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The Role of Fusion Proteins in Vesicle Budding

Shoumita Dasgupta

ABSTRACT

Coordinate regulation of fusion and budding maintains membrane homeostasis

and ensures the generation of functional vesicles that are capable of fusing with their

target organelles. To learn more about the mechanisms that link these two processes, we

studied coat recruitment in vesicles containing different fusion machineries and

internalization of synaptotagmin VII, a protein known to be involved in calcium

regulated exocytosis. The coat recruitment studies involved performing reverse coating

assays in which the AP-3 coat assembled on a vesicular substrate. When the coat

assembled on vesicles containing VAMP-2, the v-SNARE associated with synaptic

vesicles, the reaction was highly regulated, requiring GTPYS and an ATP regenerating

system. However, the assembly of coat on vesicles containing synaptotagmin I, the

putative calcium sensor in synaptic vesicle exocytosis, was largely unregulated. These

findings suggest that there are at least two subpopulations of synaptic vesicles,

identifiable by their characteristic fusion machinery. These vesicles may arise from

different donor membranes and may exocytose in response to different stimuli. The

relationship between fusion machinery and vesicle budding was further investigated in

the studies identifying the endocytic determinants of synaptotagmin VII. The

synaptotagmin family of membrane proteins have been implicated in both exocytosis and

endocytosis. Synaptotagmin VII, a ubiquitous family member, plays a role in multiple
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forms of regulated exocytosis. Here we show that the cytoplasmic C2 domains in

synaptotagmin VII contain unique internalization signals and regulators of these signals.

These two signals are a tryotophan-based signal in the extreme C-terminus and a second

novel signal in the C2A. The carboxy-terminus is internalized in a dynamin- and eps 15

dependent fashion whereas the C2A is internalized independently of both of these factors.

Surprisingly, although synaptotagmin VII contains two functional internalization signals,

it is not endocytosed in the cell types tested. This appears to be due, at least in part, to the

presence of an inhibitory motif in the C2B domain of synaptotagmin VII. We hypothesize

that the internalization of synaptotagmin VII is regulated in this way to allow it to couple

the processes of regulated exocytosis and compensatory endocytosis.
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CHAPTER ONE

INTRODUCTION

Eukaryotic cells have a higher order of structure than prokaryotes in that the cells

are divided into functional, membrane-bound domains called organelles. Each organelle

has its own particular roles in the cell and consequently also has a characteristic set of

resident proteins to help it carry out its jobs. The movement of proteins between these

membrane-bound organelles is necessary to localize proteins to their cellular site of

action and is mediated by small transport vesicles. The formation of these vesicles from

donor membranes is dependent on the concurrent actions of a few families of proteins.

Coat proteins are thought to assist in deformation of the lipid bilayer and in recruitment

of the appropriate cargo molecules. These coat proteins and their association with the

membrane typically is tightly regulated by the actions of small GTPases of the ARF

family.

The classical hetero-oligomeric coats can roughly be divided into two classes:

clathrin and non-clathrin (Kirchhausen 2000). The COPI and COPII vesicles traffic

between the ER and Golgi, and these coats are hetero-oligomers known to act

independently of clathrin. In contrast, the budding of AP-1 vesicles at the Golgi and AP-2

vesicles at the plasma membrane are clathrin-dependent processes. With the discovery of

AP-3 and AP-4, a third type of coat sharing characteristics with both the clathrin and non

clathrin coat families was defined (Simpson et al. 1996; Dell'Angelica et al. 1999). AP-3

and AP-4 are like the AP-1 and AP-2 clathrin coats in that all of these adaptor complexes



are composed of four distinct subunits. However, AP-3 is unlike AP-1 and AP-2 because

it seems to form clathrin-independent coats as evidenced by the fact that AP-3 dependent

budding events can be reconstituted in vitro in the absence of clathrin (Faundez et al.

1998). Moreover, clathrin does not colocalize with the 33B or 6-adaptin AP-3 subunits

(Simpson et al. 1996; Simpson et al. 1997) or with the 34-adaptin AP-4 subunit (Hirst et

al. 1999) by immuno-electron microscopy.

Although these coats have varying intracellular sites at which they act, their basic

functions within the cell are the same; the coats are responsible for moderating highly

regulated budding events with their ability to deform donor membranes in response to

specific stimuli. Conceptually, the steps necessarily involved in coating are initiation,

membrane deformation, and cargo concentration.

Coating must first initiate at the appropriate sites. To ensure initiation at a site that

will yield a functional vesicle, it would be advantageous to couple the budding and fusion

events by using a V-SNARE as a component of an initiating complex. Indeed, it has been

previously shown that AP-3 interacts specifically with VAMP-2, a neuronal v-SNARE

(Salem et al. 1998). Furthermore, a high affinity interaction between AP-2 and

synaptotagmin (Zhang et al. 1994), a protein which is postulated to play a role in

calcium-dependent vesicle fusion, and between COPII and the ER to Golgi v-SNARES

Bet1p and Boslp (Springer and Schekman 1998) have been identified. These interactions

may play a similar role in initiating the coat assembly at a site that will ensure generation

of a functional vesicle.

Following initiation at a functional site, the oligomerization stage of coat

recruitment could then serve to concentrate cargo in the vesicles. This cargo



concentration (Rexach et al. 1994; Bednarek et al. 1995) is likely mediated by

interactions between the adaptor protein complexes and the cytoplasmic tails of cargo

molecules (reviewed in Kirchhausen et al. 1997). The AP-tail interactions often depend

on tyrosine-based and dileucine signals in the cargo tails that serve to direct the cargo's

incorporation into budding structures. Although these interactions have been identified, it

is unclear whether they regulate the overall processes of coat recruitment by way of a role

in initiation or oligomerization of coating or if they are characteristic of cargo molecules

passively recruited by the coat.

These data have led to an emerging view that the initiating event is mediated by a

priming complex that drives formation of the fully polymeric coat (Springer et al. 1999).

One way to think about this is that the priming complex could consist of the coat and the

fusion machinery, and the formation of a full polymeric coat is then the result of the

association of priming complexes with each other, additional coat molecules, and

captured cargo. Since trafficking proteins to various locations within the cell is such an

important cellular process, the creation of these functional and precise vesicles with their

appropriate cargo and targets is absolutely indispensable to the cell.

This thesis outlines a body of work that addresses the complementary roles of

proteins in both regulation of fusion and in vesiculation, coat recruitment, and

endocytosis. The first group of studies utilizes neuroendocrine cells as a model cell type

to examine the formation of synaptic-like microvesicles. These experiments describe the

regulation of coat recruitment to vesicles containing VAMP-2 and synaptotagmin I, two

proteins previously characterized for their functions in synaptic vesicle fusion. The

second set of studies seeks to define in more detail the general functions of the



synaptotagmin family of proteins in the vesiculation phase of membrane trafficking.

Towards this end, endocytic studies of the ubiquitous isoform, synaptotagmin VII, were

carried out in the specialized cell type of neuroendocrine cells as well as in fibroblasts

and epithelial cells.



Synaptic Vesicle Membrane Trafficking in Neuroendocrine Cells

The nerve terminal is a highly specialized and efficient membrane trafficking

machine. At this site, synaptic vesicles carrying neurotransmitters fuse with the plasma

membrane and must be immediately recovered to be available for further rounds of

neurotransmission (Sudhof 1995; Hannah et al. 1999). The formation and recycling of

synaptic membranes takes place both from the plasma membrane as well as from the

endosome, each pathway utilizing distinct trafficking machinery towards this end (Shi et

al. 1998; Hannah et al. 1999). These mechanisms retrieve the membranes and associated

proteins thereby preparing the vesicle to have its neurotransmitter cargo replenished. This

localized recycling of synaptic vesicles allows the nerve terminal to more efficiently

respond to synaptic stimuli without becoming depleted of the requisite synaptic vesicles.

These two pathways of synaptic vesicle formation have been studied in detail in

the neuroendocrine PC12 cell line (Hannah et al. 1999). This cell line has been used as a

model for synaptic vesicle biogenesis because it was found that the small synaptic-like

microvesicles (SLMVs) present in these cells share many features with true synaptic

vesicles from brain. Namely, the SLMVs contained several integral membrane proteins

found in synaptic vesicles, demonstrated the small, uniform size typical of synaptic

vesicles, and were capable of neurotransmitter uptake (Clift-O'Grady et al. 1990; Sudhof

and Jahn 1991; Regnier-Vigouroux and Huttner 1993). The existence of a pathway

directly from the plasma membrane was first suggested when it was observed that the

SLMVs could be labeled by extracellular fluid phase markers such as HRP (Johnston et

al. 1989; Clift-O'Grady et al. 1990; Bauerfeind et al. 1997). This observation along with



the evidence that synaptophysin (Regnier-Vigouroux et al. 1991; Schmidt et al. 1997),

synaptobrevin/VAMP-2 (Grote et al. 1995; Grote and Kelly 1996; Shi et al. 1998), and

synaptotagmin I (Blagoveshchenskaya et al. 1999) all pass through the plasma membrane

(as detected by cell-surface labeling) before appearing in SLMVs suggested that synaptic

vesicles originated via the plasma membrane. The above-mentioned facts point to the

plasma membrane as a precursor for synaptic vesicles, but they do not clarify whether the

formation of synaptic vesicles is directly from the plasma membrane or from an

intermediate compartment. The most compelling evidence for this came from detailed

studies in our lab that specifically differentiated between SLMVs derived from the

plasma membrane and SLMVs derived from a “15°C compartment” (Desnos et al. 1995;

Clift-O'Grady et al. 1998; Lichtenstein et al. 1998; Shi et al. 1998). Further studies of this

“15°C compartment” identified it as a transferrin-positive early endosome capable of

generating transferrin-free SLMVs (Desnos et al. 1995; Clift-O'Grady et al. 1998;

Lichtenstein et al. 1998). The process of SLMV biogenesis from the endosome was found

to be mediated by the small GTPase ARF1 (Faundez et al. 1997), the heterotetrameric

adaptor protein, AP-3 (Faundez et al. 1998), and the AP-3-associated kinase, casein

kinase I (Faundez and Kelly 2000). Moreover, this mode of SLMV biogenesis was tightly

tied to the incorporation of a key cargo member, VAMP-2 (Salem et al. 1998). Because

the ARF1 GEF is sensitive to the action of the fungal toxin, brefeldin A, the process of

endosomal SLMV biogenesis was also sensitive to the action of this compound. In

contrast, when PC12 cells were labeled at 4°C, a condition that limits labeling to plasma

membrane-localized proteins, the appearance of VAMP-2 in SLMVs was largely

brefeldin A insensitive (Shi et al. 1998). Likewise, this method of generating SLMVs



seemed to require a different group of machinery, specifically AP-2, clathrin, and

dynamin (Shi et al. 1998). These results, taken together with studies showing that

synaptophysin traffics directly into SLMVs from a Mesna sensitive compartment

continuous with the plasma membrane (Schmidt et al. 1997; Schmidt and Huttner 1998)

implicate the plasma membrane as a second donor membrane for SLMV biogenesis.

The biochemical data supporting the existence of two pathways of SLMV

biogenesis are convincing, but they do not address the role of these multiple pathways. In

other words, is one pathway a backup for the other, or do they generate distinct classes of

vesicles? One hypothesis is that the endosomal pathway exists to retrieve synaptic

proteins that escape the endocytic “hot spot” (Roos and Kelly 1999) and return them to

the pool of circulating synaptic proteins by delivering them to the plasma membrane

subdomain undergoing endocytosis. Alternatively, the endosomal pathway of synaptic

vesicle biogenesis could predominate in PC12 cells as a result of the fact that they are

undifferentiated neuroendocrine cells whereas plasma membrane synaptic vesicle

biogenesis could be utilized in mature neurons. This hypothesis is indirectly supported by

the observation that quantal acetylcholine release along the middle of an axon is brefeldin

A sensitive while at a preformed synapse it is brefeldin A insensitive (Zakharenko et al.

1999). This could suggest that maturation events associated with synapse formation also

cause a conversion of synaptic vesicle biogenesis from an endosomal to a plasma

membrane donor. Furthermore, it is possible that these pathways are not only spatially

separated but also generate different classes of vesicles altogether. Historically, there has

been evidence of synaptic vesicle populations with differing amounts of various marker

proteins including arginine aminopeptidase (Thoidis et al. 1998) and synaptotagmin



(Hannah et al. 1999). In addition, in mocha mice lacking functional AP-3, zinc

containing synaptic vesicles are specifically depleted in mossy fibers (Kantheti et al.

1998). However, how these observations are related to the existence of two separate

synaptic vesicle biogenesis pathways and what the role of these different vesicles might

be has remained elusive.

Recently in the Kelly lab, it was found that it is possible to recapitulate one of

these pathways of SLMV biogenesis in vitro using the AP-3 coat complex and ARF alone

to cause vesiculation from the endosomes of PC12 cells (Falindez et al., 1998). The back

reaction of coating SLMVs is also possible in vitro. A previous study from our lab

showed that ARF1- and AP-3-mediated coating of VAMP-2-labeled vesicles was

dependent on the GTP-form of ARF1 (Falindez et al., 1997), VAMP-2 (Salem et al.

1998), and an AP-3 associated kinase, casein kinase I (Faundez and Kelly 2000).

Moreover, an unidentified ARF1 GTPase Activating Protein (GAP) in rat brain cytosol

was capable of inactivating the GTP form of ARF1 unless the non-hydrolyzable GTP

analogue, GTPYS was used. In the current study, we have used this reverse coating

reaction to further characterize the coating requirements of VAMP-2-labeled SLMVs,

and in particular to analyze the differences between the WT and N49A SLMV-targeting

mutant (Grote et al. 1995) forms of VAMP-2. The amounts of coat proteins recruited to

these vesicles were significantly higher in the case of the N49A mutant than the WT form

of VAMP-2. This increased coating could be a direct result of a higher number of

VAMP-2 molecules per SLMV in the mutant case (Grote et al. 1995), or it could be a

result of some novel property acquired by the mutant. We then went on to use the reverse

coating assay to study the biochemical requirements of coating synaptotagmin I-labeled



vesicles and were surprised to find that the regulation of these coat components is entirely

different in this type of SLMV. Specifically, the recruitment of AP-3 and ARF1 was

ATP, and therefore casein kinase I, independent. In addition, coat recruitment from rat

brain cytosol did not require use of the non-hydrolyzable GTP analogue, GTPYS. This

lack of regulation of AP-3 and ARF1 coat recruitment to synaptotagmin I-labeled

SLMVs may suggest that vesicles containing synaptotagmin I are actually originally

derived by the action of different vesiculation machinery. For instance, it might be

possible that synaptotagmin I-labeled SLMVs are analogous to AP-2-vesicles generated

from a plasma membrane donor while the VAMP-2-labeled vesicles are more similar to

AP-3 vesicles generated from an endosomal donor. This finding suggests that vesicles

derived from different donor membranes may also differ in their protein composition.

This observation could have important functional consequences for the different classes

of vesicles discussed above and their actions in the brain.

:



Synaptotagmins: A Link Between Regulated Exocytosis and Endocytosis

Regulated secretion of proteins and lipids requires a precise balance between

fusion of secretory organelles and the recovery of excess membrane from the cell surface.

The synaptotagmin family of proteins, previously implicated in calcium-regulated

exocytosis, has been suggested to be a key factor in linking these processes.

Synaptotagmin I, a neuronal isoform present in synaptic vesicles and secretory

granules (Matthew et al. 1981), is the best-studied member of this family. Synaptotagmin

I has been shown to be involved in both the exocytic and endocytic arms of membrane

trafficking at the synapse. Synaptotagmin's dual roles in exocytosis and endocytosis were

first suggested by various genetic studies. For instance, mice, homozygous for a mutation

in the synaptotagmin I gene, have a severe defect in the fast synchronous, calcium

dependent release of neurotransmitter (Geppert et al. 1994; Fernandez-Chacon R. 2001)

consistent with a role for synaptotagmin I in mediating calcium-dependence of synaptic

vesicle exocytosis. Similarly, in Drosophila mutants, evoked release and calcium

dependent release were severely depressed (Adolfsen and Littleton 2001). In contrast,

when synaptotagmin I was disrupted in C. elegans, a marked depletion of synaptic

vesicles was seen at nerve terminals (Jorgensen et al. 1995) implying a role for

synaptotagmin I in vesicular recycling.

While these studies suggest mechanisms by which synaptotagmin I may be

involved in Ca"-regulated exocytosis and in endocytosis, a more precise definition of its

role in membrane trafficking was determined by biochemical studies. Specifically, they

have shown that the calcium-dependent interactions of the C2B with phospholipids or

.
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with itself may play a critical role in neurotransmitter release in vivo (Mackler et al.

2002). Additionally, biochemical evidence has shown that the C2B also participates in a

number of calcium-independent interactions with inositol polyphosphates (Fukuda et al.

1994), with the t-SNARE SNAP-25 (Schiavo et al. 1997; Gerona et al. 2000), and with

the "synprint region" of N- and P/Q-type Caº channels (Kim and Catterall 1997; Sheng

et al. 1997). Moreover, synaptotagmin I contains a conserved high-affinity binding site

for AP-2 (Zhang et al. 1994). This interaction of synaptotagmin I with AP-2 is

strengthened in the presence of tyrosine-containing domains needed for cargo

internalization (Haucke and De Camilli 1999) suggesting an attractive model where

synaptotagmins help recruit clathrin-cages in areas of high cargo concentration.

Synaptotagmin VII is a close relative to synaptotagmin I and is nearly as abundant

as synaptotagmin I. In contrast however, expression of synaptotagmin VII is not

restricted to neurons but is found ubiquitously in many tissue-types (Ullrich and Sudhof

1995). Moreover, the localization of synaptotagmin VII in epithelial cells and fibroblasts

is to secretory lysosomes (Martinez et al. 2000; Caler et al. 2001). The parallel structures

and localizations to secretory organelles suggested that synaptotagmin VII could be

operating in a similar way to synaptotagmin I in regulating exocytic events, but in a

different cell type.

In fact, a number of studies have demonstrated a role for synaptotagmin VII in

various forms of regulated exocytosis including exocytosis of secretory lysosomes, dense

core vesicles, and insulin-containing secretory granules. Specifically, the secretion of

synaptotagmin VII-containing lysosomes was found to be Ca" regulated (Martinez et al.

2000). In this case, the C2A domain of synaptotagmin VII is responsible for the calcium

■
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dependent release of the lysosomes as C2A-specific antibodies interfered with this

process. In addition, it has recently been discovered that both the C2A and the C2B of

synaptotagmin VII play a role in dense core vesicle exocytosis in PC12 cells (Sugita et al.

2001; Shin et al. 2002). Furthermore, synaptotagmin VII is involved in exocytosis of

insulin-containing secretory granules in pancreatic fl-cells (Gao et al. 2000; Gut et al.

2001). Synaptotagmin VII, therefore, appears to play a role in secretory granule and

secretory lysosomes exocytosis parallel to that played by synaptotagmin I in synaptic

vesicle exocytosis (Andrews 2000; Gerasimenko et al. 2001). Little is known, however,

about the endocytic arm of synaptotagmin VII trafficking.

The possible role of synaptotagmin VII in endocytosis was first suggested by

endocytosis assays in non-neuronal cells. In these experiments, blocking action of the

AP-2 binding site by overexpression of the synprint region of N- and P/Q-type Ca”

channels had an inhibitory effect on transferrin receptor endocytosis in these cells

(Haucke et al. 2000). In addition, overexpression of a synaptotagmin VII domain for

oligomerization inhibits LDL uptake and clathrin-coated pit formation (von Poser et al.

2000). This pair of studies implicates the ubiquitous synaptotagmin(s) in several forms of

endocytosis, but they do not differentiate between synaptotagmin VII acting as cargo for

endocytosis or remaining at the cell surface, passively facilitating coat recruitment.

Consequently, we designed experiments to determine if synaptotagmin VII does indeed

have similar endocytic properties to synaptotagmin I.

Synaptotagmin I is itself internalized. Surprisingly, the internalization signal of

synaptotagmin I was not identical to and did not require the AP-2 binding site. The

internalization signal was found to be in a region of the C2B domain near the carboxy

-

º
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terminus (Blagoveshchenskaya et al. 1999; Jarousse and Kelly 2001a). The region of the

carboxy-terminus critical for endocytosis was the WHXL motif (Jarousse et al.,

submitted). Regulation of this internalization signal was shown to be responsible for

tissue specific endocytosis of synaptotagmin I (Jarousse and Kelly 2001a). Here we show

that synaptotagmin VII is not actively internalized in neuronal, fibroblast, and epithelial

cell types despite having the AP-2 binding site and the WHXL motif. Because the

internalization signals of synaptotagmin I are latent in some cell types due to inhibitory

elements within the cytoplasmic domain, we looked for internalization signals and

inhibitory interactions within the tail of synaptotagmin VII. Out of context, the carboxy

terminal tail (CT) of synaptotagmin VII's C2B was highly endocytosed in a WHXL

dependent manner, identically to the homologous section of synaptotagmin I. In contrast

to synaptotagmin I, synaptotagmin VII has a second internalization signal in its C2A

domain that lacks both the AP-2 binding site and the previously identified carboxy

terminal WHXL. The homologous WKXL motif in the C2A appeared to play no role in

the domain's internalization properties. While the CT is internalized in a dynamin- and

eps 15-dependent manner, the C2A takes an unconventional pathway that is independent

of both of these proteins. The WHXL-based internalization motif in synaptotagmin VII is

normally latent since the C2B did not internalize. The availability of two C2B domains

with the same internalization signal but different internalization properties allowed us to

map out the region that confers latency in the case of synaptotagmin VII. It was found to

reside in the 37 amino acids corresponding to the first two fl-strands of synaptotagmin

VII's C2B domain. This subdomain was transplantable and conceals or regulates the

endocytic signals in the context of either C2B or the full length synaptotagmin VII
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protein. Here we have identified two strong endocytic signals in synaptotagmin VII that

can be concealed by inhibitory elements in the C2B domain. These data suggest that

synaptotagmin VII may normally act as a passive facilitator of endocytosis, remaining on

the cell surface until special circumstances, as yet unknown, reveal its latent

internalization signals. While on the cell surface, synaptotagmin VII may act to initiate

the hypothesized “priming complex” that would activate compensatory endocytosis in

response to membrane fusion.
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CHAPTER TWO

SYNAPTIC VESICLE MEMBRANE TRAFFICKING

IN NEUROENDOCRINE CELLS

The biogenesis of synaptic vesicles occurs via two distinct pathways that utilize

different donor membranes and vesiculation machinery. Previously in our lab, in vitro

assays were developed using neuroendocrine cells to identify the minimal biochemical

requirements for these vesiculation events (Clift-O'Grady et al. 1998). These studies

identified two major pathways of synaptic-like microvesicle (SLMV) biogenesis in PC12

cells, one from endosomal donors employing ARF1, AP-3, and casein kinase I (Faundez

et al. 1997; Faundez et al. 1998; Faundez and Kelly 2000), and one from the plasma

membrane utilizing AP-2, clathrin, and dynamin (Shi et al. 1998). A variation on these in

vitro biogenesis assays allowed studies of the coating event using a highly purified

membrane fraction for a “reverse-coating” reaction of SLMVs (Faundez et al. 1997;

Faundez et al. 1998; Faundez and Kelly 2000). This coating assay took advantage of the

fact that it is possible to isolate a semi-pure fraction of radiolabeled SLMVs from PC12

cells which can then be used as a substrate for coat polymerization. The recruitment of

coat proteins is then detected through the use of sucrose gradients that separate free

protein from the radioactively-labeled vesicles. Association of coat proteins makes the

vesicles more dense than uncoated vesicles and thereby shifts their mobility in the

gradient. In this study, we set out to use this relatively pure system to more carefully

define the role of each component of the trafficking machineries.
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WT and N49A VAMP-2 SLMVs have the same biochemical requirements for AP-3 and

ARF1 coat recruitment but differ in the extent to which the coat proteins are recruited

We began by focusing on the role of VAMP-2, the synaptic vesicle V-SNARE, in

recruitment of the AP-3/ARF1 coat. The previous studies characterizing the reverse

coating of AP-3 onto VAMP-2-containing SLMVs utilized a PC12 cell line expressing a

mutant form of the VAMP-2 protein. The N49A mutant was originally identified as a

VAMP-2 variant with enhanced SLMV-targeting (Grote et al. 1995); as such, this mutant

allowed for more efficient radioactive labeling of the SLMVs that are purified for use as

coating substrates. However, it is possible that the enhanced sorting of N49A VAMP-2 to

SLMVs is a direct result of its manipulation of the coating machinery. To test this, we

isolated SLMVs from the cell lines expressing epitope-tagged WT and N49A VAMP-2

and tested their coating requirements. As previously shown, N49A VAMP-2 vesicles

required GTPYS (Figure 1A) and an ATP regenerating system (Figure 2A) to become

coated when the source of AP-3 and ARF1 was rat brain cytosol. Similarly, WTVAMP-2

vesicles also required GTPYS (Figure 1B) and an ATP regenerating system (Figure 2B) to

become coated under the same conditions. The inability of GTP to completely substitute

for GTPYS in both of these cases likely reflects the presence of an activated ARF GTPase

Activating Protein (GAP) in the system which could be in the cytosolic or membrane

fraction. When the parallel experiments were done using purified AP-3 and ARF1,

however, neither vesicle type required GTPYS or an ATP regenerating system for coating

(Figures 3 and 4). Therefore, the GAP activity seems to partition with the rat brain

cytosol rather than the membrane fraction. Moreover, the ATP requirement in the

presence of the rat brain cytosol suggests that casein kinase I is utilizing the ATP to

-:
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relieve an inhibitory mechanism present in the cytosol. It is possible that this

phosphorylation event would alleviate the inhibition of the ARF1 GAP or some other

previously unidentified factor. Although both the WT and N49A VAMP-2 vesicles have

the same qualitative set of coating requirements (summarized in Table 2.1),

Table 2. 1: Coat requirements for VAMP-2 SLMVs
VAMP-2 SLMV type

Source of AP-3, ARF1 WT N49A

Rat brain cytosol GTPYS
ATP regenerating system

GTPS
ATP regenerating system

Purified components GTP GTP

careful inspection shows that the quantitative extent of coating is significantly greater in

the case of the N49A VAMP-2 mutant (Figure 5, Table 2.2).

Table 2.2:AP-3 Coating extent in WT versus N49A VAMP-2 SLMVs

Vesicle class WTVAMP-2 N49A VAMP-2

Uncoated sucrose 23.2+0.3% 23.5+0.2%
density

Coated sucrose 26.6+0.4% 29.7+0.4%

density

Since it has been previously shown that VAMP-2 interacts with AP-3 (Salem et al.

1998), the increased amount of AP-3 coat may be a direct consequence of the fact that the

■
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N49A SLMVs contain more VAMP-2 molecules per vesicle than do the WT SLMVs

(Grote et al. 1995). Alternatively, this could be a result of a new property that the N49A

mutant acquired that allows it both to sort to SLMVs and to bind AP-3 more efficiently.

Recruitment of AP-3 and ARF1 coat to synaptotagmin I SLMVs is not regulated in the

same way as coat recruitment to VAMP-2 SLMVs

In parallel to the studies focusing on the properties of WT and N49A VAMP-2

vesicles, we also carried out a characterization of the coating properties of synaptotagmin

ISLMVs. Synaptotagmin I has been implicated as the calcium sensor in Caº'-triggered

exocytosis (Tucker and Chapman 2002). Therefore, synaptotagmin I may serve to bridge

fusion and budding in much the same way as VAMP-2. In order to assess its contribution

to the coating event, we began by first testing to see what the minimal protein

requirements were for coating synaptotagmin I SLMVs using purified AP-3 and ARF1. A

shift to higher density in the sucrose gradient was only detected in the case where the

vesicles were coated with both AP-3 and ARF1 in the presence of GTP (Figure 6A).

Moreover, the ARF1 needed to be myristoylated (Figure 6B), a lipid modification that

may aid its ability to associate with the SLMV and potentially create a ternary complex

with AP-3. Once the protein requirements were established, we next tested the nucleotide

requirements for GTPYS and ATP. Surprisingly, GTPyS was not required to facilitate coat

recruitment from rat brain cytosol (Figure 7A) in the absence of an ATP regenerating

system or from purified proteins in the presence (Figure 7B) or absence (Figure 7C) of an

ATP regenerating system. Likewise, ATP was not required for coat recruitment from rat
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brain cytosol in the presence of GTPYS (Figure 8A) or from purified proteins in the

presence of either GTPYS (Figure 8B) or GTP (data not shown).

In summary, the regulation of coat recruitment seen with VAMP-2 SLMVs is

largely not present when coating synaptotagmin I SLMVs with AP-3 and ARF1 from

either purified components or from cytosol (summarized in Table 2.3).

Table 2.3: Coat requirements in VAMP-2 versus synaptotagmin I SLMVs
SLMV type

Source of AP-3, ARF1 WAMP-2 Synaptotagmin I

Rat brain cytosol GTPYS GTP
ATP regenerating system

Purified components GTP GTP

The one exception we did identify is that GTP is required for coat recruitment over GDP,

but the non-hydrolyzable analogue is not necessary (Figure 7). The fact that the

synaptotagmin I SLMVs are not susceptible to the same inactivation by the ARF GAP

that inactivates coating of VAMP-2 vesicles may indicate that synaptotagmin I vesicles

normally utilize a different ARF GAP, GAP activator, or casein kinase I target that

doesn't partition with either the cytosol or the synaptotagmin I SLMV fraction.

Alternatively, it is possible that synaptotagmin I vesicles are not normally coated by AP-3

and ARF1 under physiological conditions, and because this interaction only occurs under

in vitro conditions, regulators of this binding event do not exist in vivo.

i
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To explain the regulatory discrepancies in coat recruitment and to differentiate

between these possibilities, we attempted to identify protein differences between the

VAMP-2 and synaptotagmin I vesicles. Unfortunately, the low amounts of proteins used

in this assay along with the complex protein profile of each vesicle type and difficulties

in immunoisolation of these vesicle populations has prevented us from having the

resolution to identify protein regulators in this manner. However, one difference between

the SLMV classes that was identified was the dimerization status of the VAMP-Tag as

compared to the endogenous VAMP (data not shown). The epitope tagged version of

both the WT and N49A VAMP-2 had a linker region derived from transferrin receptor

between the T-Antigen tag and the VAMP-2 sequence. Moreover, this linker region

contained a cysteine residue that caused the tagged construct to dimerize via a disulfide

linkage. An attractive possibility was that the dimerized version of VAMP-2 might signal

completion of the vesiculation event by nature of the fact that a dimer could only form

when there were at least two VAMP-2 molecules included in the SLMV, in effect acting

as a biochemical timer. Once this completion of vesiculation was signaled to the

regulatory machinery, the uncoating, regulated by the ARF1 GAP in preparation for

vesicle fusion, could begin. In order to address this possibility, cysteine to alanine

mutants (C126A) were generated to see if loss of dimerized VAMP-2 correlated with loss

of a reverse coating GTPYS requirement. Unfortunately, we were unable to confirm this

hypothesis using the C126A mutants because we were technically limited by the amount

of WT or N49A VAMP-2 C126A SLMVs that we were able to isolate from these cell

lines. As an alternative approach, we performed coating events in the presence of 120

mM 3-mercaptoethanol, a concentration high enough to reduce the disulfide bond

*
:

20



between the VAMP-TAg constructs. The reverse coating of these reduced N49A VAMP

2 SLMVs, however, continued to require GTPYS and an ATP regenerating system in the

presence of rat brain cytosol (data not shown). Therefore, it is unlikely that the

dimerization status of VAMP-2 explains the differences in coating requirements between

the VAMP-2 SLMVs and the synaptotagmin I SLMVs. Nevertheless, it is still formally

possible that an unidentified component of one of the SLMV subtypes confers the coat

recruitment regulation observed as nucleotide requirements in reverse coating assays.

The latter hypothesis where reverse coating of synaptotagmin I vesicles by AP-3

and ARF1 in vitro reflects a non-physiological biochemical event assumes that the

reaction occurs in the absence of a physiological regulator. This theory is supported by

the fact that synaptotagmin I is known to have a high affinity interaction with AP-2

(Zhang et al. 1994). It thus follows that synaptotagmin I SLMVs are more likely to be

coated by AP-2 and clathrin under physiological conditions. Furthermore, in vivo staining

of differentiated PC12 cells shows synaptotagmin I staining at process tips (Blumstein et

al. 2001) where AP-2 and dynamin also are found. In contrast, AP-3 is localized to

varicosities along the axon and is not concentrated at the process tips (Zakharenko et al.

1999; Blumstein et al. 2001). In addition, the total amount of AP-3 and ARF1 recruited to

the synaptotagmin I SLMVs was quite small, as evidenced by the modest nature of the

density shifts (Figure 7C) as compared to those of the VAMP-2 SLMVs (Figure 5).

These facts taken together suggest that synaptotagmin I-containing vesicles may

represent a population of vesicles that were originally derived from the plasma membrane

through the actions of AP-2, clathrin, and dynamin. Moreover, this observation along

with the strong biochemistry showing that AP-3 and ARF1 produce VAMP-2 SLMVs

.
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from endosomal donors suggests that these two distinct pathways of synaptic vesicle

biogenesis may generate different classes of synaptic vesicles altogether (Figure 9). The

potential existence of multiple functionally different populations of synaptic vesicles has

been suggested in previous studies (Kantheti et al. 1998; Thoidis et al. 1998; Hannah et

al. 1999), but the functional implications of synaptic vesicles with differing amounts of

various synaptic markers remains to be seen. One possibility is that the plasma

membrane-derived vesicles are the population of SLMVs most similar to true synaptic

vesicles. Fusion of these vesicles would be subject to calcium regulation. Likewise, the

endosomal SLMVs could be generated by a salvage pathway that exists to retrieve

synaptic proteins that have escaped from the exocytic and endocytic hotspots and return

them to the plasma membrane in a constitutive fashion. In fact, previous studies in our

lab analyzing exocytosis of N49A VAMP-2 SLMVs were unable to detect a calcium

mediated phase of exocytosis but were able to measure constitutive exocytosis of these

vesicles (Zamanian, unpublished results). Moreover, the existence of both brefeldin A

resistant and brefeldin A sensitive SLMV targeting signals in synaptotagmin I

(Blagoveshchenskaya et al. 1999) supports the idea that these complementary signals

maintain synaptotagmin I trafficking dynamics. For instance, synaptotagmin I may be

trafficked in the plasma membrane synaptic vesicle cycle predominantly through its

brefeldin A resistant signal and may be retrieved endosomally through its minor brefeldin

A sensitive sorting signal in the atypical event that it escapes this cycle. These studies and

future characterization and classification of synaptic vesicles will serve as an important

foundation for understanding the functional consequences of having multiple populations

of synaptic vesicles in the brain.

.
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Figure 2. 1: N49A and WTVAMP-2 SLMVs require GTPYS when coat proteins
are recruited from rat brain cytosol.
N49A (A) and WT (B) VAMP-2 SLMVs were incubated with rat brain cytosol
in the presence of either GTP or GTPYS and an ATP regenerating system. The
subsequent recruitment of coat is measured in terms of the shift in density of the
peak of radioactive vesicles on a 10-45% sucrose gradient. A higher percentage
sucrose position of the peak corresponds to more efficient coat recruitment. The
panels above depict representative experiments for n=5 independent trials.
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Figure 2.2: N49A and WTVAMP-2 SLMVs require ATP regenerating system when
coat proteins are recruited from rat brain cytosol.
N49A (A) and WT (B) VAMP-2 SLMVs were incubated with rat brain cytosol
and GTPYS in the presence or absence of an ATP regenerating system. The
subsequent recruitment of coat is measured in terms of the shift in density of
the peak of radioactive vesicles on a 10–45% sucrose gradient in the previously
described reverse coating assay. The figures above depict representative
experiments for n=5 and n=4 independent trials in panels A and B respectively.
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Figure 2.3: N49A and WTVAMP-2 SLMVs' coating by pure AP-3 and ARF1 is
equally efficient in the presence of GTP or GTPYS.
N49A (A) and WT (B) VAMP-2 SLMVs were incubated with pure AP-3 and ARF1
in the presence of either GTP or GTPYS and an ATP regenerating system. The
subsequent recruitment of coat was measured by using the previously described
method of the reverse coating assay. The graphs above depict representative
experiments for n=5 and n=2 independent trials in panels A and B respectively.
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Figure 2.4: N49A and WTVAMP-2 SLMVs' coating by pure AP-3 and ARF1 is
equally efficient in the presence or absence of ATP or an ATP regenerating system. C
(A) N49A VAMP-2 SLMVs were incubated with pure AP-3, ARF1, and GTPYS
in the presence or absence of an ATP regenerating system. (B) WTVAMP-2 º
SLMVs were incubated with pure AP-3, ARF1, and GTPYS in the presence of
either an ATP regenerating system or ATP alone.The subsequent recruitment of c
coat was measured using the previously detailed reverse coating assay. The figures
above depict representative trials for n=4 and n=2 independent experiments in panels
A and B respectively. %
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Figure 2.5: N49A and WTVAMP-2 SLMVs differ in the extent to which they recruit
COat. {

N49A and WTVAMP-2 SLMVs were incubated with rat brain cytosol, GTP/S, and R
ATP regenerating system. The results of n=6 experiments were averaged, and the error
bars correspond to standard error of the peak percent sucrose value. A two-tailed
student's T-test confirms that the density shifts are significantly different (p< 9.6x10-5). º
These values were obtained through the previously described reverse coating assay.
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Figure 2.6: Synaptotagmin I SLMVs can be coated by pure AP-3 and myristoylated
ARF1.

(A) Synaptotagmin I (Syt I) SLMVs were incubated with pure AP-3, ARF1, and GTP
in various combinations. All three components were necessary for the coating event to
take place. (B) Syt I SLMVs were incubated with pure AP-3, GTP, and ATP in the presence
of either myristoylated (myr-ARF1) or non-myristoylated (nonmyr-ARF1) ARF1.The
subsequent recruitment of coat was determined through using the previously detailed
reverse coating assay. The panels above depict representative experiments for n=3
independent trials.
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Figure 2.7.1: Synaptotagmin I SLMVs' coating by rat brain cytosol is equally efficient
in the presence of GTP or GTPYS.
(A) Synaptotagmin I (Syt I) SLMVs were incubated with rat brain cytosol and GTP or
GTPyS. The subsequent recruitment of coat was determined using the previously
described reverse coating assay. The graph above depicts a representative experiment
for n=2 independent trials.
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Figure 2.7.2: Synaptotagmin ISLMVs' coating by pure AP-3 and ARF1 is equally
efficient in the presence of GTP or GTPyS, but GDP is insufficient to promote coating.
(B) Synaptotagmin I (Syt I) SLMVs were incubated with pure AP-3, ARF1, and ATP
regenerating system in the presence of either GDP, GTP, or GTPyS. The line graph
above depicts a representative trial for n=3 independent experiments. (C) Syt I SLMVs
were incubated with pure AP-3, ARF1, and ATP regenerating system in the presence
of either GTP or GTPyS. The results of n=4 experiments were averaged, and the error
bars correspond to standard error of the peak percent sucrose value for radioactive
vesicles on a 10–45% sucrose gradient as determined through the reverse coating assay.
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Figure 2.8: Synaptotagmin I SLMVs' coating is equally efficient in the presence or
absence of ATP regenerating system.
(A) Synaptotagmin I (Syt I) SLMVs were incubated with rat brain cytosol and GTPyS Cl

in the presence or absence of ATP regenerating system. (B) Syt I SLMVs were incubated R
with pure AP-3, ARF1, and GTPyS in the presence of either no ATP ATP alone, or ATP
regenerating system. The subsequent recruitment of coat was determined using the
previously described reverse coating assay. The panels above depict representative sº
experiments for n=2 independent trials.
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Figure 2.9: Synaptotagmin I and VAMP-2 SLMVs may differ in their biogenesis and
function.
Differential regulation of coating of each of these classes of vesicles suggests that they
may use different coating machinery under physiological conditions. By correlation, this
implies that the vesicles generated from the different donor membranes also have different
exocytic properties. This hypothesis along with the observation that these differentially
regulated populations of vesicles are marked by different proteins suggests that they may
play functionally distinct roles in the brain. (Figure adapted from Sudhof 1995.)
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CHAPTER THREE

Internalization signals in synaptotagmin VII utilizing two

independent pathways are masked by intramolecular

inhibitions

Shoumita Dasgupta and Regis B. Kelly.
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SUMMARY

The synaptotagmin family of membrane proteins has been implicated in both exocytosis

and endocytosis. Synaptotagmin I, a protein containing two tandem C2 domains (the C2A

and the C2B) in its cytoplasmic tail, is known to be involved in regulated exocytosis of

synaptic vesicles and compensatory endocytosis as well. A related family member,

synaptotagmin VII, is involved in multiple forms of regulated exocytosis of lysosomes

and secretory granules. In this study we show that the cytoplasmic C2 domains in

synaptotagmin VII contain unique internalization signals and regulators of these signals.

The carboxy-terminal portion of the C2B is internalized in much the same way as the

corresponding region of synaptotagmin I. This signal is tryptophan-based and dynamin

and eps 15-dependent. In contrast, the C2A contains an unusual internalization signal that

is not seen in the C2A of synaptotagmin I. This signal is not based on the homologous

tryptophan in its carboxy-terminus. Moreover, internalization of the C2A domain is both

dynamin- and eps 15-independent. Finally, the C2B domain of synaptotagmin VII

contains an inhibitory motif that prevents internalization. Endocytic trafficking of

synaptotagmin VII is thus governed by these two latent internalization signals which are

concealed by intramolecular inhibition. We propose that endocytosis of synaptotagmin

VII is regulated in this way to allow it to couple the processes of regulated exocytosis and

compensatory endocytosis.
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INTRODUCTION

Regulated secretion of proteins and lipids requires a precise balance between

fusion of secretory organelles and the recovery of excess membrane from the cell surface.

The synaptotagmin family of proteins, previously implicated in calcium-regulated

exocytosis, has been suggested to be a key factor in linking these processes.

The 13 current members of the synaptotagmin family of proteins share a unique

domain configuration: a short N-terminal region followed by a transmembrane sequence

and a long cytoplasmic tail (Perin et al. 1991; Sudhof 2002) consisting of two tandem C2

domains (the C2A domain and C2B domain) originally identified as calcium-binding

domains in protein kinase C (Kikkawa et al. 1989). Synaptotagmin I, a neuronal isoform

present in synaptic vesicles and secretory granules (Matthew et al. 1981), is the best

studied member of this family. Its role in exocytosis was first suggested by biochemical

studies that have shown that the C2A domain is responsible for the calcium-dependent

association of synaptotagmin I with acidic phospholipids and with syntaxin (Sudhof and

Rizo 1996), although recent in vivo studies have suggested that these particular

interactions are not the sole means by which synaptotagmin promotes membrane fusion

(Fernandez-Chacon R. 2001; Robinson et al. 2002). The calcium-dependent interactions

of the C2B with phospholipids, or with itself, however, may play a critical role in

neurotransmitter release in vivo (Mackler et al. 2002). Additionally, the C2B also

participates in a number of calcium-independent interactions with inositol

polyphosphates (Fukuda et al. 1994), with the t-SNARE SNAP-25 (Schiavo et al. 1997;

Gerona et al. 2000), and with the "synprint region" of N- and P/Q-type Caº channels

(Kim and Catterall 1997; Sheng et al. 1997). Furthermore, mice, homozygous for a
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mutation in the synaptotagmin I gene, have a severe defect in the fast synchronous,

calcium-dependent release of neurotransmitter (Geppert et al. 1994; Fernandez-Chacon

R. 2001) consistent with a role for synaptotagmin I in mediating calcium-dependence of

synaptic vesicle exocytosis. Similarly, in Drosophila mutants, evoked release and

calcium-dependent release were severely depressed (Adolfsen and Littleton 2001).

However, synaptotagmin I does not seem to be required for secretory granule exocytosis

in neuroendocrine cells (Shoji-Kasai et al. 1992), suggesting molecular differences

between synaptic vesicle and secretory granule fusion with the plasma membrane.

Synaptotagmin VII is a close relative to synaptotagmin I and is nearly as abundant

as synaptotagmin I. In contrast however, expression of synaptotagmin VII is not

restricted to neurons but is found ubiquitously in many tissue-types (Ullrich and Sudhof

1995). Moreover, the localization of synaptotagmin VII in epithelial cells and fibroblasts

is to secretory lysosomes (Martinez et al. 2000; Caler et al. 2001). The secretion of these

synaptotagmin VII-containing lysosomes was found to be Ca" regulated (Martinez et al.

2000), mirroring the regulated secretion of synaptotagmin I-containing synaptic vesicles

(Andrews 2000; Gerasimenko et al. 2001). In addition, synaptotagmin VII plays a role in

dense core vesicle exocytosis in PC12 cells (Sugita et al. 2001; Shin et al. 2002) and in

insulin-containing secretory granule exocytosis in pancreatic fl-cells (Gao et al. 2000; Gut

et al. 2001). Synaptotagmin VII, therefore, contributes to secretory granule and secretory

lysosomes exocytosis just as synaptotagmin I contributes to synaptic vesicle exocytosis.

The connection between synaptotagmin and endocytosis has only recently begun

to be understood. When synaptotagmin I was disrupted in C. elegans, a marked depletion

of synaptic vesicles was seen at nerve terminals (Jorgensen et al. 1995) implying a role
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for synaptotagmin I in vesicular recycling. Moreover, synaptotagmin I contains a

conserved high-affinity binding site for AP-2 (Zhang et al. 1994). Blocking action of this

site by overexpression of the synprint region of N- and P/Q-type Ca" channels had an

inhibitory effect on transferrin receptor endocytosis in non-neuronal cells (Haucke et al.

2000). In addition, overexpression of a synaptotagmin VII domain for oligomerization

inhibits LDL uptake and clathrin-coated pit formation (von Poser et al. 2000). This group

of studies implicates the synaptotagmins in several forms of endocytosis. Moreover, the

interaction of synaptotagmin I with AP-2 is strengthened in the presence of tyrosine

containing domains needed for cargo internalization (Haucke and De Camilli 1999); an

attractive model is that synaptotagmins help recruit clathrin-cages in areas of high cargo

concentration. They could themselves be cargo for endocytosis or they could remain at

the cell surface, passively facilitating coat recruitment.

Synaptotagmin I is itself internalized. Surprisingly, the internalization signal of

synaptotagmin I was not identical to and did not require the AP-2 binding site. The

internalization signal was found to be in a region of the C2B domain near the carboxy

terminus (Blagoveshchenskaya et al. 1999; Jarousse and Kelly 2001a). The region of the

carboxy-terminus critical for endocytosis was the WHXL motif (Jarousse et al.,

submitted). Regulation of this internalization signal was shown to be responsible for

tissue specific endocytosis of synaptotagmin I (Jarousse and Kelly 2001a). Here we show

that synaptotagmin VII is not actively internalized in neuronal, fibroblast, and epithelial

cell types despite having the AP-2 binding site and the WHXL motif found to be

important for internalization of synaptotagmin I. Because the internalization signals of

synaptotagmin I are latent in some cell types due to inhibitory elements within the
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cytoplasmic domain, we looked for internalization signals and inhibitory interactions

within the tail of synaptotagmin VII. Out of context, the carboxy-terminal tail (CT) of

synaptotagmin VII's C2B was highly endocytosed in a WHXL-dependent manner,

identically to the homologous section of synaptotagmin I. In contrast to synaptotagmin I,

synaptotagmin VII has a second internalization signal in its C2A domain which lacks

both the AP-2 binding site and the previously identified carboxy-terminal WHXL. The

homologous WKXL motif in the C2A appeared to play no role in the domain's

internalization properties. While the CT is internalized in a dynamin- and eps 15

dependent manner, the C2A takes an unconventional pathway that is independent of both

of these proteins. The WHXL-based internalization motif in synaptotagmin VII is

normally latent since the C2B did not internalize. The availability of two C2B domains

with the same internalization signal but different internalization properties allowed us to

map out the region that confers latency in the case of synaptotagmin VII. It was found to

reside in the 37 amino acids corresponding to the first two fl-strands of synaptotagmin

VII's C2B domain. This subdomain was transplantable and conceals or regulates the

endocytic signals in the context of either C2B or the full length synaptotagmin VII

protein. Here we have identified two strong endocytic signals in synaptotagmin VII

which are concealed by inhibitory elements in the C2B domain. These data suggest that

synaptotagmin VII may normally act as a passive facilitator of endocytosis, remaining on

the cell surface until special circumstances, as yet unknown, reveal its latent

internalization signals.
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MATERIALS AND METHODS

Cell lines

PC12 cells were grown in DMEH-21 media supplemented with 10% horse serum,

5% FCS, and penicillin-streptomycin. CHO cells were grown in F12 media supplemented

with 10% FCS and penicillin-streptomycin. NRK cells (American Type Culture

Collection) were grown in DMEH-21 media supplemented with 10% FCS and penicillin

streptomycin. Phoenix cells (American Type Culture Collection) were grown in DMEH

21 media supplemented with 10% FCS and penicillin-streptomycin.

Reagents and antibodies

The pBGFP plasmid encoding rat synaptotagmin VIIs was provided by Dr. Norma

Andrews (Yale University, New Haven, CT). The pBMN-Z-I Neo plasmid was provided

by Dr. Don Ganem (University of California at San Francisco, San Francisco, CA).

The monoclonal antibody against the lumenal domain of the human CD4 (clone

Q4120) was obtained from the Medical Research Council AIDS Reagents Program

(National Institute for Biological Standards and Control) for use in internalization assays.

A second monoclonal antibody against the lumenal domain of CD4 (Pharmigen, clone

RPA-T4) was used for immunofluorescence and flow cytometry.

Constructs

For the CD4-synaptotagmin constructs, a CD4 fragment (corresponding to residues

1–426) encoding the lumenal, transmembrane, and 12 amino acids of the cytoplasmic
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region of the human CD4 was amplified by PCR from pBMN-Syt 1 (Jarousse and Kelly

2001a). The primers were chosen so that the CD4 coding region was downstream of a

BamhI restriction site and upstream of a BstBI restriction site followed by a stop codon

and Sall restriction site. This fragment was digested with BamhI and Sall and inserted

into the corresponding sites in pBMN-Z-I Neo to generate pBMN-CD4-Tailess. The

cytoplasmic domains of synaptotagmin I were amplified by PCR from the pBMN-Syt 1

plasmid to generate the following fragments: C2A-C2B (encoding residues 95–421),

C2A (residues 95–265), C2B (residues 266–421), and CT (residues 393–421). Similarly,

the cytoplasmic domains of synaptotagmin VII were amplified by PCR from the pBGFP

Syt VIIs plasmid to generate the following fragments: C2A-C2B (encoding residues 98

403), C2A (residues 98-260), C2B (residues 261-403), and CT (residues 387-403). The

forward primers were flanked with a BstBI restriction site, and the reverse with a stop

codon (for the C2A fragments only) and a Sall restriction site. The PCR products were

digested and ligated to the corresponding sites of pBMN-CD4-Tailess to generate in

frame CD4/synaptotagmin fusions. The Syt 7 C2A W253A, Syt 7 CTW398A, and Syt 1

CTW404A mutants were generated using a QuikChange site-directed mutagenesis kit

(Stratagene). The C2B chimeras were generated in a two-step PCR-based cloning

strategy. First, the C2B fragment was amplified using an outer primer complementary to

a single synaptotagmin sequence and a chimeric primer composed of half Syt 1 sequence

and half Syt 7 sequence surrounding the junction point. The corresponding C2B

fragments were then mixed together and amplified using the opposing synaptotagmin

outer primers alone to generate a chimeric C2B construct. The outer forward primers

were flanked with a BstBI restriction site, and the outer reverse with a Sall restriction
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site. The PCR-generated chimeras were digested and ligated to the corresponding sites of

pBMN-CD4-Tailess. The chimeric construct compositions are detailed in the Figure 7

legend. All constructs were verified by sequencing.

Transfections and retroviral infections

For retroviral infections, we used a vector derived from pBMN-Z-I-Neo in which

the Lacz gene was deleted (fragments Bamh 1-Sall) and replaced by our genes of interest

(containing the CD4/synaptotagmin ORFs). The vector contains the internal ribosome

entry site of the encephalomyocarditis virus upstream of the neomycin resistance gene.

This permits both the gene of interest and the neomycin resistance gene to be translated

from a single bicistronic mRNA. Using this method, nearly all surviving colonies will

stably express the gene of interest after selection with G418. Expression of the bicistronic

mRNA is controlled by the 5' viral LTR promoter (Full length Moloney LTR).

The Phoenix cells were transfected with the different CD4–synaptotagmin

constructs using Fugene-6 transfection reagent (Roche). On transfection of the vectors,

the Phoenix-packaging cell line produces replication-defective viral particles that were

used for stable gene transfer and expression in PC12, CHO, and NRK cells. Virus

containing supernatants were filtered through a low binding protein 0.45-pim filter (Pall

Corporation) 48 hours posttransfection, supplemented with 4 pg/ml of hexadimethrine

bromide (Sigma-Aldrich), and used to infect PC12, CHO, or NRK cells. After 48–72

hours, 400 pg/ml of G418 was added. 7-10 d after infection, colonies were pooled and

propagated in culture in the presence of 400 pg/ml of G418. Cells were treated for 21 h
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before the experiments with 500 nM of trichostatin A to enhance expression of the

COnStructS.

Internalization assays using iodinated antibodies

50 pig of Q4120 antibody was iodinated on iodogen-coated tubes (Pierce

Chemical Co.) as described (Clift-O'Grady et al. 1998). Cells were plated on collagen and

poly-D-lysine—coated 12-well plates two days before the assay. Cells were incubated for

1 hour at 4°C with 100 ng/ml of *I-Q4120 in DMEH-21 media supplemented with 1%

BSA and 10 mM Hepes, pH 7.4. Unbound antibody was removed by extensive washes.

Cells were next incubated at 37°C for 10 minutes to allow endocytosis and then returned

to 4°C. Antibody remaining at the cell surface was removed by two 10-min acid-stripping

washes at 4°C in PBS/BSA supplemented with 30 mM glycine and adjusted to pH 2.4.

Acid-resistant antibody was collected by lysing the cells in 2 M NaOH. The fraction of

antibody internalized was calculated by dividing the acid-resistant radioactive cpm by the

sum of acid-resistant and –accessible cpm and averaging over the samples taken in

triplicate. A background of acid-resistant counts in cells kept at 4°C was subtracted from

each value, and the error bars depict standard error of the mean.

Immunofluorescent microscopy

PC12 cells were plated onto 8-well collagen and poly-D-lysine coated slides at

various densities two days before the slides were processed. For uptake experiments, the

cells were chilled on ice and were incubated for 1 hour at 4°C with 1 pig■ mL anti-CD4

monoclonal antibody (Pharmigen, clone RPA-T4) in DMEH-21 media supplemented
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with 1% BSA and 10 mM Hepes, pH 7.4. Unbound antibody was removed by extensive

washes. Cells were next incubated at 37°C for 10 minutes to allow endocytosis and then

returned to 4°C. After washing in ice cold PBS, cells were fixed in 4% para

formaldehyde and quenched in PBS, 25 mM glycine. Next, the cells were permeabilized

and blocked for 1 h in 2% BSA, 1% fish skin gelatin, and 0.02% saponin in PBS

(blocking solution). Finally, the cells were stained for 1 hour at room temperature with

secondary antibody, 10 pg/mL AlexaFluor 488 goat-anti-mouse IgG (Molecular Probes)

in blocking solution. After several washes, slides were mounted in Movial and viewed

with a 100x oil immersion lens on a Zeiss Axioscope.

Flow cytometry analysis

PC12 cells stably expressing synaptotagmin VII C2A-C2B, C2A, or CT were

transiently transfected with expression vectors using Lipofectamine 2000 (Life

Technologies). A single well of a 6-well plate was transfected per sample two days

before flow cytometry analysis. The plPES2-EGFP expression vectors encoded either

endocytic regulators (the wild type or dominant negative versions of dynamin (Schmidlin

et al. 2001) or eps 15 (Benmerah et al. 1999)) or the regulatory fragment of interest of the

C2B. In the case of the eps 15 constructs, the coding region was fused directly to EGFP.

However, in the case of the dynamin constructs and C2B fragments, the vector also

contains an internal ribosome entry site of the encephalomyocarditis virus between the

multiple cloning site (MCS) and the enhanced green fluorescent protein (EGFP) coding

region. Both vector architectures permit the gene of interest (cloned into the MCS) and

the EGFP gene to be translated and allows for the identification, by flow cytometry, of
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transiently transfected mammalian cells expressing EGFP and the protein of interest. The

cells were harvested, labeled at 4°C for 1 hour with 1 pig■ mL anti-CD4 monoclonal

antibody (Pharmigen, clone RPA-T4) in PBS, 1% BSA. After washing, surface-bound

antibody was visualized by addition at 4°C for 30 minutes of 1 pig■ mL phycoerythrin

conjugated goat F(ab'), anti—mouse IgG antibody (Caltag) in PBS, 1% BSA. After

washing and resuspending in PBS, cells were analyzed with a Becton Dickinson

FACScalibur. The data were collected in a logarithmic mode, and the mean of

fluorescence intensity was calculated.

Structural analysis

The structural model of the synaptotagmin VII C2B was constructed using the Swiss

Model program (www.expasy.ch/swissmod/SWISS-MODEL.html) basing the homology

modeling on the published structure of the synaptotagmin I C2B (Fernandez et al. 2001).

The figure was then prepared using the WebLab Viewer Lite 3.2 software.

1■

cs

º,



RESULTS

Synaptotagmin VII is not endocytosed in PC12 cells or CHO cells

Previous studies have shown that the synaptic vesicle protein synaptotagmin I can

be endocytosed in PC12 cells but not CHO cells (Jarousse and Kelly 2001a), presumably

because CHO cells lack the machinery required for synaptic vesicle recycling. Since both

synaptotagmin I and synaptotagmin VII are involved in regulated exocytosis events, we

wanted to determine if synaptotagmin VII was also subject to cell-type specific

endocytosis. In order to test this possibility, we generated fusion constructs between the

CD4 lumenal and transmembrane domains and the synaptotagmin full length cytoplasmic

domain (C2A-C2B). These proteins were stably expressed in PC12, CHO, and NRK cells

by retroviral infection. They were subsequently tested for internalization by labeling cell

surface synaptotagmin VII with *I-Q4120, anti-CD4, at 4°C and allowing internalization

at 37°C for 10 minutes. When tested in PC12 cells, we did not detect significant

internalization of synaptotagmin VII relative to synaptotagmin I (Figure 1A). Since

synaptotagmin VII is on the cell surface of PC12 cells (Sugita et al. 2001) but is

intracellular in epithelial normal rat kidney (NRK) cells (Martinez et al. 2000) and in

fibroblastic Chinese hamster ovary (CHO) cells (Caler et al. 2001), we examined

endocytosis in these two cell types showing an internal organellar staining and known to

demonstrate regulated exocytosis. Nevertheless, neither synaptotagmin I nor

synaptotagmin VII was endocytosed in the case of CHO cells (Figure 1B) or NRK cells

(data not shown). In order to determine if endocytosis could be activated by stimulation

of the exocytic pathway, we increased intracellular Caº levels in the cells. Towards this
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end, we used 10 puM ionomycin (Martinez et al. 2000) either before or during the 37°C

incubation in CHO cells or 90 mM K depolarization in PC12 cells. None of the stimuli

tested had detectable effects on synaptotagmin VII's ability to endocytose (data not

shown). Thus although the synaptotagmins have been implicated in endocytosis in

fibroblast-like cells (Haucke et al. 2000; von Poser et al. 2000) synaptotagmin VII does

not itself have internalization signals that are active under the conditions tested.

The carboxy-terminal and C2A domains of synaptotagmin VII contain functional

internalization signals

Failure to be internalized is not an artifact of transfection, but is due to the

inaccessibility of an internalization domain. Synaptotagmin VII has cytoplasmic domains

very similar to those of synaptotagmin I, in particular having the AP-2 binding site, the

WHXL motif, and the Caº binding/oligomerization residues (Figure 1C). To identify any

latent internalization signals, we generated fusion proteins that isolated the individual

cytoplasmic domains of synaptotagmin VII. Such a signal was predicted to be in the

carboxy-terminal fragment of synaptotagmin VII (CT 7), a segment of the C2B domain

that includes the WHXL motif found to be a strong internalization signal in

synaptotagmin I (Jarousse et al., submitted). This region of synaptotagmin VII had as

strong an internalization signal as the corresponding domain in synaptotagmin I in PC12

cells (Figure 2A) as well as in CHO cells as well (data not shown). Likewise, the

internalization of the synaptotagmin VIICT was dependent on the presence of the

analogous tryptophan within the WHXL as an alanine mutant failed to internalize above

background in PC12 cells (Figure 2B). Thus, synaptotagmin VII has the same
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internalization motif as is used by synaptotagmin I, but it is completely latent in PC12

cells.

Next, the C2A domain of synaptotagmin VII (C2A 7) was tested for its ability to

be internalized in PC12 cells. Surprisingly, although the corresponding domain had no

endocytic properties in synaptotagmin I (Blagoveshchenskaya et al. 1999; Jarousse and

Kelly 2001a), this domain in synaptotagmin VII contained a potent internalization signal

(Figure 3A). Moreover, the signal within this domain appears to be a universal signal as

demonstrated by the fact that the C2A is internalized in CHO cells as well (Figure 3B).

Notably, this domain, despite being homologous to the C2B domain, does not contain the

polybasic region known to bind AP-2. It does however contain a sequence at its carboxy

terminal end that is similar to the WHXL in location and sequence. We next mutated the

tryptophan in the C2A's WKXL sequence to an alanine and tested this conna for its

ability to be endocytosed. In this case, the tryptophan is not involved in the endocytosis

of this domain (Figure 3C).

We verified internalization of the C2A domain by a morphological assay of

endocytosis. When PC12 cells were incubated with anti-CD4 antibody at 4°C, the labeled

fusion proteins remained at the cell surface (Figure 4A, C, E). When the temperature was

increased to 37°C for 10 minutes, the CD4-C2A-C2B synaptotagmin VII construct

continued to remain at the plasma membrane (Figure 4B). However, when the

synaptotagmin VII CT- and C2A-expressing cells were moved to 37°C, these proteins

were taken up into internal compartments (Figures 4D and F). This confirmed that both

the CT and C2A domains of synaptotagmin VII contain strong internalization signals.
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The carboxy-terminus and C2A domains are internalized by different mechanisms

Endocytosis mechanisms can be subdivided according to their sensitivity to

dominant negative inhibitors. Although the CT WHXL signal in synaptotagmin I is not a

typical internalization signal, it is internalized by a conventional AP-2- and dynamin

dependent pathway (Jarousse et al., submitted). By analogy, the CT of synaptotagmin VII

should behave in a similar way. To substantiate this hypothesis, we used specific

inhibitors of traditional clathrin-mediated endocytosis to analyze their effect on the

trafficking of both the CT and C2A domains of synaptotagmin VII. We used both

functional and dominant negative versions of dynamin or eps 15, tagged by coexpression

with or fusion to GFP, transiently transfected into stable cells expressing either the

synaptotagmin VIICT fragment or the C2A domain. The dynamin K44E mutant, mutated

in its GTP binding pocket, acted in a dominant-negative fashion to inhibit dynamin

dependent endocytosis (Herskovits et al. 1993). Likewise, the eps 15 fragments used were

found to retain their endocytic ability when the AP-2-binding-domain was deleted

(fragment D3A2) but acted as dominant negative inhibitors of AP-2-dependent

endocytosis when the EH domain was deleted (EA95/295) (Benmerah et al. 1999). We

measured both the cell surface CD4 staining for the synaptotagmin VII domains and the

GFP fluorescence for expression of the endocytic regulator by fluorescence-activated cell

sorting. In the event that the construct’s internalization was inhibited, we expected to see

an increased amount of cell surface staining in high GFP-expressing cells. In fact we

found, in agreement with the result for the synaptotagmin ICT, the CT of synaptotagmin

VII had increased levels at the plasma membrane when transfected with dominant

negative dynamin in comparison to wild type dynamin (Figure 5A). Furthermore, use of

*** ,

-* ,
º

3.
&

r

1■

R

º
º

48



ºf vº
*. º' W.



º

Sº
*

|

the eps 15 EA95/295 mutant also resulted in increased cell surface expression of * . I

synaptotagmin VIICT compared to use of eps 15 D3A2 (Figure 5B). These conditions

potently inhibited internalization of the CT as the dominant negatives resulted in a 6.8

and 2.0 fold increase in cell surface staining respectively (Figure 5E).

When the parallel experiments were conducted using the synaptotagmin VII C2A,

the outcome was dramatically different. Specifically, neither the K44E dynamin nor the

eps 15 EA95/295 led to increased amounts of cell surface synaptotagmin VII C2A

(Figures 5C-E). This places the internalization of synaptotagmin VII's C2A domain into

the unusual category of AP-2- and dynamin-independent endocytosis.

A C2B sub-domain is inhibitory to synaptotagmin VII endocytosis

Although the entire cytoplasmic domain cannot be internalized, the CT region of

synaptotagmin VII has the ability to be endocytosed when removed from its normal

environment as part of the C2B domain. When the structure of synaptotagmin I's C2B

was solved (Fernandez et al. 2001), it became apparent that the CT was an integral part of

the 8-stranded beta sandwich structure of the C2B domain itself. We, therefore, asked if

the presence of the C2A domain affected recognition of the C2B's internalization signal.

In contrast with synaptotagmin I, the isolated C2B of synaptotagmin VII did not retain an º
enhanced ability to be endocytosed (Figure 6). This suggests the existence of a region 7.

within the C2B preventing internalization of synaptotagmin VII by its tryptophan-based º C

motif. , ■ º

In order to more narrowly map the region within the C2B that was inhibitory to |
-

the tryptophan-based motif, we designed chimeric constructs between the C2B domains s
■ º
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of synaptotagmin I and VII. Because these chimeras were being generated within a single

domain, we took care to choose chimeric junction points that would least disrupt the

domain's structure. Using the structure of synaptotagmin I's C2B (Fernandez et al. 2001)

and the homology between the C2Bs of synaptotagmin I and VII, we generated chimeric

C2Bs where the transition points were within the flexible loops which were predicted to

tolerate more motion than other regions of the domain. Moreover, these switches were in

areas of highly conserved amino acid sequence, so the resulting deformation should have

been minimal. Chimeras were made replacing 3-strands of the 8-stranded 3-barrel in

pairs. The resulting chimeras fell into two categories; a synaptotagmin VII C2B with

increasing numbers of N-terminal synaptotagmin I-derived 3-strands and the inverse

series. These proteins were subsequently tested for their ability to be endocytosed. The

C2B series with increasing contributions from synaptotagmin I clearly showed that when

the first two f-strands of synaptotagmin VII were replaced with those of synaptotagmin I,

the inhibition was also removed (Figure 7A). Inversely, when the C2B of synaptotagmin

I gained the first two fl-strands of synaptotagmin VII, it also gained the inhibitory

property of synaptotagmin VII (Figure 7B). Therefore, this inhibitory subdomain of

synaptotagmin VII is transplantable and is in the first two strands of the beta sandwich.

To test the possibility that the synaptotagmin VII subdomain was binding to an inhibitory

factor acting through the C2B, we asked if the subdomain could be overexpressed to

titrate out the putative inhibitory factor. The prediction was that overexpression could

overwhelm the inhibitory machinery to activate endocytosis of synaptotagmin VII. As a

control, we also overexpressed GFP alone or the cognate region of synaptotagmin I and

then measured cell surface levels of synaptotagmin VII by fluorescence-activated cell
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sorting. The overexpression of the inhibitory fragment of synaptotagmin VII did not

relieve the inhibition of endocytosis on CD4-C2A-C2B synaptotagmin VII as its levels at

the cell surface remained high (data not shown).
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DISCUSSION

Our finding that the full length cytoplasmic domain of synaptotagmin VII is not

internalized suggests that any role it plays in the general process of endocytosis (Haucke

et al. 2000; von Poser et al. 2000) is passive, facilitating internalization without being

internalized itself. Synaptotagmin VII may itself act to recruit AP-2 (Li et al. 1995) and

cargo proteins to sites of endocytosis without itself being concentrated into coated pits.

A paradox, however, is that synaptotagmin VII has internalization signals, but

they are latent. Synaptotagmin I has one of the internalization signals, and it too is latent

in cells that do not recycle synaptic vesicles. Synaptic vesicle recycling is a form of

compensatory endocytosis (Jarousse and Kelly 2001b) by which the membranes of

secretory vesicles are rapidly retrieved in a homeostatic mechanism that preserves cell

surface area. Because synaptotagmin VII is involved in a number of regulated exocytosis

events (Gao et al. 2000; Martinez et al. 2000; Caler et al. 2001; Gut et al. 2001; Reddy et

al. 2001; Shin et al. 2002), one might expect to find that its internalization signal is latent

until exocytosis is activated. We did not succeed in finding conditions or cell types in

which synaptotagmin VII is efficiently internalized. It is possible that synaptotagmin

VII's endocytic signals are only activated in situations where the lysosomal pool is

massively depleted. Similarly, a wound healing mechanism might not automatically

induce compensatory endocytosis until an activating signal communicates completion of

the healing process.

An additional interesting aspect of the internalization signals is the

unconventional nature of the C2A signal. We found that the internalization of this domain
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did not require either dynamin or eps 15 while the internalization of synaptotagmin VII’s

CT fell into the more typical category of dynamin- and eps 15-dependent endocytosis.

When IL-2 receptors are internalized by an eps 15-independent pathway (Lamaze et al.

2001) they were concentrated into detergent-resistant membrane subdomains that did not

co-localize with clathrin-coated pits. Thus, the C2A domain could allow synaptotagmin

VII to be internalized by an AP-2 independent pathway, which might even allow

targeting to a different intracellular compartment. However, the route of internalization

for IL-2 receptors is likely to be distinct from that of the C2A of synaptotagmin VII since

it appears to be dynamin dependent (Lamaze et al. 2001). In contrast, some G-protein

coupled receptor (GPCR) family molecules have the ability to be endocytosed in a

dynamin-independent way (von Zastrow 2001), but even less is known about this

pathway of endocytosis. It appears that the synaptotagmin VII C2A is internalized

efficiently by a poorly described pathway that may not involve clathrin. Furthermore, one

intriguing possible explanation for the latency of the internalization signals lies in these

distinct modes of internalization. It may be the case that the signals respond to different

sets of stimuli and have separate functions. For example, in the case of the m2 muscarinic

acetylcholine receptor the dynamin-dependent internalization is agonist-induced while

the dynamin-independent internalization is continuous (Pals-Rylaarsdam et al. 1997).

Similarly, the two internalization signals in synaptotagmin VII could be utilized in

different contexts.

The latency of the tryptophan-based internalization signal within synaptotagmin

VII is unusual because it remains concealed due to active inhibition by a dominant

subdomain of the C2B. Other cell surface proteins also have latent endocytic signals. In
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the case of GPCRs, the receptors remain at the cell surface until they are activated by

ligand binding. This binding triggers receptor phosphorylation and subsequent

recruitment of 3-arrestin to bridge the molecule to the endocytic machinery (Ferguson

2001). Likewise, for receptor tyrosine kinases, ligand binding causes the receptor to

become covalently-modified by autophosphorylation and, in some cases, ubiquitination

before being recognized by the endocytic machinery (Clague and Urbe 2001). The

common feature of these endocytic events is that the signaling molecules must first

undergo a covalent modification that allows recruitment of machinery to couple the

signaling event to the trafficking event. At the synapse, endocytic proteins are

dephosphorylated after calcium-dependent transmitter release to allow them to participate

in endocytosis associated with synaptic vesicle recycling (Slepnev et al. 1998; Lauritsen

et al. 2000). In addition, synaptotagmin 1 itself undergoes calcium-dependent

phosphorylation by CaMKII which strengthens its association with the exocytic SNARE

machinery of syntaxin and SNAP 25; subsequent dephosphorylation weakens this

interaction and could potentially promote endocytosis of synaptotagmin I (Verona et al.

2000). This cyclic regulation of exocytic and endocytic versions of synaptotagmin is

supported by the fact that the phosphorylated form of synaptotagmin I is found in

exocytosis-competent synaptic vesicles but not in clathrin-coated vesicles that

presumably have arisen by endocytosis (Hilfiker et al. 1999). It is possible that the C2B

of synaptotagmin VII could exert its inhibitory effects by either activating the

phosphorylation of synaptotagmin VII or by preventing its later dephosphorylation.

Because of the relative proximity of the inhibitory region to the WHXL motif (Figure

7C), a phosphorylation event in the inhibitory region could cause a conformational
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change that would render the WHXL inaccessible. Alternatively, recruitment of a protein

factor to this region could sterically prevent recognition of the WHXL by the endocytic

machinery. Inhibition by phosphorylation would, however, require phosphorylation sites

within the C2B domain itself whereas all previously identified sites are in the C2A

domain.

Synaptotagmin VII endocytosis is governed by a complex collection of activating

and inhibitory signals which under most conditions retain synaptotagmin VII at the

plasma membrane. It is our model that synaptotagmin VII acts at this site as a passive

facilitator of endocytosis where it activates endocytosis of cargo molecules other than

itself. Under certain, as yet unidentified, conditions, it can be internalized by two

different endocytic pathways. Neuronal synaptotagmins have adapted regulated

endocytosis for use in the efficient recycling of synaptic vesicle membranes. We

hypothesize that a similar activating event must take place to make synaptotagmin VII’s

signals available to endocytose in a context-dependent fashion.
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Figure 3.1.1: Synaptotagmin VII is not endocytosed in PC12 cells.
The CD4-C2A-C2B constructs of synaptotagmin I (syt 1) and synaptotagmin
VII (syt 7) were tested for their ability to be endocytosed. The cytoplasmic
domains corresponded to residues 95—421 of full length synaptotagmin I and
residues 98-403 of full length synaptotagmin VII. (A) The internalization was
tested by surface labeling the cells for 1 hour at 4 C with 125I-Q4120, directed
against the CD4 epitope, and next incubating at 37 C for 10 minutes to allow
endocytosis before returning the cells to 4 C. Internalized 125I-Q4120 was
determined by acid stripping remaining surface label and lysing cells to
quantify internalized counts. The fraction internalized was calculated by dividing
the internal counts by the total cell associated counts (surface counts plus
internalized counts). A background of cells kept at 4°C was subtracted from this
value. This fraction internalized was then converted to an internalization index

by subtracting the nonspecific internalization of the CD4-Tailess construct and
by normalizing to the extent of internalization of the syt 1 construct in PC12 cells.
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Figure 3.1.2: Synaptotagmin VII is not endocytosed in CHO cells.
(B) CHO cells stably expressing the CD4-C2A-C2B constructs were also
analyzed using the internalization assay; the internalization is compared in 1.
terms of fraction internalized relative to the CD4-Tailess construct. º
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Figure 3.2: The CT of synaptotagmin VII can be internalized in a tryptophan
dependent manner.
(A) The CD4-CT constructs of synaptotagmin I (residues 393—421, CT 1) and
synaptotagmin VII (387-403, CT 7) were tested for their ability to be endocytosed
in PC12 cells using the previously described internalization assay. (B) When the
tryptophan residue with the C-terminal WHXL is mutated to an alanine in either
CT1 (W404A) or CT 7 (W398A), the internalization in PC12 cells is abolished.
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Figure 3.3.1:The C2A of synaptotagmin VII is internalized in a cell type-independent
Pºlanner.

Using the previously described internalization assay, the CD4-C2A constructs of
synaptotagmin I (residues 95–265, C2A 1) and synaptotagmin VII (residues 98–260,
C2A 7) were tested. PC12 cells (A) and CHO cells (B) stably expressing the constructs
were both analyzed by this method.
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Figure 3.3.2: The C2A of synaptotagmin VII is internalized in a tryptophan
independent manner.
(C) A point mutant changing the tryptophan residue of C2A 7's WKXL
(W253A) to an alanine did not affect the C2A 7's strong endocytosis in PC12
cells.

62



4 degrees 37 degrees T

Syt 7

CT 7

Figure 3.4: The CT and C2A of synaptotagmin VII are taken up into an internal

compartment in PC12 cells. /7 cº
A morphological uptake assay was used to verify the results seen with the
radioactive internalization assays. In this case, PC12 cells stably expressing * R Y

syt 7 (A,B), CT 7 (C,D), and C2A7 (E,F) were plated on 8-well slides, surface |
ºstained with anti-CD4 antibody at 4 C (A, C, E), and moved to 37 C for 10 _º

minutes (B, D, F). Cells were fixed and immunofluorescence microscopy was sº
carried out. 12

º
63 |

Q 1"



3.A. :
E
3

ºn º
# º
- c.
º3.

ºvy

º
ºw.

5
º

100 10' 102 103 104
Anti-CD4 PE

B.
º
º

º
ºr

W

#3
º

© c
º

5

º

100 10' 102 103 104
Anti-CD4 PE

Figure 3.5.1: The CT of synaptotagmin VII is internalized by a dynamin
and eps/5-dependent pathway in PC12 cells.
PC12 cells stably expressing CT 7 (A,B) were transiently transfected
with wild type dynamin or dominant negative dynamin K44E (A) or
with control eps 15 epsD3D2 or dominant negative eps 15 epsA95/295 (B).
The x-axis of the histograms shows the level of cell surface staining in
each case. The curves for the wild type or control are shown in black,
and the curves for the dominant negative mutants are shown in red.
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Figure 3.5.2: The C2A of synaptotagmin VII is internalized by a dynamin- l º
and eps 15-independent pathway in PC12 cells. ~7.

PC12 cells stably expressing C2A7 (C,D) were transiently transfected *

with wild type dynamin or dominant negative dynamin K44E (C) or ----.

with control eps 15 epsD3D2 or dominant negative eps 15 epsA95/295 (D). /7C■ ,
The x-axis of the histograms shows the level of cell surface staining in A R Y
each case. The curves for the wild type or control are shown in black,
and the curves for the dominant negative mutants are shown in red. J s
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Figure 3.5.3: The CT and C2A of synaptotagmin VII are internalized by
different pathways in PC12 cells.
PC12 cells stably expressing either CT 7 (A,B) or C2A7 (C,D) were
transiently transfected with wild type dynamin or dominant negative
dynamin K44E (A, C) or with control eps 15 epsD3D2 or dominant negative
eps 15 epsD95/295 (B,D). The mean of the cell surface staining value,
measured by FACS analysis, was taken and used to generate the calculated
factor “cell surface fold increase” by dividing the mean surface staining in
the dominant negative by the mean of the wild type or control case (E).
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Figure 3.6: The C2B of synaptotagmin VII is not internalized in PC12 cells. "/7C
PC12 cells were generated that stably expressed CD4-C2B constructs for
synaptotagmin I (residues 266–421, C2B 1) and synaptotagmin VII (residues AR

261-403, C2B 7). These cells were examined by the previously described J
radioactive internalization assay. ~
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Figure 3.7.1: The C2B of synaptotagmin VII contains a dominant and transplantable
inhibitory subdomain.
Chimeric constructs were generated that replaced fl-strands of the 8-stranded 5-barrel

in pairs. The resulting chimeras fell into two categories; a synaptotagmin VII C2B with l(A) increasing numbers of N-terminal synaptotagmin I-derived 5-strands (7B series
[F7B-H7B]) and (B) the inverse series (1B series [F1B-H1B]). The construct compositions -7

are as follows: F7B (synaptotagmin I residues 266-303 fused to synaptotagmin VII *

residues 298-403), G7B (synaptotagmin I residues 266-334 fused to synaptotagmin VII // (
residues 329-403), HTB (synaptotagmin I residues 266-369 fused to synaptotagmin VII
residues 364-403), F1B (synaptotagmin VII residues 261-297 fused to synaptotagmin I AR

residues 304–421), G1B (synaptotagmin VII residues 261–328 fused to synaptotagmin I J
residues 335-421), H1B (synaptotagmin VII residues 261-363 fused to synaptotagmin I

*

residues 370–421). PC12 cells expressing these chimeras were subsequently studied for sº
their capacity to endocytose the proteins with the endocytosis assay.
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Figure 3.7.2: A structural model shows the spatial relationships between the endocytic
and inhibitory motifs of the C2B of synaptotagmin VII.
(C) A model of the synaptotagmin VII C2B domain generated with SWISS-MODEL
depicts the relative positions of the inhibitory region (red), the AP-2 binding site (cyan),
and the WHXL (green).
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CHAPTER FOUR

CONCLUSIONS AND FUTURE DIRECTIONS

It has been proposed that recruitment of adaptor proteins to specific membranes

may rely on a set of compartment-specific “AP-receptors” (Mallet and Brodsky 1996).

The work in this thesis seeks to characterize the role of proteins previously characterized

as fusion machinery in their ability to potentiate coat assembly and endocytic events as

priming machinery or coat receptors.

Synaptic Vesicle Membrane Trafficking in Neuroendocrine Cells

The studies described in chapter two illustrate a system in which coat proteins can

be recruited to semi-pure vesicle populations. In these experiments, we chose to

characterize the coating properties of three main vesicle types, each identifiable by the

presence of a key cargo molecule known to play a role in vesicular fusion. We began by

focusing on the role of the v-SNARE VAMP-2 in influencing the requirements for AP-3

coat recruitment. These studies were carried out with both wild type (WT) and enhanced

SLMV-targeting (N49A) versions of VAMP-2. SLMVs carrying either type of VAMP-2

required GTPYS and an ATP regenerating system when coated by AP-3 and ARF1

derived from rat brain cytosol but not when using purified AP-3 and ARF1 (Figures 2.1-

2.4, Table 2.1). This suggests that a component of the VAMP-2 SLMVs can activate a

GAP protein that partitions with the cytosolic fraction. Alternatively, the GAP may be
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constitutively active in the cytosol, and the AP-3-coated VAMP-2 SLMVs are a

physiological substrate of this GAP. It should be mentioned, however, that in the

presence of GTP instead of GTPYS, there was some incomplete coat recruitment taking

place as reflected by the limited density shift of the partially-coated SLMVs (Figure 2.1).

It would be interesting to know more about the specific proteins involved in this binding

event. For instance, does this partial coat recruitment reflect the initial stages of coat

recruitment, and if so, is the AP-3 recruited by one specific cargo molecule such as

VAMP-2 (i.e. a priming complex) or equally by all of the cargos' cytoplasmic tails?

Furthermore, is this step ARF1-dependent? The answers to these questions would provide

important information about the general mechanism of coating. Unfortunately, the

amounts of proteins used in these assays were so low as to prohibit fine biochemical

analysis of the interactions taking place under different circumstances.

In addition, although both the WT and N49A VAMP-2 SLMVs had the same

qualitative requirements in AP-3 coat recruitment, they did differ in the extent to which

they were coated. The N49A VAMP-2 SLMVs recruited nearly twice as much AP-3 as

the WT SLMVs (Figure 2.5, Table 2.2). This difference in AP-3 recruitment could reflect

the fact that the N49A vesicles have more VAMP-2 molecules per SLMV than the WT

SLMVs. This model would support the hypothesis that VAMP-2 itself can act as an AP-3

receptor if we assume that the only functional difference between the WT and N49A

VAMP-2 SLMVs lies in the quantities of VAMP-2 incorporated per vesicle. In order to

address this assumption, we would need to isolate the VAMP-2 SLMVs from the rest of

the small vesicles that run at a similar position on the purifying glycerol velocity gradient

and then determine a protein “fingerprint” of these vesicles. Again, in this case we were
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technically limited by the amount of protein that was used in these assays, and more

sensitive protein profiling methods than we currently have available to us would help to

solve this problem.

The final class of vesicles we characterized were those SLMVs containing

synaptotagmin I. Similar coat recruitment analysis was performed on these vesicles, and

we were surprised to find that the biochemical requirements for this coating event were

entirely different. Specifically, AP-3 coat recruitment did not require either GTPYS or an

ATP regenerating system when coated by AP-3 and ARF1 derived from rat brain cytosol

or a purified stock of AP-3 and ARF1 (Figures 2.6–2.8, Table 2.3). This complete lack of

regulation in the recruitment of AP-3 to synaptotagmin I SLMVs implied that this was an

experimental artifact generated in this in vitro system. Recruitment of AP-3 coat could be

facilitated under these conditions even if synaptotagmin ISLMVs are not a physiological

substrate of AP-3 because the cargo molecules carried by most membranes (including, in

this case, synaptotagmin I SLMVs) contain sorting signals that are largely recognized by

all coat proteins. Physiologically, different AP-receptors, affinities, or accessory proteins

may confer specificity in binding of adaptor proteins to cytosolic tails of transmembrane

proteins, but under these in vitro conditions, that level of specificity could easily be

overwhelmed by the great excess of AP-3 and ARF1 in the system. As we described

earlier, an intriguing possible explanation for this lack of regulation is that synaptotagmin

I SLMVs are derived from the plasma membrane whereas VAMP-2 SLMVs are

frequently generated from the endosomal compartment. The synaptotagmin I pathway

could represent the method by which true synaptic vesicles are formed and subsequently

exocytosed in a calcium-depended manner. In contrast, the VAMP-2 pathway may

:
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generally be utilized as a salvage pathway to retrieve synaptic proteins that escape

recapture at the plasma membrane; this pathway could potentially generate vesicles that

undergo constitutive release. In support of this hypothesis, in vitro analysis of VAMP-2

SLMV exocytosis has only identified a constitutive pattern of vesicle fusion with no

evidence for calcium regulation of this process (J. Zamanian, unpublished results). In

addition, synaptotagmin I has two SLMV targeting signals in its cytoplasmic domain

(Blagoveshchenskaya et al. 1999), a brefeldin A resistant one that may be responsible for

the principal targeting of synaptotagmin I to SLMVs from endocytic hot spots and a

brefeldin A sensitive one that could salvage synaptotagmin I via an AP-3-mediated

pathway upon escape from these endocytic sites. Ideally, it would be possible to label one

type of SLMV through endocytosis, block further vesicle formation, and follow the type

of exocytosis the synaptotagmin I, synaptotagmin I brefeldin A targeting mutants, or

VAMP-2 SLMVs undergo. This method, utilizing BFA to block formation of VAMP-2

SLMVs, was employed to identify the constitutive fusion of these vesicles (J. Zamanian,

unpublished results). However, the endocytic inhibitors available to block synaptotagmin

I internalization to SLMVs are also either exocytic inhibitors in practice (e.g. temperature

blocks) or are not rapidly inducible (e.g. mutant proteins). This lack of specificity would

complicate any such analysis. Alternatively, it would be interesting to pursue

identification of the protein(s) that confers specificity (as manifested by nucleotide

requirements in coat recruitment) to the VAMP-2 SLMVs by comparing the protein

composition of the VAMP-2 vesicles to the synaptotagmin I SLMVs. Unfortunately,

attempts to carry out this type of analysis were once more confounded by the technical

limits of the system. There are many interesting questions that remain to be answered in
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these studies, and hopefully as understanding and technology advance, these issues will

be revisited.

Synaptotagmins: A Link Between Regulated Exocytosis and Endocytosis

Synaptotagmin VII, a ubiquitous isoform of the synaptotagmin family, was

previously implicated as a regulator of endocytosis (Haucke et al. 2000; von Poser et al.

2000). The studies outlined in chapter three aim to determine if the mechanism by which

synaptotagmin VII participates in endocytosis includes active internalization like its

homologue synaptotagmin I. Our finding that the full length cytoplasmic domain of

synaptotagmin VII is not internalized (Figure 3.1), in spite of the presence of two strong

endocytic signals (Figures 3.2-3.3), suggests that it may play a role in the general process

of endocytosis as a passive facilitator. Future studies analyzing the potential effects of

overexpression of synaptotagmin VII and its isolated domains on endocytosis of

transferrin receptor, LDL receptor, and other endocytic markers will be able to more

precisely define the role of synaptotagmin VII in the general process of endocytosis.

Synaptotagmin VII may itself act as an AP-2 receptor (Li et al. 1995) that stimulates

endocytosis by recruiting cargo to coated pits or by activating coated pit formation itself.

The presence of two effective endocytic signals within synaptotagmin VII’s

cytoplasmic domain, however, predicts the existence of an active homeostatic mechanism

to control cell surface area (Gerasimenko et al. 2001). Because synaptotagmin VII is

involved in a number of regulated exocytosis events (Gao et al. 2000; Martinez et al.

2000; Caler et al. 2001; Gut et al. 2001; Reddy et al. 2001; Shin et al. 2002), one would
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expect to also find a parallel compensatory endocytic pathway. In the case of

synaptotagmin I, these signals have been adapted to rapidly retrieve synaptic membranes

in order to preserve cell surface area (Jarousse and Kelly 2001b). It is possible that

synaptotagmin VII's signals are similarly activated under specific conditions that would

link its endocytosis to its role in exocytosis (Martinez et al. 2000), plasma membrane

repair (Reddy et al. 2001), or some other function. While we did use Ca"conditions that

would activate exocytosis (in an attempt to coordinately activate endocytosis), there was

no effect of our modulating Caº levels on endocytosis of synaptotagmin VII. It should be

mentioned, however, that these conditions have been shown to trigger only a small

fraction of the cellular lysosomes to exocytose (Rodriguez et al. 1999). It is possible that

these endocytic signals are only activated in situations where the lysosomal pool is

massively depleted. An attractive corollary hypothesis is that a system used for wound

healing will not automatically induce compensatory endocytosis in the absence of an

activating signal which communicates completion of the healing process.

On the molecular level, it is likely that the inhibitory subdomain of the

synaptotagmin VII C2B (Figure 3.7) plays a role in the endocytic latency of the

cytoplasmic tail. However, the mechanism by which this latency is conferred remains

unknown. Examples of latent endocytosis of G-protein coupled receptors (Ferguson

2001), receptor tyrosine kinases (Clague and Urbe 2001), and synaptic proteins (Slepnev

et al. 1998; Hilfiker et al. 1999; Lauritsen et al. 2000) implicate the process of

phosphorylation in regulation of internalization. Synaptotagmin VII may also undergo

phosphorylation to activate its own endocytosis. The C2B inhibitory subdomain may act

to recruit a kinase, serve as the kinase substrate, or recruit an endocytic regulatory
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protein. These potential functions of synaptotagmin VII's C2B inhibitory region would

be novel as previous studies of synaptotagmin I's phosphorylation status only identified

phosphorylation sites within the C2A. Future studies to identify the biochemical partners

of the C2B inhibitory region will help to distinguish these possible modes of regulation.

Another possible regulatory mechanism of synaptotagmin VII endocytosis may

lie in the controversial and complex nature of the many alternatively spliced isoforms of

synaptotagmin VII (Craxton and Goedert 1999; Sugita et al. 2001; Fukuda et al. 2002a:

Fukuda et al. 2002b). In these studies, we utilized the cytoplasmic domain of

synaptotagmin VIIs (Sugita et al. 2001) which is the same isoform showing the highest

degree of homology to synaptotagmin I and the isoform shown to localize to the plasma

membrane of PC12 cells and the lysosomes of epithelial cells and fibroblasts (Martinez et

al. 2000; Caler et al. 2001). However, to be precise we can only say that the isoform(s)

known to be important in regulated exocytosis of lysosomes will contain the C2A domain

of synaptotagmin VII. The functional studies identifying the role of synaptotagmin VII in

the regulated exocytosis of lysosomes relied on inhibition by antibodies directed toward

the C2A or on soluble C2A domain itself (Martinez et al. 2000; Caler et al. 2001; Reddy

et al. 2001). In contrast, in the case of dense core vesicle exocytosis as measured by

norepinephrine secretion in PC12s, both C2 domains can act as inhibitors when in the

soluble form (Sugita et al. 2001; Shin et al. 2002). There are a number of long isoforms

of synaptotagmin VII which have the typical C2A-C2B configuration present after a

largely uncharacterized cytoplasmic stretch linking the transmembrane domain to the

C2A-C2B region (Sugita et al. 2001). This additional region of synaptotagmin VII may

subtly influence the protein's localization (Sugita et al. 2001; Fukuda et al. 2002b) or its

.
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ability to respond to endocytic signals. The results of future studies investigating the

function of multiple splice isoforms of synaptotagmin VII will undoubtedly be interesting

and informative.

In addition to the regulation of these internalization signals, the signals

themselves have intriguing properties. First, the tryptophan-based endocytic signal

contained within the CT is a recently identified sorting signal that doesn’t fall into the

usual classes of tyrosine-based (YXX® or NPXY) or dileucine motifs (Kirchhausen et al.

1997; Heilker et al. 1999). These classic signals are known to bind to the adaptor protein

AP-2 which then mediates their internalization via clathrin. The tryptophan-based

internalization signal found in both synaptotagmin I and synaptotagmin VII is

endocytosed in a dynamin- and eps 15-dependent manner (Figure 3.5); by extension, this

pathway of internalization is also AP-2 dependent. Although this internalization motif

appears to make use of the classical endocytosis machinery, the AP-2 binding site

contained within the C2B is not necessary for recognition of the C-terminal signal

(Jarousse and Kelly 2001a). Moreover, the tryptophan-based motif does not itself interact

with AP-2 (Jarousse et al., submitted). These observations suggest that the C-terminal

tryptophan interacts with another component of the endocytic machinery that mediates its

own endocytosis. Studies are currently ongoing to identify a protein that might link the

CT fragment of the synaptotagmins to the classically defined endocytic machinery.

The second endocytic signal identified in synaptotagmin VII's C2A domain is

also quite unusual in that it mediates internalization via a dynamin- and eps 15

independent pathway (Figure 3.5). Some G-protein coupled receptors that are internalized

in a dynamin-independent fashion (von Zastrow 2001) may make use of the same
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unusual mode of internalization as the synaptotagmin VII C2A, but this pathway of

endocytosis is largely uncharacterized. For this reason, it would be of particular interest

to identify the internalization signal within the C2A and then determine which proteins

interact with the signal. These biochemical studies would provide insight into what

machinery is involved in this unconventional method of internalization.

Furthermore, the existence of two distinct internalization signals implies separate

functional roles for each of these modes of endocytosis. There is already evidence that

the domains containing these differing internalization signals are functionally distinct in

exocytosis as well (Martinez et al. 2000; Caler et al. 2001; Reddy et al. 2001; Sugita et al.

2001; Shin et al. 2002). Perhaps they are activated under different exocytic circumstances

or to traffic the proteins to different locations. Further inquiry to determine the

subcellular localization of constructs bearing either internalization signal will help to

delineate the purpose of having multiple internalization signals in the same protein.

The work described here, particularly in characterizing the endocytic properties of

synaptotagmin VII, suggest a number of avenues of further inquiry as outlined above.

The regulation of synaptotagmin VII endocytosis is a complex assortment of activating

and inhibitory elements. The interplay of these signals to retain synaptotagmin VII at the

plasma membrane under most conditions forces us to think in new ways about classic

scientific problems. It is our model that synaptotagmin VII acts at this site as a passive

facilitator of endocytosis. In this way, it is able to coordinate internalization of cargo

molecules other than itself, perhaps by acting as a “priming complex” for coat

recruitment. Under certain, as yet unidentified, conditions, the cell may incorporate

synaptotagmin VII into an endocytic vesicle of one of two possible internalization routes.
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We hypothesize that this intricate regulation of synaptotagmin VII internalization allows º

the cell to carefully control the relationship between exocytosis and endocytosis. The

studies outlined in this thesis represent the first endeavor to understand this relationship

in synaptotagmin VII and will serve as a strong foundation for future studies aiming to
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synaptotagmin VII.
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APPENDIX

Synaptic Vesicle Membrane Trafficking in Neuroendocrine Cells

MATERIALS AND METHODS

Cell Lines

PC12 cells were grown in DMEH-21 media supplemented with 10% horse serum,

5% FCS, and penicillin-streptomycin. PC12 cells expressing VAMP-2 constructs were

maintained in the presence of 250 pg/mL G418. Cells were grown at 37°C in the presence

of 10% CO,.

Reagents and Antibodies

Rat VAMP-2 expression vector pro-CMV-VAMP-2 was the generous gift of

Richard Scheller (Genentech, South San Francisco, CA). Expression constructs for

human ARF1 and yeast myristoyl transferase were kindly contributed by Dennis Shields

(Albert Einstein College of Medicine, Bronx, NY).

KT3 monoclonal antibodies directed against the T antigen epitope tag were

purified from hybridomas that were a kind gift from Cynthia Kenyon (University of

California, San Francisco, CA). Hybridomas secreting the monoclonal antibody against

the lumenal domain of the synaptotagmin I (clone 604.1) was generously provided by

Reinhard Jahn (Max Planck Institute for Biophysical Chemistry, Göttingen, Germany).

The polyclonal antibody Nb directed against B-NAP (É3) (Newman et al. 1995) was a

gift of Dr. R. Darnell (Rockefeller University, NY), and the polyclonal antibody directed
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against off was generously contributed by Drs. Horng (Chang Gung University, Taiwan)

and Faundez (Emory University, Atlanta, GA).

Constructs and Transfections

In order to allow the pRC-CMV-VAMP-2 construct of VAMP-2 to be labeled

from its lumenal face when exposed at the cell surface, it was necessary to add an epitope

tag corresponding to a C-terminal segment of the SV40 large T antigen (SPPPEPET) and

a linker domain corresponding to thirteen amino acids (KGVEPKTYCYYSS) derived

from the juxtamembrane region of the extracellular domain of TfR to the short lumenal

domain of VAMP-2. This construct, VAMP-TAg, was generated and transfected stably

into PC12 cells as previously described for both the WT and N49A VAMP-2 constructs

(Grote et al. 1995).

Synaptic-like Microvesicle Isolation

100 pig of KT3 or 604.1 antibody was iodinated on iodogen-coated tubes (Pierce

Chemical Co.) as described (Clift-O'Grady et al. 1998). Confluent VAMP-Tag PC12

cells or WT PC12 cells were labeled with either "I-KT3 or *I-604.1 respectively. The

cells were prepared for labeling by being treated with 6 mM sodium butyrate for 16-18

hours. Next, the confluent 15-cm dishes were rinsed with ice cold labeling buffer (PBS,

0.3 mM CaCl2, 0.3 mM MgCl2, 1 mg/mL glucose, and 3% protease-free BSA). "I-

Antibody was diluted in labeling buffer at 2-3 pig■ mL, and 4-5 mL of antibody was used

to label each 15-cm dish. The dishes were shifted to 37°C for 30 minutes to allow

antibody internalization. The cells were then returned to ice and rinsed with labeling
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buffer to remove free label. The cells were collected by scraping the dish and pelleting at

800 x g for 5 minutes. Subsequently, the cells were resuspended in intracellular buffer

(38 mM potassium aspartate, 38 mM potassium glutamate, 38 mM potassium gluconate,

20 mM potassium MOPS, 5 mM glutathione, 5 mM sodium carbonate, 2.5 mM

magnesium sulfate, 2 mM EGTA, pH 7.2) plus protease inhibitors and homogenized with

a ball-bearing cell cracker (European Molecular Biology Laboratory). The cells were

passed through the cell cracker eight times with a clearance of 12 pum. The resulting

homogenate was subjected to differential centrifugation to generate a postnuclear

supernatant (S1, 1000 x g, 5 minutes) and an S2 fraction (27,000 x g, 35 minutes).

Synaptic vesicles were sedimented by loading 250 pull of the S2 fraction onto a 5-25%

glycerol velocity gradient buffered in intracellular buffer and running at 218,000 x g for

75 minutes in an SW55 rotor. Fractions were collected from the bottom of the gradient

using an Isco Tube Piercer model 184 (Isco, Inc., Lincoln, NE) to collect fractions of 7

drops (350 pul) each. ”I was detected by counting each fraction for one minute on a

Packard Instruments Cobra II Auto-Gamma gamma counter (Packard Instrument Co.,

Meriden, CT), and peak fractions were flash-frozen immediately in liquid nitrogen and

stored at —80°C.

Preparation of Rat Brain Cytosol

Rat brains that were flash frozen in liquid nitrogen immediately after harvest (Pel-Freez

Biologicals, Rogers, AZ) and stored at —80°C were ground in a mortar and pestle until

they were of sand-like consistency. The pulverized tissue was resuspended in room

temperature intracellular buffer plus protease inhibitors to bring the final temperature of
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the tissue suspension to no higher than 4°C. The rat brain solution was then homogenized

using a size 24 Potter-Elvehjem tissue grinder (Kimble/Kontes, Vineland, NJ) with a

smooth glass tube and a Teflon pestle with a clearance between 0.004 and 0.006 inches.

Homogenization was carried out using 12 passes of the Teflon-glass homogenizer at a

rotation of 800-1000 rpm. The homogenate was then centrifuged at 30,000 x g for 30

minutes, and the pellet was resuspended for supernatant extraction under the same spin

conditions. The combined supernatant from both spin extractions was centrifuged at

200,000 x g for 1 hour. The resulting supernatant was pooled, measured for protein

concentration, and then immediately flash frozen in liquid nitrogen and stored at —80°C.

Purification of Recombinant Myristoylated ARF1

Before purification of ARF1, BL21 E. coli were freshly co-transformed with the

human ARF1 and yeast myristoyl transferase expression vectors. A single colony from

the transformation was used to inoculate a 500 mL flask of LB, 100 pig carbenicillin, and

50 pig kanamycin which was grown overnight shaking at 37°C. The next morning 70 mL

of overnight culture was diluted into 1.4 L of LB, 100 pig carbenicillin, and 50 pig

kanamycin and was grown shaking at 37°C to an ODoo of 0.6. At this time, 16.7 mL of

myristate solution (7 mL 30% BSA, 43 mL ddh,O, pH 9.0 plus 62.5 mg sodium myristic

acid dissolved slowly at 90°C) and 1.5 mL 1M IPTG were added to each flask. The flasks

were incubated shaking at 25°C for 3 hours. After induction, the cells were pelleted by

centrifugation at 4,800 x g for 20 minutes. The cells were rinsed in cold PBS plus

protease inhibitors and resuspended in 50 mL of 20 mM Tris, pH 7.5, 1 mM EDTA,

0.05% Triton X100, 200 puM GDP, and protease inhibitors. The cell suspension was

r
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forced through a French press in two lots at 16000 psi (1000 High ration) three times.

The lysate was centrifuged at 66,000 x g in a Ti45 rotor for 30 minutes. The supernatant

was precipitated with 50% ammonium sulfate (29.1 g/100 mL solution), adding the

ammonium sulfate slowly while stirring at 4°C for 30 minutes and incubating for an

additional 30 minutes with continued stirring at 4°C. Next, the precipitate was pelleted by

centrifuging the solution at 13,400 x g for 20 minutes. The pellet was then resuspended in

10 mL DEAE column buffer (20 mM Tris, pH 8,50 mM NaCl, 1 mM MgCl2, 1 mM

DTT, 5 puM GDP) and dialyzed into DEAE column buffer overnight. The dialysate was

centrifuged at 11,600 x g for 20 minutes to remove debris before loading the supernatant

onto a 50 mL DEAE-Sephacel column. The column was run at 2 mL/minute for 350 mL,

and 10 mL fractions were collected. ARF1-containing fractions were identified by 15%

acrylamide gel electrophoresis. The peak fractions were pooled, dialyzed against HiTrap

SP column buffer A (10 mM MES, pH 5.7, 1 mM MgCl2, 1 mM DTT, 5 p.M GDP), and

filtered before application to a 5 mL HiTrap SP column. After loading, the column was

washed with 30 mL of HiTrap SP buffer A before beginning the three-phase elution of a

0-50% HiTrap SP buffer B (10 mM MES, pH 5.7, 1 mM MgCl, 1 mM DTT, 5 puM GDP,

1 M NaCl) linear gradient over 25 mL, a 50-100% buffer B linear gradient over 10 mL,

and a 100% buffer B wash until run completion. Throughout the loading and elution,

fractions of 3 mL are collected, and ARF1-containing fractions are identified by running

15% acrylamide gels. Myristoylated ARF1 usually elutes from the column before

unmyristoylated ARF1 and migrates faster on a 15% gel. The myristoylated-ARF1

fractions are pooled, dialyzed into intracellular buffer, and flash frozen in liquid nitrogen

for storage at —80°C.
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Purification of Bovine AP-3

To obtain a purified population of AP-3 protein, the method outlined in (Faundez

et al. 1998) was followed with a few modifications kindly suggested by T. Kirchhausen

and S. Dasgupta. Briefly, constantly working at 4°C, 600 g of bovine brains that were

flash frozen in liquid nitrogen immediately after harvest were preground (Pel-Freeze

Biologicals, Rogas, AR) and thawed into 600 mL of Buffer A (100mM MES, pH 6.5,

1 mM EGTA, 0.5 mM MgCl2, 0.5mm DTT, 0.5mm PMSF). The tissue was homogenized

using a Waring blender, and homogenates were sedimented at 17,000 x g for 30 minutes

in a JLA 10.500 rotor. The supernatant was saved, and the pellets were re-homogenized

and re-spun at 33,000 x g for 45 minutes in a JLA 16.250 rotor. Both supernatants were

combined and sedimented at 151,000 x g for 1 hour in a Ti45 rotor. The resulting bovine

brain cytosol was precipitated with 35% ammonium sulfate, and the precipitated proteins

were recovered by a 10 minute spin at 15,000 x g in a JLA 16.250. The pellets were

resuspended in Buffer T (25mm Tris, pH 8.0, 5mm MgCl2,1mM DTT) with 100mM

NaCl. The ammonium sulfate salt was exchanged out by dialysis in Buffer T plus

100mM NaCl overnight until the conductivity of the protein solution matched that of the

buffer. Remaining precipitate was cleared from the solution by spinning in a Tió0 rotor at

215,000 x g for 2 hours. The resulting supernatant was applied to a 100 mL DEAE

Sepharose CL-6B (Sigma) column pre-equilibrated in buffer T plus 100mM NaCl.

Unbound proteins were washed out with buffer T plus 100mM NaCl, and bound proteins

were eluted by a linear gradient of 100 to 600 mM. NaCl in buffer T over 820 mL. The

column was run at a rate of 2 mL/min, and fractions of 5 mL were collected. The £3 and

o: subunits were detected by immunoblot using polyclonal antibodies developed in our
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lab (Faundez et al. 1998), and the fractions containing both were pooled and applied to a

5 mL HA Econopack CHT-II (Biorad) pre-equilibrated in Low P buffer (10mM KH,PO,

pH 7.1, 100mM NaCl, 0.02% NaN, 0.5mm MgCl, 0.5mm DTT). Unbound proteins

were washed out with Low P buffer, and AP-3 was eluted with a linear gradient from

Low P to High P buffer (550mM KH,PO, pH 7.1, 100mM NaCl, 0.02% NaN, 0.5mm

MgCl2, 0.5mm DTT) at a rate of 1 mL/min for 50 minutes. Fractions 1 mL in size were

collected throughout the wash and elution. AP-3-containing fractions were identified by

immunoblot, pooled, and dialyzed against Low AP buffer (25mm MES, pH 7.0, 150mM

NaCl, 1mM EDTA, 0.02% NaNa, 0.5mm DTT). Pooled sample was loaded onto a 1 mL

Hi-trap Q column (Biorad) pre-equilibrated in Low AP buffer. Next, unbound proteins

were washed off with Low AP buffer, and elution of AP-3 was carried out with a linear

gradient from Low AP buffer to High AP buffer (25mm MES, pH 7.0, 1M NaCl, 1mM

EDTA, 0.02% NaNa, 0.5mm DTT). The column was run at 1 mL/min for 34 minutes,

and 1 mL fractions were collected throughout the run. AP-3 containing fractions

including the bands for the 6-, 33-, pu3-, and oº-subunits were identified on a Coomassie

stained gel, these fractions were pooled, and the combined fractions were then dialyzed

against intracellular buffer.

Reverse Coating Assay

Cell-free synaptic vesicle coating assays were performed in 250 pull total volume

in intracellular buffer, using 1-2 pig of *I-KT3 or *I-604.1 labeled vesicles per assay.

The reverse coating assay utilized either rat brain cytosol at a concentration of 3 mg/mL

or pure AP-3 (4-8 pig) and ARF1 (0.5-2.5 pig) as the source of coat proteins. The coat
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proteins and vesicles were incubated in the presence of an ATP regenerating system (1

mM ATP, 5 pig■ ml creatine kinase, 8 mM creatine phosphate in 500 mM MOPS, pH 7.2,

stock solutions stored separately at –20°C until immediately before use) and 2 mM

GTPYS or 5 mM GTP. Reconstituted mixtures were kept at 4°C for 15 min. Coating was

initiated by warming the mix to 37°C for 30 minutes. Reactions were stopped at 4°C for

10 min and loaded on the top of continuous 10%–45% sucrose gradients prepared 24

hours in advance with a Gradient Master (BioComp, New Brunswick, Canada) and

buffered in 20 mM MOPS-KOH (pH 7.4), 0.5 mM MgCl2. Sucrose gradients were

centrifuged at 183,000 x g for 150 min in an SW55 rotor. Fractions of 4-5 drops (250 pl)

per fraction were collected from the bottom of the gradient with an Isco Tube Piercer

model 184 (Isco, Inc., Lincoln, NE) and counted for 1 minute in a Cobra II gamma

counter (Packard Instrument Co., Meriden, CT). Sucrose concentrations were determined

by reading refractive indices on a refractometer (Zeiss, Germany) to verify linearity of

the gradients and peak sucrose concentrations.
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