai'Pase (HIK) and non-immune immunoglobulin (lgG2b ). Enriched tubulovesicles 

(TV), the immunoadsorbed tubulovesicles (P, pellet), and the non-adsorbed material (S, 

supernatant) were analyzed by immunoblotting with the monoclonal antibody specific for 

the gastric HIK-ATPase and polyclonal antibodies specific for·syntaxin 3 and syntaxin 4. 

Syntaxin 3 immunoreactivity was consistently recovered in the immunoadsorbed 

membranes. Syntaxin 4 immunoreactivity was consistently recovered in the non-adsorbed 

vesicles. The results are representative of three separate experiments. 



Figure 7. Syntaxin 3 in gastric tubulovesicles 
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Table ID. Immunoisolated gastric tubulovesicles contain syntaxin 3, · but not syntaxin 4 

Immunoisolation antibody 

Immunoreactivity IgG2b anti-H/K.-ATPase 

pa Sb p s 

H/K-ATPase 6.0 + 3.1 · 94.0 + 3.1 82.9 + 7.ld 17.1+7.l 

syntaxin 3 2.-6 + 1.0 97.4 + 1.0 70.8 + 9.6c 29.2 + 9.6 

syntaxin 4 2.6 +0.7 97.4 + 0.7 2.5 + 1.4e 97.5 + 1.4 

Enriched tubulovesicles were immunoadsorbed w.ith magnetic beads coated with 
non-immune IgG2b or an anti-H/K.-ATPase monoclonal antibody and analyzed 
as described under "Materials and Methods". 
ap indicates the immunoadsorbed fraction. 
hS indicates the non-adsorbed fraction. 
cnon-parametric t test p < 0.05 
dnon-parametric t test p < 0.005 
enon-parametric t test p < 0.0001 



DISCUSSION 

We report the characterization of gastric tubulovesicles by irnmunoisolating the 

H/K-ATPase-containing vesicles from a standard preparation of enriched tubulovesicles. 

This vesicle fraction is enriched in the gastric H/K-ATPase and the tubulovesicles are 

oriented (90%) cytoplasmic side-out (3,4). The results of our irnmunoisolation experiments 

confirm the orientation oft~e tubulovesicles because the monoclonal antibody (12.18, a gift 

from Adam Smolka) used for the irnmunoisolation is directed against one of the 

cytoplasmic loops of the a-subunit of the gastric H/K-ATPase (139). However, our study 

of the syntaxin isoforms indicates that the enriched tubulovesicle preparation is a 

-heterogeneous population of vesicles. Syntaxin 1, 3 and 4 are detected in enriched 

tubulovesicles, but only syntaxin 3 is specifically associated with iinmunoisolated H/K

ATPase-containing vesicles. This is not surprising since the tubulovesicle-containing 

fraction is prepared from the gastric mucosa which contains parietal cells, chief cells, 

enterochromaffin-.like (ECL) cells, and mucous cells. Our results emphasize the 

importance of irnmunoisolation in characterizing vesicle fractions derived from mixed cell 
( 

populations. A vesicle irnmunoisolation procedure facilitates the analysis of components , 

that are specifically associated with the gastric H/K-ATPase-containing membranes. This 

is critical to studies of parietal cell vesicle trafficking since the results presented here 

indicate that enriched tubulovesicles prepared by the sucrose gradient methodology are 

contaminated by vesicles that do not contain the gastric H/K-ATPase. Future studies of the 
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vesicular trafficking of the gastric H/K-ATPase will :rely on the data obtained f~om 

immunoisolation studies. 

The gastric parietal cell as a vesicle trafficking model 
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SNARE complex proteins, Rab proteins, ~d SCAMPs are present in 

immunoisolated tubulovesicles (Figures 4-7; Tables I-ill). These data support the 

membrane re~ycling model for proton pumping by the parietal cell (31,144). The 

identification of a cadre of candidate regulators of vesicle fusion in immunoisolated 

tubulovesicles argues that tubulovesicles do indeed fuse with the secretory canaliculus. By 

implicating vesicle fusion in the delivery of the HIK-ATPase to the secretory canaliculus, 

the data argue against the osmotic flow model (26-28). However, it must be noted that the 

experiments described in this dissertation did not determine the identity of the t-SNARE 

protein associated with the secretory canaliculus. A model for gastric tubulovesicles that 

takes these data into account is depicted in Figure 8. 

The association of Rab 11, Rab25, V AMP-2, syntaxin 3 and SCAMPs with 

immunoisolated tubulovesicles highlights the differences and similarities between vesicles 

involved in packaged secretion and vesicles involved in the delivery o( transporters to the 

cell surface. V AMP-2, syntaxin 3 and SCAMPs are components of vesicles involved in 

classical packaged secretion (57,75,90,91,129). V AMP--2.and SCAMPs are also 

components of vesicles involved in transporter trafficking (58,88). The association of Rab 

and SNARE proteins with tubulovesicles seems to contradict recent results obtained in 

MDCK cells (145). In permeabilized MDCK cells, transport to the basolateral membrane 

requires Rab proteins, NSF and a-SNAP, while apical transport does not (145). 

However, MDCK cells and gastric parietal cells may not be directly analogous since the 

gastric H/K-ATPase is targeted to the apical membrane of transfected porcine kidney 

epithelial cells, rather than to a subapical compartment as in the parietal cell (35-37). The 



Figure 8. Rab proteins and SNAREs in gastric tubulovesicle fusion. 

Immunoisolated gastric tubulovesicles contain the gastric H/K-ATPase, Rabll, Rab25, 

SCAMPs, VAMP-2, and syntaxin 3. VAMP-2 (av-SNARE) may assemble into SNARE 

complexes with a syntaxin isoform in the secretory canaliculus or syntaxin 3 to regulate 

either tubulovesicle fusion with the canaliculus or homotypic vesicle-vesicle fusion, 

respectively. Whether VAMP-2 is the-v-SNARE regulating both vesicle-vesicle fusion and 

the fusion of tubulovesicles with the secretory. canaliculus is unknown. The t~SNARE in 

the secretory canaliculus remains to be identified. 
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disparity jn the results obtained in MDCK cells and parietal cells also may result from the 

analysis of two different vesicle trafficking processes. Both models involve vesicle fusion 

with the apical plasma membr~e of a polarized epithelial cell. However, MDCK cells are 

models for characterization of the apical transport of newly synthesized proteins in 

epithelial cells. In contrast, the gastric parietal cell is a model for the study of the regulated 

vesicular trafficking of a membrane pump to the apical plasma membrane in response to a 

physiological stimulus. These fundamental differences in the MDCK and parietal cell 

models may be reflected in the involvement of different regulatory proteins in apical vesicle 

fusion. 

Implications for tubulovesicle biogenesis 

The biogenesis ofH/K-ATPase-containing tubulovesicles has previously been 

analyzed by a combination of in vivo metabolic labeling and lectin affinity chromatography 

experiments (146). The newly synthesized a- and ~-subunits of the gastric H/K-ATPase 

were detected by autoradiography (146). The maturity of the oligosaccharide side chain of 

the ~-subunit was monitored by lectin affinity chromatography of detergent extracts of the 

fractions from the sucrose gradient (146). The a- and ~-subunits of the H/K-ATPas~ 

associate with each other in the lumen of the endoplasmic reticulum ( 146) as do the a- and 

~-subunits of the Na/K-ATPase (147). During the processing of the a~ heterodimer, the 

H/K-ATPase redistributes form the 33% sucrose layer sequentially to the 27% and 20% 

sucrose layers of the gradient used to prepare enriched tubulovesicles (146). The same 

pattern of redistribution of the WK-ATPase in the sucrose gradient has been observed in 

during the maturation of neonatal rabbits (61). The data from these studies indicate that the 

vesicles that contain the functionally mature H/K-ATPase a~ heterodimers partition at the 

top of the 20% sucrose layer of the discontinuous sucrose gradient (146). We previously 

reported that Rab 11 immunoreactivity is enriched in the vesicle fraction that partitions at the 
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20% sucrose layer (137). We n~w report the association of Rab 1, and Rab25 with 

immunoisolated tubulovesicles (Figures 4 and 5; Tables I and II). The denser fractions 

(33% layer) of the discontinuous sucrose gradient may contain vesiculated Golgi 

membranes or vesicles that shuttle the H/K-ATPase from one compartment to another 

during polypeptide processing in the biosynthetic pathway (61,148). The data presented in 

this dissertation indicate that Rab 11 and Rab25 are associated with the functionally mature 

H/K-ATPase-containing tubulovesicles. 

In the future, the association of Rab 11 and· Rab25 with tubulovesicles during 

development will be examined. An analysis of the distribution ( or redistribution) of Rab 11 

and Rab25 in the sucrose gradient fractions form rabbit stomachs harvested at various ages 

would define the stage at which Rab 11 and Rab25 first associate with gastric 

tubulovesicles. In pancreatic acinar cells, the development of secretory function coincides 

with the attachment of a Rab protein to the zymogen granule membrane (149). We 

speculate that the association of Rab 11 and/or Rab25 with gastric tubulovesicles coincides 

with the development-of mature tubulovesicles. 

Implications for tubulovesicle fusion 

Rab proteins: Rab proteins regulate vesicle trafficking by recruiting downstream effectors 

(150,151) and/or by regulating SNARE.complex formation (52,60). Rabl 1 and Rab25, 

two similar Rab proteins which differ primarilyfo the carboxyl-terminal hypervariable . 

domain (55), are local~ed to gastric tubulovesicles. Since the hypervariable domain may 
. ' ... . . 

' . 

direct Rab proteins ~o specific compartments (103), the association ofRabl 1 and Rab25 

with gastric tubulovesicles provides an interesting model for studying the targeting of two 

different Rab proteins to a single vesicle population. A variety of other vesicle populations 

including pancreatic zymogen granules (119), hepatic transcytotic vesicles (121 ), early 

endosomes (112), late endosomes (53,122) and synaptic vesicles (116) contai~ multiple 
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Rab proteins or multiple isofo~s of the same R,ab protein. The functional significance of 

the association of m~ltiple· Rab proteins· with a single vesicle population is unknown. 

Outside the hypervariable domain, Rab 11 and Rab25 also differ in the amino acid sequence 

of one of the conserved regions involved in GTP-binding (55). The functional significance 

of this difference is unknown. Further work is required to determine the specific functions 

of Rab 11 and Rab25 in tubulovesicle trafficking. 

Rab proteins may provide, in part, the temporal and spatial specificity to the 

formation of SNARE complexes. For example, V AMPs and syntaxins are not localized 

exclusively to sites of exocytosis (74,152,153), but Rab3 is localized exclusively to 

synaptic vesicles (120). Recent evidence also indicates that GTP hydrolysis by Rab5 may 

act as a timer in the regulation of endosomal fusion (154). The colocalization ofRabl 1 and 

Rab25 in gastric tubulovesicles- is the most significant compositional difference between 

gastric tubulovesicles and classical packaged secretory vesicles. The association of Rab 11 

and Rab25 with tubulovesicles is also the most striking difference between tubulovesicles 

- and other transporter trafficking systems. Therefore, it seems likely that Rab 11 and/or 

Rab25 may provide the spatial and temporal specificity for SN ARE complex formation in 

gastric parietal cells. We previously reported the somatodendritic distribution of Rab 11 in 

rabbit brain neurons (155). The dendrites of neurons are thought to be analogous to the 

basolateral membrane of polarized epithelial cells (156). Furthermore, Rabl 1 is a 

ubiquitously expressed protein (54), while Rab25 is expressed exclusively in the kidney, 

lung,-and gastrointestinal mucosa (55). We, therefore, speculate that Rab25 may provide 

the .apical specificity for membrane pump delivery in gastrointestinal epithelial cells such as 

the parietal cell. 
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SNARE proteins: V AMP-2 and syntaxin 3 are both components of immunoisolated rabbit 

gastric tubulovesicles. Similar results were recently reported in ~ study of immunoisolated 

rat gastric tubulovesicles (141). This finding is consistent with the_interpretation that 

gastric tubulovesicles participate in a regulated fusion event. These data are also consistent . 

with the finding V AMP-2 is a component of other vesicles that deliver transporters to the 

cell surface (88,92). 

The experiments described in this dissertation did not identify the t-SNARE 

associated with the secretory canaliculus of the gastric parietal cell. V AMP-2, av-SNARE, 

may form a SNARE complex with an as yet unidentified t-SNARE on the secretory 

canaliculus to regulate tubulovesicle fusion with the canaliculus. In in vitro studies, 

V AMP-2 binds to syntaxin 1 and syntaxin 4 (85,157), suggesting that the t-SNARE on the 

secretory canaliculus is either syntaxin 1 or syntaxin 4. V AMP-2 does not bind to syntaxin 

3 with high affinity in vitro (85,157), but a trimeric complex of syntaxin 3, V AMP-2, and 

SNAP-25 was recovered from ribbon synapses of the rat retina (158). The isolation of 

V AMP-2 and syntaxin 3 in a SNARE complex (158) suggests that V AMP-2 and syntaxin 3 

may interact with each other in the gastric parietal cell. If gastric tubulovesicles fuse to each 

other during gastric acid prodtJction, V AMP-2 and syntaxin 3 may form a SNARE complex 

that regulates this fusion event. 

A variety of intracellular membranes, including sea urchin egg cortical granules 

( 159), adrenal chromaffin granules ( 160), and early endosomes ( 161-163) undergo vesicle-. 

vesicle fusion. Early endosomes fuse to each other in vitro in a Ca2+ - and NSF-dependent 

manner (162). Vesicle-vesicle fusion is an important mechanism for the reconstitution of 

vesiculated organelles that takes place after mitosis and fertilization. For example the 

reconstitution of the Golgi apparatus after mitosis is influenced by NSF and SNAPs {164). 

Karyogamy, the fusion of the pronuclei during fertilization, requires NSF and a-SNAP in 



yeast (165). The fusion of nuclear membrane vesicles from Xenopus oocytes requires 

Ca2+ and is NEM-sensitive (166). 

Vesicle-vesicle fusion among enriched tuhulovesicles in vitro has been reported 
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( 167). These data are difficult to interpret because the in vitro tubulovesicle fusion assay 

used in these studies measures membrane fusion in an enriched tubulovesicle preparation, 

and the fusion of H/K-ATPase~containing vesicles to each other was not directly 

monitored. Further work with an assay that directly examines fusion among H/K-ATPase

containing vesicles is required to determine whether tubulovesicles undergo homotypic 

fusion. Nevertheless, the presence of syntaxin 3 in iJllll1:unoisolated tubulovesicles and the 

parietal cell vesicle-vesicle fusion data (167) imply that tubulovesicles may fuse to each 

other during delivery of the H/K-ATPase from tubulovesicles to the secretory canaliculus. 

Compound exocytosis is defined as the process of an exocytotic vesicle fusing into 

a site on the plasma membrane where another vesicle has already fused (168). Vesicle- · 

vesicle fusion in the gastric parietal cell could result from tubulovesicles fusing into sites at 

the canaliculus where other tubulovesicles have fused. In this scenario, syntaxin 3 could 

function as the t-SNARE for the delivery of the H/K-ATPase to the canaliculus after an 

initial tubulovesicle fusion event. This hypothesis is consistent with the observation in 

adrenal chromaffin cells and. parotid acinar cells that granule membranes remain as distinct 

membrane patches within the plasma membrane for at least 30 minutes after fusion 

(169,170). The possibility remains that syntaxin 3 is associated with the secretory 

canaliculus and the tubulovesicles. In this scenario, syntaxin 3 would function as at

SNARE for both vesicle-vesicle fusion and vesicle-canaliculus fusion. V AMP-2 may be 

the v-SNARE for both types of fusion. Alternatively, tubulovesicles may contain one v

SNARE for vesicle-vesicle fusion and another v-SNARE for vesicle-canaliculus fusion. 

The possible association of syntaxin 3 with the secretory canaliculus remains to be 
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examined. Future experiments will focus on identifying the t-SNARE associated with the 

secretory canaliculus. 

SNAP-25, at-SNARE, is not associated with immunoisolated gastric 

tubulovesicles. Two non-neuronal isoforms of SNAP-25 have recently been identified, 

SNAP-23 (171) and syndet (172). SNAP-23 binds to syntaxin 3 and V AMP-2 in vitro 

( 171 ), but the syntaxin- and VAMP-binding activities of syndet are unknown. One of the 

non-neuronal isoforms of SNAP-25 may associate with tubulovesicles and interact with 

V AMP-2 and syntaxin 3 in a SNARE complex regulating vesicle-vesicle fusion. It is also 

possible that a SNAP-25:-like protein (along with a syntaxin isoform) in the secretory 

canaliculus may also form a SNARE complex with V AMP-2 to regulate tubulovesicle

canaliculus fusion. Further analysis of the localization of SNAP-25-like proteins in parietal 

cells is required to determine whether a SNAP-25-like protein is associated with the 

secretory canaliculus. 

Implications ·for tubulovesicle recycling 

One interpretation of the colocalization of Rab 11 and Rab25 in immunoisolated 

gastric tubulovesicles is that ~ach Rab protein controls a distinct event in the vesicular 

trafficking of the gastric H/K-ATPase. Either Rabl 1 or Rab25 could control the fusion of 

tubulovesicles with the canaliculus, while the other regulates the recycling of the H/K

ATPase-containing membrane from the cell surface. The association of Rab 11 with 

recycling endosomes in other systems (56,173), suggests that Rabl 1 is a likely regulator of 

tubulovesicle recycling in parietal .cells. The recycling of vesicle membranes after fusion 

with the cell surface was originally proposed by Palade when he described exocytosis in 

pancreatic acinar cells (38). Parietal cell tubulovesicle membranes are thought to recycle 

from the secretory canaliculus into tubulovesicles that are competent for another round of 

fusion (31,145). The colocalization of SCAMPs and Rab 11 in immunoisolated gastric 
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tubulovesicles is a novel finding that is consistent with the hypothesis that tubulovesicles 

are a population of recycling vesicles (31,145). The SCAMPs are markers for vesicles 

involved in cell surface recycling (59). Rabl 1 is localized to recycling endosomes in K562 

cells ( 173) and regulates the trafficking through pericentriolar recycling endosomes in 

transfected fibroblasts and Chinese hamster ovary cells (56). Although both Rabl 1 and 

SCAMPs have been independently implicated in membrane recycling, this is the first report 

of the colocalization of Rab 11 and SCAMPs in an exocytotic vesicle. 

If tubulovesicles are indeed an apical recycling population of vesicles, it is not clear 

from which cellular compartment tubulovesicles are originally derived. An analysis of the 

data reported for Rab 11 prior to this investigation provides some clues to the origin of the 

tubulovesicle compartment. Rab 11 is associated with the trans Golgi network (TGN) and 

post-Golgi vesicles in PC 12 cells ( 17 4) and retinal photoreceptor cells ( 17 5). Retinal 

photoreceptor cells sort up to - 3µm2 of membrane to the rod outer segment per minute 

(176). Therefore, Rabl 1 is a component of post-Golgi vesicles in two cell types, 

photoreceptor cells (175) and parietal cells, that are specialized for the movement of 

massive amounts of membrane in a polarized fashion. The association of Rab 11 with 

tubulovesicles immunoisolated from the 20% layer of the sucrose gradient indicates that 

Rab 11 is associated with tubulovesicles at the level of the TGN or later in the biosynthetic 

pathway. The recycling of granule membranes from the cell surface to the trans side of the 

Golgi apparatus has been observed in the pancreas, parotid, lacrimal gland and the anterior . 

pituitary (177). In adrenal chromaffin cells, granule membranes internalized at the cell 

surface after exocytosis recycle to vicinity of the Golgi apparatus, but they do not fuse with 

Golgi cistemae membranes (178). These recycling granule membranes are at least partially 

recycled into new secretory granules, indicating that exocytotic vesicle membranes are 

recycled to a compartment near the Golgi dstemae where new secretory vesicles ·are formed 
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(178). The general principle derived from the recycling data obtained in variety of cell 

types is that vesicle membranes are recycled from the cell surface to the trans Golgi region 

(177). The association ofRabll with the TGN (174,175) and recycling vesicles (56,173) 

in other systems suggests that parietal cell tubulovesicles represent an expansion of the 

recycling pathway from the cell surface to the TGN. 



SUMMARY 

Gastric parietal cells undergo massive morphological changes in response to 

secretagogues such as histamine and acetylcholine ( 4,31 ). The surface area of the secretory 

canaliculus at th_e apical pole of the cell increases, and the volume occupied by intracellular 

tubulovesicles decreases (3). The membrane recycling hypothesis was proposed to explain 

the cellular mechanism for the transition between the resting and stimulated morphology of 

gastric parietal cells (31,145). The membrane recycling hypothesis states that the gastric 

H/K-ATPase resides in the intracellular tubulovesicles that fuse with the secretory 

canaliculus of the gastric parietal cell in response to secretagogues. After the removal of 

stimuli, the H/K-ATPase-containing membranes are internalized and recycled into 

tubulovesicles that are competent for another round of fusion (31,145). This prominent 

and reversible movement of membrane makes· the gastric parietal cell an ideal model for the 

study of regulated vesicle trafficking. 

Recently, a unifying hypothesis of vesicl~ fusion was. proposed by Rothman and 

colleagues (41,46). This hypothesis states that the regulated assembly and disassembly of 

a specific macromolecular complex governs the docking and fusion of vesicles with target 

:membranes during exocytosis ( 41,46). Exocytosis is controlled by the interaction of 

integral membrane proteins on vesicles and target membranes to form a scaffolding upon 

which soluble factors assemble. ~he soluble factors include N-ethylmaleimide-.s_ensitive 

factor (NSF) and £oluble NSF gttachment 12roteins SNAPs). The membrane proteins are 

referred to as yesicle or target membrane SNAP receptors (v- or t-SNAREs) (41,46). In 
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the neuron, the candidate v-SNARE, yesicle-g5sociated membrane 12rotein (V AMP-2) 

interacts with the candidate t-SNAREs syntaxin and synaptosome-associated protein of25 

kDa (SNAP-25; .not a soluble NSF attachment protein). Rab proteins are ras-related small 

OTP-binding proteins that are thought to regulate vesicular transport in biosynthesis, 

exocytosis, and endocytosis ( 4~,49 ,51, 179) . Since a functional Rab protein is required 

for the formation of the SNARE complex in yeast (52), Rab proteins may regulate the 
"' ' 

assembly ofthe SNARE-complex. 

The aim of this study was to characterize gastric tubulovesicles in the context of the 

membrane recycling and SNARE hypotheses. We hypothesized that gastric tubulovesicles 

are a regulated apical recycling vesicle population that contains specific Rab and SNARE 

proteins and SCAMPs. We previously reported that two Rab proteins, Rabl 1 and Rab25, 

are enriched in gastric parietal cells (55,180). The -5.ecretory carrier membrane uroteins 

(SCAMPs) are expressed in a wide variety of tissues (57) and are markers for vesicles that 

recycle from the cell surface (59). A vesicle immunoisolation procedure was developed for 

gastric H/K-ATPase-containing tubulovesicles. Monoclonal antibodies specific for the ex

subunit of the gastric H/K-ATPase were used to immunoisolate gastric tubulovesicles from 

an enriched tubulovesicle-containing fraction. Immunoreactivity for Rabl 1, Rab25, 

V AMP-2, syntaxin 3 and SCAMPs was recovered in immunoisolated H/K-ATPase

containing vesicles. This finding is consistent with the recent report describing the 

association of V AMP-2 and syntaxin 3 with immunoisolated rat gastric tubulovesicles 

(141). Similar results ~ere obtained using antibodies specific for V AMP-2 and SCAMPs. 

Immunoreactivity for syntaxin lA/B, syntaxin 4, and SNAP-25 was detected in enriched 

tubulovesicles from the sucrose gradient but never ih the immunoisolated tubulovesicles. 

The absence of immunoreactivity adsorbed to magnetic beads coated with a non-immune 

control immunoglobulin indicated the specificity of the immunoisolation procedure. The 

observation of Rab proteins, SNAREs and SCAMPs in immunoisolated gastric 
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tubulovesicles is consistent with the interpretation that tubulovesicles are a regulated apical 

recycling vesicle population. The association of Rab and SNARE proteins with 

immunoisolated tubulovesicles suggests that the regulated assembly and disassembly of a 

SNARE complex is involved in the delivery of the H/K-ATPase from the tubulovesicles to 

the cell surface. The data·presented in this thesis- support the membrane recycling 

hypothesis (31,145) and the SNARE hypothesis (41,46). 

There are at least two interpretations of the association of syntaxin 3 with 

immunoisolated tubulovesicles. One possibility is that syntaxin isoforms perform cellular 

functions unrelated to their t-SNARE function. Syntaxin 3 may function as av-SNARE or 

play some other undiscovered role in tubulovesicle biogenesis or recycling. Alternatively, 

syntaxin 3 may assemble into SNARE complexes among tubulovesicles facilitating vesicle

vesicle fusion. After an initial fusion event, the syntaxin 3 in the tubulovesicle membranes 

incorporated into the apical plasma.membrane may facilitate the fusion of other 

tubulovesicles at the same site. Future work will focus on determining which syntaxin 

isoform is associated with the secretory canaliculus. 
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