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THE ROLE OF COATED VESICLES IN INTRACELLULAR TRANSPORT

Suzanne R. Pfeffer

ABSTRACT

Coated vesicles are thought to be vehicles for the intracellular

transport of membranes. Clathrin is the major protein component of

coated vesicles. Minor components of these organe 11es can be identified

in highly purified preparations if they can be shown to copurify with

clathrin. To show copurification I have made use of the relatively

uniform diameter of coated vesicles to fractionate conventionally

purified brain coated vesicles according to size on glass bead columns.

Permeation chromatography can remove larger membrane contaminants, and

gel electrophoretic analysis shows that only three major polypeptide

chains and a family of polypeptides with molecular weights close to

100,000 are always in constant ratio to clathrin and are unique to

fractions containing coated vesicles. Polypeptides of 54,000 and 56,000

molecular weight appear to be components of brain coated vesicles yet

are also present in other membrane fractions.

I have identified the 54,000 and 56,000 dalton brain coated vesicle

polypeptides as o- and 3-tubulin using immunoblotting and two-dimension

al gel electrophoresis techniques. The tubulin polypeptides associate

with coated vesicles by interacting with a 50,000 dalton, phosphorylated

coated vesicle polypeptide. The 50,000 dalton polypeptide is antigeni

cally related but distinct from microtubule associated tau proteins. At

least a fraction of the 50,000 dalton polypeptide may also associate



with the 100,000 dalton coated vesicle polypeptide. The 50,000 dalton

polypeptide and a- and 3-tubulin are each phosphorylated by an endo

genous coated vesicle kinase activity. An analogous endogenous kinase

activity phosphorylates polypeptides of identical molecular weights and

isoelectric points in a preparation of liver coated vesicles. The 50,000

dalton polypeptide may be a common coated vesicle constituent which

links the membrane and contents of some types of coated vesicles with

components of the cytoskeleton.

I have identified the presence of a cytoplasmically-oriented synap

tic vesicle membrane component in brain coated vesicles and have shown

that a monoclonal antibody directed against this polypeptide can pene

trate the clathrin coat and recognize this polypeptide on the outer

membrane surface of intact coated vesicles. An effective purification

procedure for the isolation of coated vesicles from the electric organ

of the marine ray Torpedo californica is also presented.
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CHAPTER 1

INTRODUCTION

THE ROLE OF COATED WESICLES IN INTRACELLULAR TRANSPORT:

A REVIEW
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Coated vesicles are thought to play a diverse role in the transport

of membrane and secretory proteins through the cell. In this review I

will summarize the morphological and biochemical evidence that has

implicated the involvement of coated vesicles in many specific transport

segments within the cell, and will describe recent experiments which are

only beginning to elucidate the molecular components and events involved

in coated vesicle formation and function. Several reviews have recently

appeared which overlap in subject matter (Goldstein et al., 1979;

Pearse, 1980; Ockleford, 1981; Pearse & Bretscher, 1981; Pastan &

Willingham, 1981; Steinman et al., 1983). However this review will

differ from these in its scope.

A. THE ROLE OF COATED VESICLES IN INTRACELLULAR TRANSPORT

This section will review the evidence which has implicated coated

vesicles in several intracellular transport processes. A summary of the

transport routes thought to be mediated by coated vesicles is shown in

Figure 1. Evidence is weak, lacking or inconclusive for routes desig

nated with a question mark in Figure 1.

1. Adsorptive Pinocytosis and the Discovery of Coated Vesicles

The first indication that coated regions of plasma membrane were

involved in pinocytotic events was probably obtained by Bessis & Breton

Gorius (1957), however these workers did not make particular mention of

this point. Farquhar and coworkers (1961), looking at ferritin endocy

tosis in renal glomerular capillaries noted, "the invaginating membrane

is backed on the cytoplasmic side by dense cytoplasmic material some

times organized in a distinct layer." Several investigators identified

coated vesicles as distinct entities around this time (Gray, 1961;

Brightman, 1962; Wissig, 1962; Roth & Porter, 1962, 1964; Rosenbluth &



Wissig, 1963; DeRobertis et al., 1963; Maunsbach, 1963; Palay, 1963;

Andres, 1964; Fawcett, 1965), and invented a variety of terms to de

scribe them (Table 1). Many of these workers had evidence that coated

vesicles were involved in micropinocytotic events, and although Gray

incorrectly described coated vesicles as "having a central sphere...sur

rounded by a shell formed from a closely packed layer of small vesicular

bodies," all of the investigators accurately recognized the distinctive

geometrical structure of the vesicle coat.

Roth and Porter (1962, 1964) were the first investigators to suggest

that the coat material might be directly involved in the plasma membrane

invagination process, "such a mechanism using specific molecular spacing

of the spines can be envisioned to account for a gradual repulsion of

the unattached ends of the spines and the consequent infolding of the

membrane producing the pit, the cytoplasmic vesicle," and these workers

provided the most detailed picture of the coated vesicle life-cycle

during the uptake of nutrients into mosquito oocytes. Roth and Porter

noted that uptake of extracellular yolk protein occurred by selective

adsorption at coated pits, which then invaginated to form coated vesi

cles. These workers observed that such endocytotic coated vesicles

rapidly lost their coats, and the resulting membrane vesicles fused with

other dense spheres, in this case to eventually form oocyte yolk bodies.

Each of these conclusions has since proven correct, and the general life

cycle of endocytotic coated vesicles described by Roth and Porter has

been found to occur in all nucleated eukaryotic cells. Additional

details of receptor-mediated endocytosis, including the recycling of

internalized receptors and degradation or routing of endocytosed ligands

will be discussed below.



2. Transcellular Transport

Rodewald (1973) demonstrated the involvement of coated vesicles in

the transport of maternal immunoglobulin across the proximal small

intestine cells of the newborn rat. More recent studies (Abrahamson &

Rodewald, 1981) have added complexity to this transport process: when

horseradish peroxidase (HRP) and immunoglobulin are concomitantly

internalized in common coated vesicles, only the immunoglobulin mole

cules reach the basolateral surface; the HRP is targeted to lysosomes.

This separation of fluid phase HRP and membrane receptor-bound immuno

globulin revealed the involvement of an intermediate compartment (desig

nated an endosome in Figure 1); details of this segregation will be

described below. In humans, maternal immunoglobulins are thought to be

transported by coated vesicles across cells of the placenta, delivering

these molecules to the circulation of the fetus in utero (Ockleford &

Whyte, 1977).

3. Endoplasmic Reticulum to Golgi Transport

Rothman and Fine (1980) and Rothman et al. (1980) reported that the

vesicular stomatitis virus (VSW) glycoprotein G was transported from the

endoplasmic reticulum to the Golgi and from the Golgi apparatus to the

plasma membrane in two stages by coated vesicles. Due to difficulties

with the criteria of coated vesicle association employed by these

workers (see below) and contradictory results obtained by another group

using electron microscopy in conjunction with specific antisera (Wehland

et al., 1982), this result is left in question. Transitional elements of

the endoplasmic reticulum often bear a coated vesicle bud at one end

(cf. Jamieson & Palade, 1971). Transport of proteins from the endo

plasmic reticulum to the Golgi apparatus is energy dependent (Jamieson &
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Palade, 1968), and current models of intracellular transport suggest

that vesicles, perhaps coated vesicles, mediate this transit (Palade,

1975). To date, however, there is no direct evidence for the involve

ment of coated vesicles in this transport step.

4. Coated Vesicles and the Golgi Complex

Coated vesicles are prominent in the vicinity of the Golgi complex,

and Bruni & Porter (1965) suggested these coated vesicles might be

involved in transport of proteins out of the Golgi complex. The identi

fication of acid phosphatase reaction product in distinct coated vesi

cles (Holtzman et al., 1967; Friend & Farquhar, 1967) led to the conclu

sion that coated vesicles were involved in transporting hydrolytic

enzymes from the Golgi complex to lysosomes. Friend and Farquhar (1967)

distinguished two size classes of coated vesicles in the vas deferens: a

large population (larger than 100 nm) which were concentrated in the

apical cytoplasm and responsible for pinocytosis of adsorbed HRP, and a

smaller population (less than 75 nm) which were plentiful near the Golgi

and sometimes contained acid phosphatase or thiamine pyrophosphatase

reaction products. It seemed most probable to these workers that these

smaller coated vesicles carried acid phosphatase from the Golgi to the

lysosomes, however it is also possible that the reaction product-con

taining coated vesicles were destined for other prelysosomal organelles

(such as endosomes, see below) or were derived from the lysosomes and

not the Golgi.

The presence of thiamine pyrophosphatase reaction product in some of

the "Golgi-sized" coated vesicles identified them as being Golgi

derived, but could not provide any clue to their function. Although it

is often implied (Palade, 1975; Rothman, 1981; Rothman et al., 1982),
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the shuttling of coated vesicles between different membranes within a

Golgi stack has not yet been detected.

5. Coated Vesicles in Secretion and Membrane Recycling

Franke and coworkers (1976) found that the secretion of casein was

mediated by coated secretory vesicles, and the presence of coated

vesicle buds on condensing vacuoles (cf. Jamieson & Palade, 1967; Geuze

& Kramer, 1974) was further indication of a post-Golgi apparatus role

for coated vesicles in intracellular transport. It is difficult to

distinguish whether the coated vesicle buds on condensing vacuoles are

involved in their formation or whether they are involved in removing

selected membrane from these organelles during the process of condensa

tion (Geuze & Kramer, 1974). Coated vesicles have also been shown to be

involved in the recycling of synaptic vesicle membrane after neurotrans

mitter release at the neuromuscular junction (Heuser & Reese, 1973) and

in the retrieval of secretory granule membrane after exocytosis in many

cell types (cf. Douglas & Nagawawa, 1971; Geuze & Kramer, 1974). The

involvement of coated vesicles in nerve terminal recycling will be

discussed in Chapter 4.

B. COATED WESICLES IN THE PATHWAY OF ADSORPTIVE PINOCYTOSIS

While Roth and Porter identified the general pathway of coated

vesicle-mediated adsorptive pinocytosis, many questions remained. If

coated regions of the plasma membrane were responsible for the selective

uptake of specific proteins, how were the endocytosed proteins origi

nally recognized, and how did they become clustered into coated pits?

Some of the answers to these questions were provided by the elegant

experiments of Anderson, Goldstein and Brown in their study of the

receptor mediated endocytosis of Low Density Lipoprotein (LDL, see
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Anderson et al., 1982, for review). The high affinity receptor for LDL

is normally found clustered in coated pits (Anderson et al., 1976, 1977)

even in the absence of bound ligand (Anderson et al., 1982). A mutant

receptor was identified in cells which are defective in their uptake of

LDL, which binds LDL normally yet does not migrate into coated pits

(Anderson et al., 1977). The identification of this mutant suggested

that the normal receptor possessed a domain responsible for association

with coated pits, in addition to the ligand binding site. Unlike the LDL

receptor, certain other receptors, including those for EGF (Haigler et

al., 1979; Zidovetzki et al., 1981, but see also Gorden et al., 1978),

NGF (Levi et al., 1980), insulin (Carpentier et al., 1981), a2-macroglo
bulin (Willingham et al., 1979) and as ialoglycoproteins (Zeitlin &

Hubbard, 1982; Geuze et al., 1982) are found randomly distributed over

the surface of the cell in the absence of ligand.

After ligand binding, the receptor-ligand complexes are clustered in

coated pits, prior to their internalization. Since several receptors

cluster upon binding of ligand it is possible that coated pits recognize

receptor-ligand clusters as molecular aggregates to be removed from the

cell surface. Alternatively, receptor-ligand complexes may bear a

specific domain involved in coated pit recognition, exemplified, per

haps, by the internalization-defective LDL receptor; the observed

clustering may be due to accumulation in coated pits. It remains to be

tested whether the internalization-defective LDL receptor can be target

ed to coated pits by exogenously added, cross linking LDL receptor

antibodies; this experiment would distinguish whether the defective

protein lacks a domain required for receptor aggregation, or a domain

required for specific recognition by coated pit components.
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Enveloped viruses are also endocytosed in coated vesicles (Marsh et

al., 1982). In the case of Semliki Forest Virus, it is thought that the

multiple spike proteins on a given virus particle bind to several

histocompatibility antigens; the virus-receptor aggregate then migrates

down to the bottom of a microvillus where it becomes internalized by a

coated pit (Helenius et al., 1980). While the opportunistic virus

utilizes a receptor which has a different normal physiological function,

clustering of the membrane proteins does seem to precede virus localiza

tion in coated pits. Furthermore, since artificial antibody cross link

ing of empty receptors can induce their internalization into coated pits

(cf. Schreiber et al., 1983), it seems more likely that some molecular

aspect of a receptor aggregate is responsible for coated pit localiza

tion.

1. Are Coated Pits Selective in Their Capture?

If all receptor clusters become internalized, coated pits should not

exclude one type of receptor cluster from another. The demonstration

that co-macroglobulin and VSV are located in the same coated pits2

(Dickson et al., 1981), as well as a2-macroglobulin and the lysosomal

enzyme 3-galactosidase (Willingham et al., 1981a), and EGF and LDL

(Carpentier et al., 1982) was an additional indication that coated pits

probably recognize some more general feature of receptor-ligand com

plexes, such as molecular aggregation.

Bretscher and coworkers (1980) have proposed that coated pits act as

"molecular filters" since two plasma membrane proteins, 6 and H63

antigens appeared to be excluded from coated pits. These workers used a

ferritin conjugated second antibody to monitor the distribution of these

antigens on the plasma membrane at 0°C or after fixation; they found
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that under such non-endocytotic conditions, the density of ferritin

particles was much lower within coated pits than in other regions of the

plasma membrane. It will be important to follow the fate of these

antigens after binding antibody and warming the cells to 37°C; should

the antibodies cross-link the plasma membrane proteins, it is possible

that the resulting molecular aggregate would then be recognized by the

coated pits and localize there. Alternatively, these specific polypep

tides may never be internalized by coated vesicles, in which case the

actual exclusion of these proteins from coated pits would be more

definitive. As described above, the distribution of several plasma

membrane receptor proteins is approximately random over the cell surface

prior to ligand binding, although it is probable that as more proteins

are studied, a range of coated pit affinities will be discovered.

Therefore, while coated pits may be somewhat selective in their capture,

it is not yet known whether their selectivity involves anything more

than aggregate recognition.

2. Do Coated Vesicles Really Exist?

Coated pits are thought to invaginate to form coated vesicles, in a

process which is generally not stimulated by the ligands to be internal

ized (see Steinman et al., 1983 for review). Pastan and colleagues

questioned the existence of coated vesicles, since these workers found a

substantial number of coated vesicle profiles to represent sections

through coated pit regions of the cell, still in contact with the

external medium. These workers proposed that smooth vesicles budded

from coated pits (Pastan & Willingham, 1981; Willingham & Pastan, 1980)

to form an organelle which they termed receptosome. Using ruthenium to

mark the cell periphery, Wall and coworkers (1980) demonstrated that
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only 50% of coated vesicle profiles seen in sections of hepatocytes

represented sections cut through coated pits, and subsequent serial

section experiments (Fan et al., 1982; Petersen & Van Deurs, 1983) have

further confirmed the existence of authentic coated vesicles beneath the

plasma membrane. Since microinjection of a coated vesicle antibody

failed to interfere with receptor mediated endocytosis (Wehland et al.,

1981), it was argued that coated vesicles could not mediate this pro

cess. However it is equally possible that the microinjected antibody

bound to coated vesicles without interfering with their function.

As suggested by Roth and Porter (1964), endocytotic coated vesicles

lose their coats within 1 minute after their formation (Anderson et al.,

1977). The endocytotic vesicle membrane (cf. Geuze et al., 1982, 1983)

and content (cf. Anderson et al., 1977; Willingham & Pastan, 1980;

Helenius et al., 1980; Wall et al., 1980; Geuze et al., 1983) are then

detected in a pre lysosomal structure, the most widely accepted term for

which has been endosome. Whether endosomes are pre-existing organelles

with which uncoated vesicles fuse, or whether uncoated vesicles fuse

with each other to form endosomes has not yet been determined. The terms

endosome and receptosome appear to refer to the same organelle which has

an identifiable structure and probably is not coated, at least to any

major extent (Willingham et al., 1981b; Geuze et al., 1983). The

structure has also been termed CURL (compartment of uncoupling of

receptor and ligand, Geuze et al., 1983).

3. The Endosome as Transfer Station

Biochemical studies have indicated that individual membrane receptor

molecules are reused many times (see Steinman et al., 1983 for review).

The majority of the ligands internalized by these receptors are degraded
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in the lysosome; a question of much recent interest relates to the

mechanism by which ligands are delivered to the lysosome, while the

receptor returns, undegraded, to the cell surface for reuse. The recent

finding that endosomes have an acidic interior (Tycko & Maxfield, 1982;

Maxfield, 1982) and the observation that many ligands dissociate from

their receptors at low pH has led to the notion that endosomes are the

sites at which ligands are segregated from their receptors (Willingham &

Pastan, 1980; Wall & Hubbard, 1981). Lysosomes were excluded as poten

tial separation points by Wall and Hubbard (1981), who took advantage of

the fact that lysosome delivery is blocked at 16°C (Dunn et al., 1980);

these workers observed normal levels of asialoglycoprotein receptor

recycling at this reduced temperature. Recent studies with receptor

antibodies (cf. Geuze et al., 1982, 1983) support the contention that the

endosome is the site at which many ligands are segregated away from

their receptors.

The types of vesicles used to transport receptors from endosomes to

specific domains of the plasma membrane (#2 and #4 in Fig. 1) are not

known, however the Fc receptors carrying maternal immunoglobulins from

the endosome to the basolateral surface of rat intestinal epithelial

cells appear to be coated (Rodewald, 1973; see above). Interestingly,

the binding of maternal immunoglobulin to this receptor is favored at

low pH; the ligand would remain bound to the receptor within an endo

some, and appears to only be released upon access to the external pH 7

milieu of the basolateral surface (Rodewald, 1976; Abrahamson & Rode

wald, 1981). Binding of transferrin to its receptor is also favored at

low pH (Karin & Mintz, 1981); the bound iron it carries into the cell,

however, is released at low pH within the endosome. After release of
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iron, the pH sensitivity of apotransferrin binding to its receptor

changes: it appears that the apotransferrin remains bound to its recep

tor during its transport from the endosome back to the plasma membrane,

and then is released upon exposure to the neutral pH outside the cell

(B. Gumbiner, personal communication).

Perhaps surprising is the finding that a fraction of internalized

fluid phase components also returns to the surface very soon after their

internalization (Besterman et al., 1981); the precise amount secreted

may directly reflect the internal volume of the vesicles which pinch off

the endosome and then fuse with the plasma membrane.

The mechanism by which endosome contents arrive in lysosomes is not

yet known. It is possible that primary lysosomes fuse with endosomes to

form secondary lysosomes; alternatively vesicles may shuttle components

from endosomes to lysosomes.

C. CHARACTERIZATION OF COATED WESICLES

1. Coated Vesicle Isolation and the Discovery of Clathrin

Coated vesicles were detected early on in preparations of brain

synaptic vesicles (cf. DeRobertis et al., 1963), and Kanaseki and Kadota

(1969) adapted similar procedures to begin to isolate coated vesicles.

These workers were the first to obtain negative stain images of coated

vesicles, and used differential centrifugation and DEAE-Sephadex chroma

tography to enrich for these intracellular organelles (Kanaseki &

Kadota, 1969; Kadota & Kadota, 1973). Barbara Pearse (1975) signifi

cantly extended the purification procedure to include velocity sediment

ation, equilibrium density centrifugation, and a third velocity sedi

mentation step. By negative stain, her preparation from bull brain was

impressively enriched for coated vesicles, which she estimated to be 75%
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protein to 25% lipid by weight. Their protein composition was remark

ably simple: they contained a major 180,000 dalton protein. Using

similar procedures, Pearse (1976) isolated coated vesicles from adrenal

medulla, lymphoma cells and pig brain; each of these preparations

contained an 180,000 dalton protein, which peptide mapping and amino

acid composition analyses indicated was highly conserved between the

tissues and species studied. Pearse named this protein clathrin

(Pearse, 1976); it has since been found to be a constituent of all

coated vesicles isolated to date. Tissues from which clathrin-coated

vesicles have been obtained are summarized in Table 2.

Several groups have investigated whether all vesicles which appear

coated in electron micrographs contain the protein clathrin. Using

specific antisera, coated vesicles in a variety of cell types have all

been shown to contain clathrin (Cheng et al., 1980; Kartenbeck et al.,

1981; Griffiths et al., 1981; Willingham et al., 1981b; Croze et al.,

1982). Fluorescence microscopy has suggested the absence of a major

cytoplasmic pool of clathrin, although the difference in local concen

tration of clathrin between a coated vesicle or coated membrane patch

and free clathrin in the cytoplasm may be responsible for the difficulty

in detecting "cytoplasmic" clathrin.

Pearse also identified several minor polypeptide components in her

coated vesicle preparations, in particular two polypeptides between

30,000 and 36,000 daltons, which she demonstrated were in association

with trimers of clathrin after treatment of coated vesicles with cholate

and gel filtration (Pearse, 1978). Several other polypeptides, for

example, around 100,000 and 55,000 daltons were also present in her

preparation, however she was unable to distinguish if these components
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were contaminants or integral to the coated vesicle structure.

2. Basket Assembly by Coated Vesicle Proteins

Pearse (1978) noted that coat proteins released from coated vesicles

by treatment with cholate in a borate buffer would reassemble into large

aggregates upon storage in the cold. This finding was corroborated by

Woodward and Roth (1978), who found that dilution or dialysis out of

coated vesicle disrupting agents such as 2M urea or 0.25M MgCl2 resulted

in rapid reformation of baskets. Keen et al. (1979) showed that Tris-C1

could disrupt coated vesicles; these workers fractionated the released

polypeptides on a sizing column and separated two fractions: a complex

of about 500,000 daltons made up primarily of clathrin and a second

fraction containing among other polypeptides, one of 100,000 daltons

(fraction 2). Keen et al. (1979) showed that fraction 1 could reassem

ble to form baskets in low ionic strength in the presence of 2mm CaCl2,
or at any ionic strength in the presence of fraction 2. ca” and Mn

stimulation was also observed by Nandi et al. (1980), and the reassembly

process was also found to be sensitive to pH, optimal between pH 6 and

6.5 (Woodward & Roth, 1978; Schook et al., 1979). pH may also affect

the size of in vitro polymerized baskets (Irace et al., 1982). Schook

et al. (1979) reported a variety of buffer conditions which favored the

reassembly of dissociated basket polypeptides; interestingly they noted

that the presence of 10mM ATP hindered the reassembly process. Patzer

et al. (1982) have recently reported the presence of an ATP-dependent

uncoating activity present in brain extracts; the clathrin released was

in a form which would not reassemble under standard conditions. The

presence of such an activity might explain the ATP effect observed by

Schook and coworkers.
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3. Triskelions are the Assembly Units of Clathrin Coats

As Pearse (1978) had first noted, two polypeptides of 33,000 and

36,000 remained tightly bound to clathrin after disruption of coated

vesicles with Tris-C1 (Keen et al., 1981). The 33,000 and 36,000

daltons could only be separated from clathrin by denaturants such as 6M

guanidine HCl (Keen et al., 1981) or 2M Na thiocyanate (S. Pfeffer,

unpublished). Ungewickell and Branton (1981) and Kirchhausen and

Harrison (1981) showed that the complex of clathrin with the 33,000 and

36,000 polypeptides had a stoichiometry of three molecules clathrin per

three molecules of the combined lower molecular weight proteins (or

light chains). Ungewickell showed that this molecular aggregate had a

very distinctive 3-legged appearance when examined by rotary shadowing,

and termed the structure a triske lion (see Fig. 2; Ungewickell & Bran

ton, 1981); it appeared that triske lions were the assembly unit of

coated vesicles, first purified and studied by Keen and coworkers (frac

tion 1, Keen et al., 1979). The structure of triskelions is shown

schematically in Figure 2.

4. Structure of Coated Vesicles

Electron microscopic examination of coated vesicles and coated pits

by thin section (Kaneseki & Kadota, 1969), negative stain (Crowther et

al., 1976) and quick freeze, deep-etch, rotary replica (Heuser & Evans,

1980) techniques has demonstrated that coated vesicles of variable size

are surrounded by a proteinaceous polyhedral lattice of pentagons and

hexagons. It has been proposed that the basic cage structure is formed

from one triskelion at each polyhedral vertex, with each leg extending

along two neighboring polyhedral edges (Crowther & Pearse, 1981). Thus

each edge of the coat might contain two proximal and one or two distal
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triskelion leg segments (see Fig. 2).

The 33,000 and 36,000 clathrin associated, triskelion proteins are

thought to be located near the center of the triskelion structure

(Ungewickell et al., 1982), and do not seem to be essential for in vitro

basket assembly (Schmid et al., 1982; Ungewickell et al., 1982).

It has been suggested that triskelions bind to an 110,000 dalton

coated vesicle polypeptide (Unanue et al., 1981). Triske lions rebind to

coated vesicles stripped of their triskelions by Tris-C1. Since Tris-Cl

does not remove all of the clathrin from these vesicles, the triskelions

could rebind to remaining portions of a triskelion basket. However,

elastase treatment selectively destroys the 110,000 dalton polypeptide,

and since triske lions did not bind elastase treated vesicles, it was

inferred that the 110,000 dalton polypeptide mediated triskelion binding

(Unanue et al., 1981). Other residual proteins, such as clathrin, may

have also been damaged by the elastase treatment (albeit to a small

extent) in ways which could destroy triske lion binding capacity; addi

tional data will be necessary to confirm the association of triske lions

with the 110,000 dalton polypeptide.

5. Other Components of Coated Vesicles

Many laboratories have confirmed the presence of additional polypep

tides in their coated vesicle preparations, which were obtained by

Pearse's procedure or modifications thereof (Blitz et al., 1977; Keen et

al., 1979; Woodward & Roth, 1978; Rothman et al., 1980; Mello et al.,

1980), however it was not until rigorous criteria of coated vesicle

association were employed that the specific minor polypeptides of coated

vesicles could be distinguished from contaminating polypeptides (Ruben

stein et al., 1981; Pfeffer & Kelly, 1981). The importance of rigorous
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coated vesicle association criteria must not be underestimated. For

example, while Blitz and coworkers (1977) reported the presence of a

ca”-stimulated ATPase in coated vesicles, it was later shown to be a

contaminant of their coated vesicle preparation (Rubenstein et al.,

1981). The current biochemical methods available to demonstrate coated

vesicle association include copurification during physical separation

procedures such as agarose gel electrophoresis (Rubenstein et al.,

1981), permeation chromatography (Pfeffer & Kelly, 1981), and Ficoll

electrophoresis (Chapter 4), specific immuneprecipitation of coated

vesicles containing a component of interest using a clathrin antiserum

(Merisko et al., 1982), or specific immuneprecipitation of clathrin

using an antiserum to the component of interest (Pfeffer et al., 1983).

Another important and useful criterion is demonstration that a membrane

component of interest has the correct orientation in the bilayer in the

coated vesicle preparation, as was shown for the LDL receptor (Mello et

al., 1980, see below).

a. Components of the Coat

The above procedures have together enabled the identification of

many non-clathrin coated vesicle polypeptides. The best characterized

coated vesicles are those from bovine brain; permeation chromatography

and agarose gel electrophoresis have shown that coated vesicles possess

at least seven polypeptides in the molecular weight range of 100,000

150,000, alpha and beta tubulin, a phosphorylated 50,000 dalton polypep

tide which is immunologically related to microtubule associated tau

proteins and linked to the tubulins, and the 33,000 and 36,000 dalton

triskelion light chains (Pfeffer and Kelly, 1981; Pfeffer et al., 1983;

Rubenstein et al., 1981). These polypeptides are all components of the



23

coat or localized outside the vesicle since they can be released by

Tris-C1 or protease treatments.

Coated vesicles from many sources contain polypeptides equivalent to

the triskelion light chains (Pearse, 1978) and also polypeptides in the

100,000 and 50,000 molecular weight ranges. Further information is

needed to determine if the observed 100,000 dalton species are homolo

gous to those detected in brain; two-dimensional gel analyses have

demonstrated the presence of analogous phosphorylated 50,000 dalton and

tubulin polypeptides in a preparation of liver coated vesicles (Pfeffer

et al., 1983).

b. Components of the Membrane

While coated vesicles each contain multiple copies of the coat

polypeptides, components of the membrane are likely to be present in

much lower amounts. Clathrin comprises about 65% of the protein mass of

coated vesicles, and taking into account the other coat proteins, it is

likely that membrane and content molecules together will generally

comprise no more than 10% of the coated vesicle protein mass. To

increase the likelihood of detecting a membrane component in coated

vesicles, investigators have chosen to look for the presence of major

cellular membrane proteins in coated vesicles (see below). Such major

proteins are also most likely to be the major contaminants in a coated

vesicle preparation, further compounding the difficulty of demonstrating

coated vesicle association. For these reasons, many investigators have

also relied upon morphological criteria to confirm and extend their

biochemical findings.

Rothman and Fine (1980) detected the presence of the WSW G protein

in purified CHO cell coated vesicles and used a clathrin antiserum to
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demonstrate coated vesicle association. Since several cytoplasmic viral

proteins were detected in addition to G protein in their immuneprecipi

tates, the specificity of their precipitation and true coated vesicle

association was left in doubt. In a second report (Rothman et al.,

1980), these workers carried out a series of experiments to determine

the glycosylated form of G protein which might be present in coated

vesicles at various times after G protein synthesis. It was concluded

that an initial wave of coated vesicle transport carried G protein from

the endoplasmic reticulum to the Golgi complex, then a second wave

carried the mature form of G protein from the Golgi complex to the

plasma membrane. In such a pulse chase experiment G protein will also

be appropriately glycosylated in contaminating membranes, therefore

demonstration of coated vesicle association becomes critical. Unfor

tunately, the coated vesicle preparation containing the G protein also

contained the cytoplasmic L, M, and N proteins. In light of this

difficulty and the immunoelectron microscopic suggestion that G protein

may not be present in coated vesicles (Wehland, et al., 1981), further

experiments will be necessary to verify the transport of the VSV G

protein by coated vesicles.

The presence of the LDL receptor in purified adrenal cortex coated

vesicles was concluded after demonstrating that both receptor specific

activity and the percentage of receptors possessing the correct orien

tation in the membrane bilayer increased at every step of the coated

vesicle purification (Mello et al., 1980). Copurification of LDL

receptor with clathrin during a physical separation procedure was not

demonstrated, however the biochemical results taken together with

immunoelectron microscopy (cf. Carpentier et al., 1982) substantiate the
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presence of LDL receptors in coated vesicles.

Agarose gel electrophores is has been used as a criterion of coated

vesicle association to demonstrate the presence of mannose-6-phosphate

(Campbell et al., 1983) and insulin (Pilch et al., 1983) receptors in

liver coated vesicles. It should be noted that while agarose gels are

useful for brain coated vesicle purification, they may be less effective

for removing liver impurities from liver coated vesicles. If 100% of

the total protein loaded onto an agarose gel migrates to the position of

coated vesicles, one must deal with the possibility that a contaminant

may co-electrophorese with coated vesicles, in which case an additional

criterion of coated vesicle association must be employed. Since both of

these receptors are internalized by coated pits (Willingham et al.,

1981; Carpentier et al., 1981) it is highly likely that they will be

present in isolated coated vesicles. An accurate estimate of the

frequency of their occurrence in isolated coated vesicles, however, will

certainly require several copurification steps.

While it has been claimed that brain coated vesicles contain an

ATP-dependent proton pump (Forgac et al., 1983) these workers provided

no evidence for coated vesicle association; this conclusion rests in

doubt until true association is demonstrated.

c. Other Coated Vesicle Components

Coated vesicles have recently been reported to contain a cyclic

nucleotide and Ca" independent protein kinase (Pauloin et al., 1982;

Kadota et al., 1982), the substrate of which copurifies with clathrin on

agarose gels (Pauloin et al., 1982) and controlled pore glass columns

(Pfeffer et al., 1983). While the kinase activity has not as yet been

ascribed to a particular coated vesicle polypeptide, a 50,000 dalton
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polypeptide is the predominant phosphorylation target. Human placental

coated vesicles have been shown to contain ferritin, transferrin and

immunoglobulin G (Pearse, 1982). While no copurification was demon

strated, these molecules were present in coated vesicle fractions even

after treatment with the detergent Triton, suggesting secondary inter

action of content molecules with some internal component of the vesicle.

Unfortunately no quantitation as to the amount of content molecules lost

after Triton treatment was presented. Booth and Wilson (1981) concluded

that the transferrin in their preparation of human placental coated

vesicles was receptor bound, however no criteria for coated vesicle

association were presented in this paper.

Calmodulin has been shown to bind to components of 110,000, 73,000

and 32,000 daltons in a preparation of brain coated vesicles in vitro

(Linden, 1982), however the coated vesicle association of the calmodulin

binding polypeptides has not as yet been demonstrated. None of these

polypeptides could be reconstituted to form baskets in vitro, and thus

are probably not coat components (Linden, 1982). The potential involve

ment of calmodulin in coated vesicle function was first detected by

Salisbury et al. (1980), who found that the calmodulin inhibitor,

Stelazine, appeared to inhibit the recruitment of clathrin to the plasma

membrane during endocytosis of cross-linked, capped IgM molecules.

Demonstration of coated vesicle association is a difficult task but

an essential one since no coated vesicle preparation is pure and non

coat components make up 10% or less of the total protein. This critical

review has stressed the need for rigorous biochemical analyses in

conjunction with morphological information to determine the localization

and distribution of particular proteins in coated vesicles, and in all
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specific membrane compartments during their intracellular transport.

D. A COATED WESICLE CYCLE

Several investigators have independently arrived at model for the

coated vesicle lifecycle (Pearse, 1980; Pearse and Bretscher, 1981;

Rothman et al., 1982). Basically, coat subunits assemble on an intra

cellular membrane surface, progressively forming a bud. Since coat

proteins assemble spontaneously in vitro, this budding process might be

energy independent. The completion of the coat to pinch off a vesicle is

probably a distinct step, since coated pits accumulate at 4°C or in the

presence of metabolic inhibitors; it is not known whether basket closure

and membrane vesiculation are both affected by these treatments. A newly

formed vesicle must bear surface determinants which specify its target

destination. Then, upon arrival at the target membrane, the coat must

be removed to enable fusion of the respective membranes. This latter

process may be mediated by an ATP-dependent, 68,000 dalton coated

vesicle uncoating protein (Patzer et al., 1982; J. Rothman, personal

communication).

In order for coated vesicles to carry out this cycle and function as

specific membrane transporters, specific membrane and soluble proteins

on one side of the membrane must somehow be recognized by the coat on

the other side of the membrane. Such recognition could occur via a

transmembrane protein or "adaptor" (Pearse and Bretscher, 1981) which

could interact with both coat and cargo. The transmembrane cargo

receptor or adaptor could be the distinguishing feature of coated

vesicle subclasses, responsible for recognition of specific cargo and

destinations. The fact that antibody molecules can penetrate the cla

thrin coat and bind to cytoplasmically-oriented membrane components
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(Pfeffer and Kelly, 1982) indicates that such a transmembrane adaptor

protein could possibly be recognized through the clathrin coat by a

receptor on a target membrane even before the coat is removed, followed

by the uncoating and membrane fusion steps. One can imagine a reversal

of this process to carry the transmembrane protein adaptor back to its

initial donor membrane.

No clues currently exist as to the identity of the transmembrane

adaptor protein. The continued association of coated vesicle content

molecules with vesicle remnants after detergent treatment may be indica

tive of its presence (Pearse, 1980): although the content molecules may

be receptor bound, the poor solubilization of membrane receptors may be

due to their association with an adaptor. The process of receptor

mediated endocytosis suggests that an adaptor might recognize clusters

of proteins for transport; how secreted proteins might specifically

cluster, perhaps as early as the endoplasmic reticulum, is yet another

matter open to speculation at this point.

CONCLUSION

Much information has been obtained regarding the general biochemical

composition and structure of coated vesicles. Many question marks

remain in figure 1, representing points at which uncertainty exists

about the specific involvement of coated vesicles. Until these points

are resolved it is impossible to be certain of the magnitude of the

diversity of recognition events mediated by these intracellular organ

elles, yet it is clear that all coated vesicles must not be identical.

The molecular features which distinguish coated vesicle subclasses are

completely unknown, as are the mechanisms by which coated vesicles

capture specific proteins, bud and pinch off, then travel through the
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cell and fuse with specific targets.

In the following chapters I will present several new purification

procedures for these organelles, experiments which led to the identi

fication of several minor polypeptides including alpha and beta tubulin

linked to a phosphorylated tau- like polypeptide, and the identification

of a cytoplasmically-oriented synaptic vesicle membrane polypeptide on

the outer surface of the coated vesicle membrane. Several of the

proteins which I identified may be very useful in initial attempts to

identify and isolate coated vesicle subclasses, and future approaches

will be discussed in Chapters 3 and 4.
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TABLE 1. Various Terms Used to Describe Coated Vesicles

Complex vesicles

Dense rimmed vesicles

Coated vesicles

Bristle-coated vesicles

Alveolate vesicles

Annular vesicles, ring vesicles

Stachelsaumblaschen (stinger or

spike surfaced vesicles)

Acanthous vesicles, acanthosomes

Rough surfaced vesicles

Vesicle in a basket

Spiny-coated vesicles

(Gray, 1961)

(Brightman, 1962)

(Wissig, 1962;

Rosenbluth & Wissig, 1963)

(Roth & Porter, 1962, 1964)

(Palay, 1963)

(DeRobertis et al., 1963)

(Andres, 1964)

(Wolfe, 1965)

(Cunningham et al., 1966)

(Kanaseki & Kadota, 1969)

(Croze et al., 1982)
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Table 2. Sources of Purified Coated Vesicles*

Adrenal cortex, bovine

Adrenal medulla, bull

Brain
bovine

porcine

rat

rabbit

Cultured cells
CHO cells

E. L. 4 lymphoma cells
myotubes, chick
WiL2 cells

Electric organ, Torpedo

Liver
rat

rabbit

bovine

Muscle, embryonic chick

Oocytes, chick

Parotid, bull

Placenta, human

Yeast

Mello et al., 1980

Pearse, 1976

Pearse, 1975;
Blitz et al., 1977;
Keen et al., 1979;
Rubenstein et al., 1981;
Pfeffer & Kelly, 1981
Pearse, 1976;
Woods et al., 1978;
Merisko et al., 1982
Blitz et al., 1977
Blitz et al., 1977

Rothman et al., 1980;
Rubenstein et al., 1981
Pearse, 1976
Benson & Fine, 1982
Salisbury et al., 1980

Pfeffer, 1983

Steer et al., 1982
Pilch et al., 1983
S. Schmid, personal communi
cation

Pfeffer, 1983

Porter-Jordan et al., 1982

Pearse, 1978
Woods et al., 1978

Pearse, 1978

Ockleford & Whyte, 1977;
Pearse, 1978, 1982;
Booth & Wilson, 1981
Mueller & Branton, 1982

*Only the first report of the use of a particular source is listed
unless a subsequent paper reported a different or improved method
of purification. The purity of coated vesicles obtained from these
sources is extremely variable.
obtained from plant
brevity.

Coated vesicles have also been
references are omitted for
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FIGURE 1. Intracellular transport steps which may involve coated

vesicles. Question marks denote steps where the involvement of coated

vesicles has not yet been demonstrated. 1, receptor-mediated endocy

tosis or adsorptive pinocytosis; 2, receptor recycling; 3, transport to

lysosomes for ligand degradation; 4, transcellular transport; 5, transi

tional endoplasmic reticulum (ter) to Golgi transport; 6, intraColgi

transport; 7, transport to and/or from condensing vacuoles; 8, exocy

tosis; 9, Golgi to lysosome transport; 10, retrieval and recycling of

secretory vesicle membrane. The question mark in the step 10 coated

vesicle refers to the unknown coated vesicle target.
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FIGURE 2'. Triske lion structure and schematic depiction of the packing

of triske lions to create a coated vesicle basket. These structures were

determined by Ungewickell & Branton (1981) and Crowther & Pearse (1981).
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CHAPTER 2

IDENTIFICATION OF MINOR COMPONENTS OF COATED WESICLES

USING PERMEATION CHROMATOGRAPHY
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ABSTRACT

Minor components of coated vesicles can be identified in highly

purified preparations if they can be shown to copurify with clathrin.

To show copurification we have made use of the relatively uniform

diameter of coated vesicles (50-150 nm) to fractionate conventionally

purified coated vesicles according to size on glass bead columns of pore

size 200 nm. We have found that bovine brain coated vesicles prepared

by the standard procedure of Pearse can be contaminated with large

membrane fragments which are removed by permeation chromatography on

such glass bead columns. Gel electrophoretic analysis of column frac

tions shows that only three major polypeptide chains, and a family of

polypeptides with molecular weights close to 100,000 are always in

constant ratio to clathrin, and are unique to fractions containing

coated vesicles. Two other major polypeptides which appear to be

components of coated vesicles are also present in other membrane frac

tions. We have also used permeation chromatography to monitor artifac

tual membrane trapping during vesicle isolation. Pure radiolabeled

synaptic vesicle membranes were added to bovine brain tissue prior to

homogenization. Considerable amounts of the added radioactivity could

be recovered in the fractions conventionally pooled in the preparation

of coated vesicles. After permeation chromatography, the radioactivity

in the coated vesicle peak was reduced essentially to background.
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INTRODUCTION

Since many transported membrane components and destination signals

are likely to be minor components of coated vesicles, their identifica

tion requires a preparation of these intracellular organelles that is

highly pure. Pearse (1975) has worked out an effective and widely used

purification procedure, which involves three sucrose density gradient

steps. The purity of the final preparation has been assessed by elec

tron microscopic examination. Gel electrophoretic analyses of these

preparations (Pearse, 1975, 1976, 1978; Blitz et al., 1977; Woodward &

Roth, 1978; Rothman et al., 1980) have established the presence of many

minor polypeptides, in addition to a major 180,000 molecular weight

species which has been called clathrin (Pearse, 1976). Unfortunately,

the minor components reported by different authors vary quite widely,

even when the coated vesicles are isolated from the same source.

Although this variability can be explained in part by the differing

amounts of material analyzed on gels, it is also in part due to the pre

sence of small amounts of contaminating protein in the coated vesicle

preparations. Minor coated vesicle components should copurify with

clathrin, the major structural element of this organelle. The final

step of the conventional coated vesicle purification is velocity sedi

mentation on sucrose density gradients. Since the sedimentation rate of

organelles depends on both size and density, large less dense contamina

ting membrane vesicles could sediment at the same rate as the smaller,

dense coated vesicles. Therefore, a demonstration of copurification

during this procedure would not be sufficient for the identification of

coated vesicle minor components. We chose instead to make use of the
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remarkably uniform diameter of coated vesicles in an additional purifi

cation step. Coated vesicles from the final velocity sedimentation were

further fractionated according to size by permeation chromatography on

controlled pore size glass bead columns.

By permeation chromatography we have been able to show that small

amounts of other membranes can contaminate conventionally purified

coated vesicles. Several of the minor components of coated vesicles can

be attributed to these contaminants. Further we can show three of the

major polypeptides and a family of polypeptides near 100,000 daltons,

also observed by other workers, do indeed seem to belong to an organelle

of size identical to that of coated vesicles.

Finally, in our attempts to localize cholinergic synaptic vesicle

antigens (Carlson & Kelly, 1980) in coated vesicles isolated from marine

ray electric organ (Pfeffer et al., 1980) we have been concerned about

the degree of artifactual trapping of exogenous membrane in the coated

vesicle fractions. Here we demonstrate that trapping is indeed a

problem, but one which can be essentially eliminated by permeation

chromatography.

RESULTS

Coated vesicles were purified from 150 g of bovine brain essentially

by the method of Pearse (see Experimental Procedures). The coated

vesicle pool from the third and final sucrose gradient step (~5 mg of

protein), was concentrated by ultracentrifugation. One milligram of

this material was loaded onto a controlled pore glass column of average

pore size 200 nm. Analysis of column fractions for protein revealed two
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peaks of material (Fig. 1, upper), one at the void volume and a second

containing about 85% of the protein, that was partially included.

Absorbance at 280 nm was much greater than that predicted by the protein

concentration, largely due to light scattering. The higher ratio of

absorbance to protein in the excluded peak (Fig. 1, upper) suggested

that this material was larger in size.

One-dimensional gel electrophoretic analysis of these column frac

tions (Fig. 1, lower) showed that the second, included peak contains

nearly all of the coated vesicles, since it contained the bulk of the

protein clathrin (M. 180,000), the major protein component of coated

vesicles. Only a small amount of a polypeptide with the same mobility

of clathrin is present in the first peak. Several polypeptides copuri

fied with clathrin during this separation procedure: a family of 1 major

and 7 minor polypeptides in the molecular weight range of 100,000, a

polypeptide triplet near 50,000 daltons, and two polypeptides of

approximately 33,000 and 36,000 daltons. The 100,000 dalton family, the

fastest of the 50,000 dalton triplet and the 36,000 dalton polypeptide

(asterisks, Fig. 1, lower) are found in negligible amounts in the

excluded peak and thus are considered unique to coated vesicles. Several

polypeptides, for example of about 68,000 and 40,000 daltons, are only

found in the contaminating material excluded from the column.

Polypeptides with the same mobilities as the 33,000 dalton polypep

tide and the larger two polypeptides of the 50,000 dalton triplet are

detected in both column peaks. To determine if these comigrating

polypeptides are in fact identical, samples of material from the exclu

ded peak and the included coated vesicle peak were subjected to two

dimensional ge1 electrophoresis. As can be seen in Figure 2, the spots
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corresponding to the two larger 50,000 dalton polypeptides (a) are

identical in both the included and excluded peaks; these two polypep

tides are therefore common to both coated vesicles and other cellular

membranes. The 33,000 dalton polypetpide is not a shared component,

however. The excluded peak contains a spot (d) of the same molecular

weight as the coated vesicle 33,000 dalton polypeptide (c), but with a

different isoelectric point. Thus two-dimensional gel electrophoersis

shows that the excluded peak contains a 33,000 dalton polypeptide not

present in the highly purified coated vesicles. It should be noted that

in this preparation of coated vesicles, the excluded material appears to

contain a slightly higher proportion of coated vesicles than in Figure

1. We believe this is a consequence of slightly overloading the glass

bead column. The trace of contaminating coated vesicles is useful

however in showing the similarity in size of the more acidic 33,000

dalton component of coated vesicles and the corresponding polypeptide in

the excluded material.

Since electron microscopy is conventionally used to judge the purity

of coated vesicle preparations, we prepared thin section electron

micrographs of the coated vesicle preparation prior to and after separa

tion on a controlled pore glass column (Fig. 3). The fields were

specifically chosen to show examples of the impurities. The starting

material (Fig. 3a) was typical of most published thin section prepara

tions (Blitz et al., 1977; Woodward & Roth, 1978; Mello et al., 1980).

Coated structures clearly predominate and by visual inspection consti

tute greater than 95% of the structures observed. The excluded material

(Fig. 3b) was made up almost entirely of large, apparently random

membrane vesicles with only rare examples of coated vesicles. Large
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membrane vesicles will scatter more light than the smaller coated

vesicles and have a greater extinction coefficient (Fig. 1). The

included peak (Fig. 3c) was highly enriched in coated vesicles. Micro

graphs of the coated vesicle preparation after the controlled pore glass

column (Fig. 3c) were not noticeably different (more than 95% coated

vesicles) from those before, even though contaminating material had been

removed (Fig. 3b).

A second way we demonstrated the usefulness of the permeation

chromatography step was by adding exogenous labeled membranes to the

brain tissue prior to homogenization, and monitoring their fate during

coated vesicle isolation. For this experiment we chose to use cholin

ergic synaptic vesicles which have properties quite unlike those of the

coated vesicles: a diameter of about 80 nm (Sheridan et al., 1966), and

an equilibrium density in sucrose solutions (1.05 gen”) much lower than

that for coated vesicles. These differences should minimize the proba

bility of copurification. Of the radiolabeled synaptic vesicle membrane

added prior to homogenization, 8.5% was present in the fractions of the

first sucrose gradient conventionally pooled for coated vesicle isola

tions. Since this pool contained about 2% of the initial protein, the

exogenous membrane displayed a fourfold enrichment during this step, as

measured by the ratio of recovered radioactivity to protein. The pooled

material was further fractionated by equilibrium centrifugation. Figure

4a shows the distribution of total protein and exogenously added radio

active synaptic vesicle membrane across the second sucrose gradient. In

the Pearse procedure, the dense white band of material at about 50%

sucrose is pooled for coated vesicles (fractions 10-12, Fig. 4a). These

fractions contained 1.4% of the radioactive synaptic vesicle membrane
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added prior to homogenization. The ratio of radioactivity to protein

was reduced only about 1.2 fold relative to the pool from the first

gradient. We conclude that coated vesicles purified only through

sucrose gradient 2 of the Pearse procedure will mostly likely be contam

inated with other cell membranes.

The concentrated pool of coated vesicles from the second sucrose

gradient was further fractionated on a sucrose velocity gradient (Fig.

4b), the third and final step of the Pearse purification. Only 10% of

the radioactivity which had copurified with the coated vesicles on the

second sucrose gradient remained with coated vesicles on the third

sucrose gradient. Most of the radioactivity pelleted along with several

major polypeptide contaminants (data not shown). Some radioactivity

(0.16%) was still detected in the coated vesicle fractions from the

third gradient, although the ratio of radioactivity to protein was a

further 3.3 fold reduced over its value for the second gradient pool.

We found that this residual radioactivity could be essentially removed

from the coated vesicles by pooling the fractions designated in Fig. 4b,

concentrating them and running them on a controlled pore glass column as

described before. As can be seen in Fig. 4c., the bulk of the radioactiv

vity present in the coated vesicle pool was excluded from the controlled

pore glass column and separated from the bovine brain coated vesicles.

Less than 0.01% of the initial radioactivity was recovered in the coated

vesicle fractions. The ratio of radioactivity to protein in these

fractions was at minimum 4 times less than that in the third gradient

pool and over 17 times lower than that in the first gradient pool.
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DISCUSSION

We have shown that the purity of conventionally purified coated

vesicles can be improved by permeation chromatography. By using a glass

bead column of pore size large enough to include coated vesicles we

could remove membrane contaminants present in the standard coated

vesicle preparation. Although the initial coated vesicle preparation

appeared to be at least 95% pure on the basis of morphological criteria,

perhaps only 85% of the protein was contributed by coated vesicles.

Electron micrographs of the coated vesicle preparations prior to and

after permeation chromatography were not strikingly different, suggest

ing that morphology might not be a sensitive measure of purity.

Electron microscopy, although extremely useful in establishing the

initial purification procedure (Pearse, 1975), has some limitations as a

criterion of purity. It cannot for example detect or quantify adsorbed

soluble proteins. In addition, conditions optimal for the negative

staining of coated vesicles may not reveal other kinds of membranes.

Further, coated vesicles are often prepared for thin sectioning by

pelleting. Large membrane contaminants can sediment faster than coated

vesicles, resulting in a higher apparent purity in thin sections of some

layers of the pellet.

Since glass bead columns fractionate particles according to size,

the polypeptides which are found in association with clathrin during

permeation chromatography are associated with a particle of average size

and size range equal to that of coated vesicles. We believe that this

is good evidence that they are minor components of coated vesicles. The

minor components fall into two categories, those which appear to be
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unique to coated vesicles (Fig. 1 and 2) and those which are apparently

shared by the coated vesicles and the contaminating membranes. We have

shown that the smallest member of the 50,000 dalton triplet is unique to

coated vesicles, while the larger two are common to coated vesicles and

other membranes. It is possible that the shared polypeptides are not

true coated vesicle components but arise by the artifactual sticking of

cytoplasmic proteins to all membranes during isolation. Alternatively,

coated vesicles may specifically interact with certain polypeptides

which are also found associated with other intracellular structures.

The polypeptides which copurify with clathrin during permeation

chromatography have been detected by other workers in gels of coated

vesicle preparations (Pearse, 1975, 1976, 1978; Blitz et al., 1977;

Woodward & Roth, 1978; Rothman et al., 1980). Most of these prepara

tions also contain peptides not present in coated vesicles obtained

after glass bead column chromatography. Exact comparison is difficult

however because of the variations in the amounts of protein analyzed on

the gels. It is noteworthy that the 33,000 and 36,000 dalton coated

vesicle polypeptdies require chromatography in the presence of chao

tropic salts for separation from clathrin during clathrin purification

(Keen et al., 1981; S. Pfeffer, unpublished observations). These two

polypeptides have been postulated to be part of a coated vesicle assem

bly unit (Ungewickell & Branton, 1981).

Since clathrin makes up such a large fraction (63%) of the total

protein mass of coated vesicles, electrophoresis conditions which give a

sharp clathrin band yield barely detectable amounts of the minor compo

nents. Such components are best detected when the gel is heavily

overloaded with clathrin, which then results in a distorted clathrin
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band such as that in Figure 1 (lower). It is encouraging that even when

the gels are massively overloaded as in Figure 1, there are fewer minor

components than in many other published preparations.

We had previously noted that antigens specific for cholinergic

synaptic vesicles could be found in coated vesicles isolated from marine

ray electric organ by conventional procedures (Pfeffer et al., 1980). A

weakness of this work was the possibility that synaptic vesicle membrane

was artifactually trapped in coated vesicle fractions during the isola

tion procedure. To explore the likelihood of membrane trapping we

monitored the extent to which an exogenously added membrane copurified

with coated vesicles during their isolation from bovine brain. For

these experiments we chose to add an exogenous membrane with physical

properties quite unlike those of coated vesicles, thus decreasing the

likelihood of their copurification. We used acetylcholine containing

synaptic vesicles, which had been purified to greater than 90% homogen

eity from the electric organ of a marine ray (Carlson et al., 1978).

Because synaptic vesicles have a very different equilibrium density in

sucrose solutions than coated vesicles (see arrow in Fig. 4a), we did

not expect them to migrate with the coated vesicles during the second

sucrose equilibrium centrifugation (Fig. 4a). Our results indicate that

the exogenously added membranes were interacting nonspecifically with

some component present in the partially purified coated vesicle frac

tions. Some of this artifactual aggregate was removed by the third

sucrose gradient, although both the second and third gradient together

only decreased the ratio of exogenous membrane to protein by approxi

mately fourfold from its value after the first gradient. The permeation

chromatography step alone gave at least a fourfold purification of
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coated vesicles away from exogenous membranes, and resulted in removal

of essentially all of the exogenous membrane from the coated vesicle

fractions. These experiments do not rule out the additional possibility

that clathrin coats form artifactually around a small fraction of

synaptic vesicle membranes during the isolation procedure. Because of

the large diameter of synaptic vesicles (80 nm) such structures would

probably be excluded from the controlled pore glass column and would

remain undetected. If such a process were occurring, however, it could

not involve more than approximately 0.05% of the exogenous synaptic

vesicle membranes, since this is the amount of label recovered in the

excluded peak.

It has been estimated that there are approximately 100 molecules of

clathrin per clathrin coat (Crowther et al., 1976). Relative to this

value for clathrin, the unique 36,000 and 50,000 dalton polypeptides,

for example, are present at approximately 34 and 17 copies per coated

vesicle, respectively. Minor components which are present at perhaps

one copy per coated vesicle would ont be detected on gels such as that

shown in Figure 1, and would constitute a very small fraction of the

total protein mass relative to the coated vesicle polypeptides detected

on gels. Thus, removal of contaminating membranes which constitute 15%

of the total protein is especially important when it comes to identify

ing this category of coated vesicle minor components.

It has been reported that sucrose density gradient purification

results in destruction of coated vesicles (Pearse, 1980; Nandi et al.,

1982), due to the non-isoosmotic dense sucrose solutions employed. It

is possible that some content molecules and membrane components such as

receptor molecules carried by coated vesicles may be lost during such
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isolation procedures. To avoid this difficulty we are currently isola

ting coated vesicles under isoosmotic conditions in conjunction with

controlled pore glass column chromatography.

Coated vesicle preparations have been found to contain proteins of

biological interest such as the low density lipoprotein receptor (Mello

et al., 1980), the WSW G protein (Rothman et al., 1980) and calmodulin

(Linden et al., 1981; Moskowitz et al., 1982). As would be expected,

most of these proteins are present as a very small fraction of the total

protein. In light of the experiments reported here, the presence of

activities such as these in morphologically homogeneous coated vesicle

preparations is not sufficient to establish them as true components of

coated vesicles. This is consistent with the observation of others; the

coated vesicle fractions which contained the WSW G protein also con

tained the viral M protein, a cytoplasmic protein not thought to be a

constituent of coated vesicles (Rothman et al., 1980). Additional

criteria must be met to establish that an activity is truly localized

within a coated vesicle. For example, support for the presence of the

low density lipoprotein receptor in coated vesicles came from the

finding that 91% of the receptor had the correct orientation in the

membranes of an adrenal cortex coated vesicle preparation (Mello et al.,

1980). We believe another useful criterion for the presence of a

specific protein in coated vesicles is co-migration with clathrin on

glass bead columns.



49

FIGURE 1. Controlled pore glass column chromatography of conventionally

purified bovine brain coated vesicles. Upper panel: 1 mg of coated

vesicles purified through the third sucrose gradient 3 were

chromatographed as described in Experimental Procedures. 0–0, pg/ml

protien; 0--0, absorbance at 280 nm. 64% of the protein loaded onto the

column was recovered. Lower panel: 0.4 lim of each fraction was

concentrated by acid precipitation and run on a 9% polyacrylamide gel as

described in Experimental Procedures. Fraction numbers to which the gel

lanes correspond are shown be low the gel. Those polypeptides which

appear to be unique to coated vesicles (see text) are designated (*).

The arrowhead indicates a polypeptide which has been shown to be unique

to coated vesicles by two-dimensional gel electrophoresis (see Fig. 2

and text). Molecular weight standards were run in a lane not shown at

the left of the gel (myosin, 200,000; phosphorylase, 94,000; bovine

serum albumin, 68,000; 3 -globulin, 50,000; alcohol dehydrogenase,

38,000).
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FIGURE 2 . Two-dimensional gel electrophoresis of controlled pore glass

column fractions. Upper panel: excluded peak material. Lower panel:

included coated vesicle peak material. The acidic end of the gels is

shown at the right. a, 50,000 dalton doublet, common to coated vesicles

and other membranes; b, 36,000 dalton coated vesicle polypeptide; c,

33,000 dalton coated vesicle polypeptide; d, 33,000 dalton non-coated

vesicle polypeptide. The small circle indicates a minor spot present on

both gels which has been demarcated for orientation purposes.
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FIGURE 3. Electron micrographs of bovine brain coated vesicles before

(a) and after (b,c) permeation chromatography (x78,000, magnification).

Panels b and c show material from the excluded and included peaks,

respectively, of the controlled pore glass column shown in Figure 3c.

Arrows in panel b indicate occasionally observed coated vesicles. The

samples for panels a and c were prepared for electron microscopy by

procedure A (see Experimental Procedures), the sample for panel b was

prepared by procedure B. The sample shown in panel a was of higher

protein concentration than those shown in panels b and c. Bar, 0.2 pm.
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FIGURE 4. Purification of coated vesicles in the presence of exogenous,

radiolabeled synaptic vesicle membranes. 2.5x10° cpm of (*I)-synaptic
vesicles (5x10° cpm/lug) were added to fragments of bovine brain (100 g)

prior to the initial homogenization. The coated vesicle purification

including column chromatography was carried out as described in Experi

mental Procedures. Radioactivity was determined by counting fractions

directly in a Beckman Gamma 4000 counter. The arrow in panel a desig

nates the position to which the (*I)-synaptic vesicle membranes

sedimented in the absence of bovine brain tissue. e—e, mg/ml protein;
12

A—A, 51 cpm; o--o, density. The brackets above the profiles indi

cate which fractions were pooled for the subsequent purification step.
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«Nºô•ºº̂:-

§

–º–º–º–º–º–º–º–?(•)
u■ e■ oudIu/6u.

|-•
+

R•
Q^o|-}∞■

!T|-

|-}se■ |-|-}<■■

Q|-T■ **s[tº,−=−■ ©
■

Q|-do|-~o
|-•—=2■|-•|•=■ -~■

■

|-(
o)

Aursuep*
c^w

!––1––1–––1––––1––––!■ ?>−4
oºzi,cz■ ,s■ v■ ,y■ r■ ,ot'■ ,90r.,zo

1v
,oo

(v),ouxud>…,

20 2515

froction number



57

CHAPTER 3

IDENTIFICATION OF THREE COATED VESICLE COMPONENTS

AS ALPHA AND BETA TUBULIN LINKED TO A TAU-LIKE

PHOSPHORYLATED 50K POLYPEPTIDE
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ABSTRACT

Coated vesicles are involved in the intracellular transport of

membrane proteins between a variety of membrane compartments. The coats

of bovine brain coated vesicles contain at least six polypeptides in

addition to an 180,000 dalton polypeptide called clathrin. In this

report we show that the 54,000 and 56,000 dalton coated vesicle polypep

tides are o- and 3-tubulin, using immunoblotting and two-dimensional gel

electrophoresis. An affinity-purified tubulin antiserum can precipitate

coated vesicles. The tubulin polypeptides are tightly associated with a

50,000 dalton coated vesicle polypeptide which is phosphorylated. The

phosphorylated 50,000 dalton polypeptide appears to be related to brain

microtubule associated tau proteins since it can be specifically immuno

precipitated by an affinity purified antiserum directed against these

proteins. In addition, gel filtration experiments indicate that at least

a fraction of the 50,000 dalton polypeptide may associate with the

100,000 dalton coated vesicle polypeptide. Since brain is a tissue rich

in tubulins, liver coated vesicles were analyzed for the presence of cº

and B-tubulin. Like brain coated vesicles, liver coated vesicles also

contain an endogenous kinase activity, which phosphorylates polypeptides

of the same molecular weights and isoelectric points as the brain coated

vesicle 50,000 dalton, tau-like polypeptide and o- and B-tubulin. The

phosphorylated 50,000 dalton polypeptide may link the membrane and

contents of coated vesicles with components of the cytoskeleton.
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INTRODUCTION

The mechanisms by which membrane and secreted proteins are sorted

and targeted to specific intracellular destinations are for the most

part not understood. Coated vesicles are thought to mediate the trans

port of membrane proteins between various membrane compartments within

the cell, for example between the endoplasmic reticulum and the Golgi

apparatus and from the Golgi apparatus to the plasma membrane. They are

also involved in the internalization of selected plasma membrane compo

nents during receptor-mediated endocytosis (Pearse & Bretscher, 1981;

Goldstein et al., 1979). Isolated bovine brain coated vesicles contain

approximately 100 copies (Crowther et al., 1976) of a 180,000 dalton

(180K) polypeptide called clathrin (Pearse, 1976). Two proteins of 33K

and 36K are tightly bound to clathrin (Pearse, 1978; Keen et al., 1979)

and comprise an assembly unit of the coat structure ("triskelion";

Ungewickell & Branton, 1981; Kirchhausen & Harrison, 1981). Several

other polypeptides have been shown to copurify with clathrin during

various separation procedures (Pfeffer & Kelly, 1981; Rubenstein et al.,

1981). The properties and precise functions of each of the coated

vesicle polypeptides are only beginning to be understood. A 50K poly

peptide appears to be phosphorylated by a cAMP and ca” independent

protein kinase activity associated with coated vesicles (Pauloin et al.,

1982; Kadota et al., 1982). Little is known about the 54K and 56K

polypeptides, and a series of polypeptides between 100K and 150K which

are present in coated vesicle preparations at stoichiometries comparable

to the 33K and 36K polypeptides (Pfeffer & Kelly, 1981).

In this report we identify the 54K and 56K coated vesicle polypep
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tides as a- and 6-tubulin. As would be expected, these two polypeptides

are not unique to . coated vesicles (Pfeffer & Kelly, 1981), yet they

maintain a constant molar ratio relative to clathrin through several

purification procedures and require harsh treatments for their dissoci

ation from the coated vesicle structure.

We have confirmed the report of Pauloin et al. (1982) and Kadota et

al. (1982) that a 50K coated vesicle polypeptide can be phosphorylated

by a kinase activity present in bovine brain coated vesicle fractions,

and have shown that the kinase activity remains after purification of

coated vesicles by controlled pore glass column chromatography. We

detect several additional phosphorylated polypeptides including a- and

3-tubulin, and have made use of this endogenous phosphorylation activity

to selectively label bovine brain coated vesicle components. An affinity

purified tubulin antiserum can precipitate in vitro phosphorylated, or

iodinated coated vesicles. The tubulin appears to be associated with

the 50K coated vesicle polypeptide since the 50K polypeptide is immune

precipitated by a tubulin-specific antiserum in concert with the tubulin

polypeptides, even after complete disruption of coated vesicles. The 50K

phosphorylated coated vesicle polypeptide that binds to tubulin is

antigenically related but distinct from a microtubule associated tau

protein.

RESULTS

Identification of the 54K and 56K Polypeptides as Tubulin

We have recently shown that fractionation of coated vesicles accord

ing to size by permeation chromatography can be used to identify
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polypeptide components of coated vesicles (Pfeffer & Kelly, 1981). The

majority of the coated vesicles elute as a single included peak from a

controlled pore glass (CPG) column. Several polypeptides chromatograph

at a constant stoichiometry relative to clathrin and are present in the

coated vesicle peak and not in other fractions. By these criteria, we

have argued that the 33K and 36K clathrin-binding polypeptides, a 50K

polypeptide and a series of polypeptides in the molecular weight range

of 100K to 150K are unique to coated vesicles (Pfeffer & Kelly, 1981).

Two other prominent polypeptides of 54K and 56K co-purify with clathrin

on CPG columns but are not unique to coated vesicles: they are also

present in the contaminating material excluded from the column (Pfeffer

& Kelly, 1981). Figure 1 shows the polypeptide composition of bovine

brain coated vesicles included (1a) or contaminating membranes excluded

(1b) from a CPG column.

The molecular weights and distribution in brain membranes of the 54K

and 56K polypeptides suggested that they might be tubulin. To investi

gate this possibility, the ability of the 54K and 56K polypeptides to

bind affinity purified anti-a and -3 tubulin antiserum (Cleveland et

al., 1981) was tested using the procedure of immunoblotting (Burnette,

1981). Briefly, coated vesicle polypeptides were separated by SDS poly

acrylamide gel electrophoresis, electrophoretically transferred to

nitrocellulose sheets, and incubated with the appropriate primary and

secondary antibodies; immune complexes were detected by autoradiography

of the filters. Two polypeptides of molecular weights near 55K present

in both the included and excluded fractions reacted with this antiserum

(Fig. 2a). Incubation of duplicate filters in secondary antibody alone

resulted in no detectable binding to included coated vesicle or excluded
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polypeptides; only the rabbit immunoglobulin present in the molecular

weight standards bound the radiolabelled goat anti-rabbit immunoglobulin

probe (Fig. 2b).

Since the pattern of antibody binding was the same for both included

and excluded material, it seemed likely that the antiserum recognized

the 54K and 56K polypeptides which are not unique to coated vesicle

containing fractions. To be certain that the major 54K and 56K polypep

tides detected by Coomassie blue staining were in fact the tubulins, the

presence of Coomassie blue staining cº- and B-tubulin in both included

and excluded material was verified by an independent method. Figure 3

shows a two dimensional gel of CPG column purified bovine brain coated

vesicles. Both the included and excluded material contain comparable

amounts of the circled set of spots in Fig. 3A (Pfeffer & Kelly, 1981).

As can be seen in Fig. 3B-D, the molecular weights, pattern and isoelec

tric points of these spots are identical to those for brain o. and

3-tubulin, confirming that the 54K and 56K polypeptides found in both

included and excluded volume fractions are o and 3-tubulin.

Because tubulin comprises a large fraction of the total protein in

brain homogenates, its presence in coated vesicle fractions could easily

have been artifactual. Therefore it was important to determine the

strength of the interaction between tubulin and the coated vesicle

structure. In initial experiments, various reagents were tested for

their ability to dissociate tubulin from coated vesicles. After treat

ment, coated vesicles were pelleted under standard conditions (1 hr.,

100,000g), and the resultant supernates were assayed for the presence of

the 54K and 56K polypeptides by gel electrophoresis. Neither treatment

with 1% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfon
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ate), nor a mixture of 0.1% SDS and 1% NP40 released detectable tubulin

polypeptides. By this criterion, the tubulin was not binding to the

lipid bilayer alone, or trapped within membrane vesicles. 1M Tris/C1 pH

7.4 which removes about 50% of the triske lions (Keen et al., 1979) and

10mM dithiothreitol (DTT) were ineffective in releasing tubulin. All of

the tubulin was susceptible to trypsin degradation and was released with

the other coated vesicle polypeptides after treatment with 6M urea (data

not shown). Should tubulin be released in a form which would sediment

in 1 hour at 100,000g we would not have detected its release. To mini

mize tubulin aggregation these experiments were carried out at 4°C and

at low protein concentrations, conditions which should favor tubulin

depolymerization.

Tubulin Antiserum can Precipitate Coated Vesicles

To determine whether the tubulin was directly associated with coated

vesicles, the ability of an affinity-purified tubulin antiserum (8) to

precipitate coated vesicles was tested. Intact coated vesicles, radio

labeled with 1251, were incubated with various amounts of tubulin anti

serum; immune complexes were precipitated by the addition of fixed S.

aureus cells and precipitates were extensively washed prior to analysis

by SDS gel electrophores is and autoradiography. The immuneprecipitation
12

of coated vesicles was quantitated by densitometry of the *I-clathrin

polypeptide on the autoradiograms. As can be seen in Figure 4, the

precipitation of *1-1abeled coated vesicles was directly proportional

to the amount of tubulin antiserum added, and was specific in that non

immune serum precipitated only small amounts of radiolabeled clathrin.

This indicated that at least some of the tubulin was directly associated

with coated vesicles under the conditions of the immuneprecipitation.
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Phosphorylation of Coated Vesicle Polypeptides

It has recently been reported that preparations of bovine brain

coated vesicles contain a cAMP and ca" independent kinase activity

(Pauloin et al., 1982; Kadota et al., 1982). Pauloin and coworkers

found that incubation of (x-ºp)ATP with agarose gel-purified (Ruben

stein et al., 1982) coated vesicles resulted in the phosphorylation of a

50K band which they suggested might be the 50K polypeptide unique to

coated vesicles (Pfeffer & Kelly, 1981). A 50K polypeptide is also

phosphorylated in bovine brain coated vesicles isolated by permeation

chromatography, and appears to copurify with clathrin during size

fractionation. Figure 5 shows a CPG column profile of bovine brain

coated vesicles; individual fractions were incubated with (?-?”P)ATP as

described by Pauloin et al. (1982) and analyzed by SDS polyacrylamide

gel electrophoresis. While the 50K band is the most predominantly

labelled, several other distinct polypeptides of molecular weights 35K,

54K, 56K, 72K, 104K and 140K show minor labelling, particularly in CPG

column fractions. The autoradiogram in Figure 5 is overexposed to permit

visualization of the minor labeled polypeptides. Kadota and coworkers

also detected multiple phosphorylated polypeptides after in vitro

phosphorylation (1982) . Two-dimensional gel electrophoresis of phos

phorylated coated vesicles confirmed that the phosphorylated 50K, 54K

and 56K polypeptides are identical to the prominent coated vesicle 50K

and tubulin polypeptides detected by Coomassie blue staining (cf. Fig. 3

and 9). No phosphorylation of clathrin or the 33K and 36K clathrin

binding proteins was detected.
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The 50K Polypeptide is Precipitated with the Tubulins after Coated

Vesicle Disruption

We have shown that the tubulin antiserum can precipitate 1231-1a

beled coated vesicles, using clathrin as a marker (Fig. 4). The phos

phorylation activity endogenous to coated vesicles provides a sensitive

means to confirm this result and to detect the presence of other speci

fic coated vesicle components in immuneprecipitates. We have used this

sensitive detection method to test whether tubulin antisera could also

immuneprecipitate the phosphorylated 50K and tubulin polypeptides in

intact or disrupted coated vesicles. After incubating *P-labelled

coated vesicles with antisera, immune complexes were precipitated as

before, and analyzed by SDS gel electrophores is and autoradiography. As

can be seen in Figure 6a, affinity purified tubulin antibodies (Cleve

land et al., 1981) precipitated a large amount of the 50K unique coated

vesicle polypeptide in addition to labelled o- and B-tubulin. A Coomas

sie staining polypeptide of 180K (clathrin) was detected in the immune

complexes but not in the nonimmune controls (not shown). The relative

proportion of labelled 50K and tubulin polypeptides precipitated by the

tubulin antiserum was comparable to that precipitated by an anti-coated

vesicle antiserum (Fig. 6c), further confirming that the tubulin anti

serum was able to precipitate coated vesicle components. The tubulin

must have been associated with the coated vesicles to result in both

tubulin and coated vesicle immunoprecipitation by both of these anti

sera. It is unlikely that the radiolabelled 50K polypeptide was itself

recognized by the tubulin antiserum since the 50K polypeptide did not

display tubulin antibody binding in our immunoblotting experiments (Fig.

2a). These data further suggest that tubulin is strongly associated



with isolated coated vesicles.

Microtubules could associate with coated vesicles by non-specific

sticking. To reduce such sticking in the above experiment, immunepre

cipitates were washed with 0.1% SDS and 1% NP-40, under conditions which

do not disrupt the clathrin coat. We tested further the strength of the

association of the 50K polypeptide with the tubulin polypeptides by

first incubating the coated vesicles with 0.5% SDS and 1% NP-40, dilu

ting the mixture and then incubating it with tubulin antiserum. 0.5%

SDS/1% NP-40 treatment dissociates virtually all of the clathrin and 33K

and 36K clathrin binding polypeptides from the residual vesicle struc

ture; this detergent mixture probably acts as a mild denaturing agent at

these concentrations. As shown in Fig. 6d, while the tubulins comprise

a larger fraction of the precipitated material, the 50K polypeptide is

still concomitantly precipitated after this harsh treatment. This

experiment once again confirms that the 54K and 56K polypeptides that

become phosphorylated are o and 8-tubulin since they are enriched when

precipitated by specific antisera under increasingly stringent reaction

conditions. The tubulin molecules must be tightly associated with the

50K polypeptide to result in coprecipitation even under these condi

tions.

Tau Antiserum Recognizes The Phosphorylated 50K Polypeptide

Since the 50K polypeptide can associate with tubulin, it might

resemble one of the previously described microtubule associated pro

teins. The first candidates examined were the tau proteins, a family of

closely related proteins which range in molecular weight from 55K to 62K

(Weingarten et al., 1975; Cleveland et al., 1977 a,b). These proteins

coassemble with microtubules and can induce assembly of purified tubulin



67

into microtubules in vitro; they have also been shown to be associated

with microtubules in vivo (Connolly et al., 1977; Pallas & Solomon,

1982). Figure 7 shows an immuneprecipitation of phosphorylated coated

vesicles after denaturation in 1% SDS and boiling, using an affinity

purified, tau protein antiserum. While nonimmune serum failed to preci

pitate any significant amount of radioactivity (Fig. 7b), the tau anti

bodies specifically precipitated the phosphorylated 50K polypeptide, in

addition to small amounts of two slightly larger polypeptides (Fig. 7a).

The two faint bands which migrate slower than the 50K polypeptide

probably represent other minor tau proteins, since their mobilities are

somewhat different from c. - and 3-tubulin.

The 50K Polypeptide May Also Associate With The 100K Coated Vesicle

Components

We have preliminary evidence that the 50K protein may associate not

just with tubulin but with the 100K components of coated vesicles, as

well. We observe that while Tris/C1 treatment releases primarily tri

skelions (Keen et al., 1979; Ungewickell & Branton, 1981) a small frac

tion of the total 50K and 100K polypeptides are also released from

coated vesicles. Tubulin is not released (see above). Fig. 8 shows a

profile obtained after chromatographic fractionation of Tris/Cl-released

coated vesicle polypeptides on an Ultrogel sizing column. A peak of the

50K polypeptide co-chromatographs with the 100K polypeptide at a posi

tion consistent with an aggregate molecular weight, since the 50K

polypeptide elutes ahead of a higher molecular weight protein (68K)

present in the sample. The tubulin binding polypeptide may therefore be

attached in the coated vesicles to the 100K polypeptide. Evidence has

already been presented (Unanue et al., 1982) that the 100K polypeptide
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may anchor triskelions to coated vesicles. Because none of the tubulin

is released by Tris/Cl treatment, the small fraction of 50K polypeptides

that is released is presumably not bound to tubulin.

Several polypeptides appear to streak across the two dimensional ge 1

shown in Fig. 3A, including clathrin, polypeptides in the 100K molecular

weight range, and a band at 50K, while the 33K, 36K and tubulin polypep

tides are completely dissociated and migrate to distinct isoelectric

points. Multiple forms of clathrin, 50K and 100K polypeptides might

explain the streaking. Alternatively, aggregates containing variable

amounts of these polypeptides may be incompletely dissociated in the 9M

urea and 1% Nonidet P-40 (NP-40) employed in the first dimension iso

electric focusing, consistent with a 50K/100K complex as described

above, which perhaps associates with clathrin under these dissociation

conditions. Cross linking experiments will be necessary to confirm this

point.

Liver Coated Vesicles also Phosphorylate Endogenous 50K and Tubulin

Polypeptides

Brain is particularly rich in o- and B-tubulin, thus it was of

interest to investigate whether coated vesicles from another tissue

possessed analogous tubulin and 50K polypeptides, in addition to an

endogenous kinase activity. To address this question, liver coated

vesicles were incubated with [*-*P1ATP under the same phosphorylation

conditions used for brain coated vesicles, and the reaction mixture was

analyzed by two-dimensional gel electrophoresis. As can be seen in Fig.

9, 1iver coated vesicles do indeed possess an endogenous kinase activi

ty. Perhaps more surprising was the finding that the major phosphory

lated polypeptides were identical in molecular weights and isoelectric

*a-Tºs *-
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points to the phosphorylated brain 50K and tubulin polypeptides (Fig.

9). Thus, in addition to phosphorylation activity, the presence of a

50K polypeptide and o- and B-tubulin were common to both brain and liver

coated vesicles.

DISCUSSION

Proteins with molecular weights in the range of 50-55K have been

reported in all brain coated vesicle preparations (cf. Blitz et al.,

1977; Pearse, 1978; Woodward & Roth, 1978; Keen et al., 1979; Rubenstein

et al., 1981; Pfeffer & Kelly, 1981). We have identified the 54K and

56K coated vesicle polypeptides as o. and B-tubulin, using an affinity

purified antiserum in conjunction with immunoblotting and by two dimen

sional gel electrophoresis. Several types of experiments indicate that

the tubulin is strongly associated with the coated vesicles. We have

found that q and 3-tubulin copurify with clathrin vesicles. We have

found that q and B-tubulin copurify with clathrin during permeation

chromatography (Pfeffer & Kelly, 1981) and also during electrophoresis

in a Ficoll gradient (not shown). Although tubulin has been reported to

bind to various membrane preparations (cf. Sherline et al., 1977;

Zisapel et al., 1980) and phospholipid vesicles (Caron & Berlin, 1979;

Klausner et al., 1981) tubulin cannot be released from the coated

vesicles by 1% CHAPS, a zwitterionic detergent, or by treatment with 1%

NP-40/0.1% SDS. It is therefore unlikely that the tubulin is interac

ting nonspecifically with the lipid bilayer. All of the tubulin is

susceptible to digestion by trypsin and thus is not trapped within the

membranes of the coated vesicles. While a large fraction of the cla

- *-
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thrin and the 33K and 36K clathrin binding proteins are released by 1M

Tris/C1 pH 7.4 (Keen et al., 1979; Kirchhausen & Harrison, 1981), none

of the tubulin is released, indicating that the tubulin is not bound to

or trapped by triske lions. Although tubulin contains multiple free

sulfhydryl groups (cf. Mellon & Rebhun, 1978) which might have formed

disulfide bonds to free sulfhydryl groups on coated vesicles, 10mM DTT

did not release any of the tubulin polypeptides from the coated vesicles

as determined by a sedimentation assay. Hence tubulin appears to form a

strong noncovalent association with coated vesicles.

*I-labeled coatedAffinity purified tubulin antiserum precipitated

vesicles, using clathrin as a marker, under conditions where nonimmune

serum did not (Fig. 4), indicating some association under the conditions

of our immuneprecipition. Tubulin antiserum precipitated the 50K unique

coated vesicle polypeptide even after complete disruption of the coated

vesicles with 0.5% SDS/1% NP-40. Because coated vesicles are disrupted

by this detergent treatment, it appears that the tubulin polypeptides

interact either directly with the 50K polypeptide or with some other

unlabelled component tightly bound to the 50K polypeptide.

Several lines of evidence suggest that the 50K phosphorylated

polypeptide is a true coated vesicle component. The 50K polypeptide has

been shown to copurify with clathrin during permeation chromatography

(Pfeffer & Kelly, 1981), agarose gel electrophoresis (Rubenstein et al.,

1981) and electrophores is in Ficoll gradients (S. Pfeffer, unpublished),

and is present in coated vesicles isolated by sucrose (Pearse, 1978),

metrizamide (Pauloin et al., 1982) and D,0/Ficol1 (S. Pfeffer, unpub

lished) equilibrium density centrifugation. It is unique to coated

vesicles in that it is only detected in fractions containing coated
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vesicles, after initial purification steps (Pfeffer & Kelly, 1981).

Furthermore, a fraction of it co-chromatographs with the 100K coated

vesicle polypeptides after coated vesicle disruption (Fig. 8).

The 50K phosphorylated polypeptide that is tightly associated with

a- and B-tubulin is recognized by an affinity purified tau protein

antiserum. The major tau proteins are a family of four microtubule

associated proteins with molecular weights ranging from about 55K to

62K. Other tau proteins of 50K and 53K have recently been identified

(D.G. Drubin & M.W. Kirschner, in preparation). However, the 50K coated

vesicle polypeptide is distinct from the authentic 50K tau protein since

a comparable amount of the 50K coated vesicle polypeptide binds less tau

antiserum than the 50K tau protein as detected by a solid-phase radio

immune assay or immunoblotting procedures (not shown). It is most likely

that the coated vesicle 50K polypeptide is a relative of the tau protein

family, perhaps by virtue of a conserved tubulin-binding domain. It is

highly unlikely that coated vesicles are contaminated with random

microtubules since in that case at least four tau species would be

expected to be present.

Densitometer scans of Coomassie-stained gels indicate that CPG

column purified bovine brain coated vesicles contain about 22 and 28

molecules of a- and 3-tubulin, respectively, and about 18 molecules of

the 50K polypeptide per 100 clathrin molecules. This amount of o- and

3-tubulin may be less or more than that associated with coated vesicles

physiologically. We also do not know whether all brain coated vesicles

contain these polypeptides. It will be important to localize the coated

vesicle-associated tubulin and 50K polypeptides by electron microscopy

in conjunction with specific antisera.
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We have obtained evidence that a kinase phosphorylates the 50K

polypeptide which is unique to bovine brain coated vesicles, as suggest

ed by Pauloin et al. (1982). Phosphorylation is another feature common

to both the 50K polypeptide and the family of tau proteins (Pallas &

Solomon, 1982; Cleveland et al., 1977a). We also observe minor labelling

of several distinct polypeptides of molecular weights 140K, 104K, 72K,

o- and B-tubulin, and very light labelling of two polypeptides near 35K.

We have also detected kinase activity in preparations of bovine liver

coated vesicles; interestingly, the major phosphorylated polypeptides

have the same molecular weights and isoelectric points as the 50K

polypeptide and tubulins detected in brain coated vesicles (Fig. 9).

Because of the identity of the major phosphorylated proteins, it is

possible that the kinase activity associated with coated vesicles is

involved in regulating their microtubule association.

Tubulin appears to bind to a 50K, tau-like, phosphorylated coated

vesicle polypeptide, which may itself be anchored to coated vesicles by

association with the 100K polypeptides. Since the 100K, 50K and tubulin

polypeptides appear to remain associated under conditions which remove

at least 50% of the triske lions, it is reasonable to suggest that the

coated vesicle coat consists both of clathrin triske lions, and a coat

substructure of 50K and 100K polypeptides, to which the triskelions

bind.

While microtubules do not appear to be involved in adsorptive

pinocytosis (Steinman & Cohn, 1972), microtubule-disrupting agents do

interfere with the process of secretion in many cell types, at some

point prior to exocytosis (cf. Redman et al., 1975; Patzelt et al.,

1977; Reaven & Reaven, 1980). Coated vesicles are thought to mediate
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such secretory events as the transport of certain proteins from the

endoplasmic reticulum to the Golgi apparatus, and transport from the

Golgi apparatus to the plasma membrane. Franke and coworkers have

detected the association of casein-containing coated vesicles with

microtubules in lactating rat mammary epithelial cells (Franke et al.,

1976). Our identification of a coated vesicle-tubulin linkage suggests

that proteins in the coat might interact with microtubules during the

intracellular transport processes carried out by these organelles.
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FIGURE 1. SDS-polyacrylamide gel electrophoresis of controlled pore

glass column fractions. (a), bovine brain coated vesicles included in

the column; (b), contaminating membranes excluded from the column. The

numbers at left correspond to molecular weights of polypeptides unique

to coated vesicles; the numbers at right correspond to molecular weights

of polypeptides which are found in both included and excluded fractions.

The gel was stained with Coomassie blue.
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FIGURE 2: Immunoblot analysis of bovine brain coated vesicles. Samples

of included material (1), excluded material (2), or molecular weight

standards containing rabbit immunoglobulin (3) were separated on an 8.5%

polyacrylamide gel and transferred electrophoretically onto unmodified

nitrocellulose. Filters were incubated with (a) or without (b) an

affinity purified tubulin antiserum.
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FIGURE 3. Coomassie blue-stained, two-dimensional gels of controlled

pore glass column-purified bovine brain coated vesicles (A and B),

purified brain tubulins (D), or a mixture of samples B and D (C). The

circled set of spots in A correspond to o- and B-tubulin; the arrow

indicates the position of the 50K coated vesicle polypeptide. Only

portions of the gels are shown in B-D. The pH gradient was determined

by slicing a duplicate isolectric focusing gel into 0.5 cm slices,

soaking each slice in 1 ml H20, and measuring the pH of the resulting

solutions.

**
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FIGURE 4. Immuneprecipitation of *1-1abeled, intact brain coated

vesicles with an affinity-purified tubulin antiserum. The amount of

125 - - - - - - -I-clathrin precipitated is presented in arbitrary units, and was

determined by densitometry of autoradiograms after gel electrophoresis

and autoradiography of each sample. 0, micro liters affinity-purified

tubulin antibodies; tº , micro liters diluted nonimmune rabbit serum.

The nonimmune serum was diluted 1:2000 to achieve an equivalent concen"

tration of immunoglobulin per ml relative to the affinity-purified

antiserum, as described in Materials and Methods.
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FIGURE 5. Phosphorylated proteins copurify with clathrin during permea

tion chromatography. Approximately 4 mg of bovine brain coated vesicles

obtained from the third sucrose gradient of the Pearse (27) purification

procedure were loaded onto a 150 ml CPG-10-2000 column. 0.2 ml of indi

vidual fractions were analyzed by polyacrylamide gel electrophoresis and

Coomassie blue staining (center) or were concentrated by centrifugation

in a Beckman airfuge at 100,000g for 60 min and phosphorylated by incu

bation with [*-*P)ATP. (lower). Lanes a-1 correspond to column frac

tions 22, 24, 26, 28, 30, 32,35, 37, 39, 41,44, and 47. The far right lane of

the Coomassie stained gel (center) contains molecular weight markers

described in Experimental Procedures.
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FIGURE 6. Immuneprecipitation of *P-coated vesicles with various

antisera. 100 ug sucrose gradient 3 coated vesicles (27) were phos

phorylated in a volume of 60 ul for 30 min at 37°C. In an attempt to

reduce background, samples were pretreated with 50 u1 of a 10% suspen

sion of Staphylococcus aureus cells (SAC) for 10 min at room tempera

ture; samples were centrifuged 2 min in an Eppendorf microfuge to remove

the added SAC. 60 u1 PBS containing 1% BSA were added to the pretreated

sample; portions were then incubated (a) with 20 u1 affinity purified

tubulin antibodies (6), (b) 20 pil nonimmune rabbit serum to detect

nonspecific binding, or (c) 1.25 p1 coated vesicle antiserum. The

immunoglobulin protein concentrations in samples (a) and (c) are not

equivalent, however sample (b) contained the most immunoglobulin. Lane

d: 20 kil of 1% SDS/2% NP-40 were added to 20 pil of *P-coated vesicles.

This mixture was brought to a volume of 0.24 ml with PBS containing

0.05% NP-40 and 0.25% BSA. 20 ul of affinity purified tubulin antiserum

was added and the sample was processed as above. All SAC suspensions

were washed 2 times in wash buffer prior to use. Electrophoresis and

autoradiography were carried out as described in Materials and Methods.
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FIGURE 7. Immuneprecipitation of *P-coated vesicles with an affinity

purified tau antiserum. 15 ul of PBS containing 2% SDS were added to 15

lul *P-coated vesicles and the mixture was boiled for 2 min at 100°C,

diluted 5 fold in wash buffer, and processed essentially as described in

Fig. 6. (a) 40 pil affinity purified tau protein antiserum; (b) 0.5 l/1

nonimmune rabbit serum. Samples a and b contained equivalent amounts of

immunoglobulin as determined by SDS gel electrophores is and Coomassie

blue staining.
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FIGURE 8. Gel filtration of Tris/C1 released coated vesicle polypep

tides. Gel filtration and elution profile quantitation were carried out

as described in Experimental Procedures. The integrated optical densi

ties are shown in arbitrary units: A-A, 100K polypeptide; 0-0, 50K

polypeptide; A-A, a 68K polypeptide present in the sample. The profile

for marker triskelions run on a parallel column is also shown (0° "*0).

Vo equals void volume.



89

-

w–w‘e-e(s||unKuou■■ quo)Á■ suºp100!!do

645K

I5

o…o(Iu/■ u)u■ e■ oud

O.2 H.

froction number



90

FIGURE 9. Two-dimensional gel electrophoresis of *P-labeled bovine

brain (A) and bovine liver (B) coated vesicles. Phosphorylation, two

dimensional gel electrophoresis and autoradiography were carried out as

described in Materials and Methods. The acidic end of the gel is shown

at the right. Spots corresponding to o- and 3-tubulin are circled (cf.

Fig. 3 and 5).
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CHAPTER 4

AN ANTIBODY TO A CYTOPLASMICALLY-ORIENTED SYNAPTIC VESICLE

MEMBRANE POLYPEPTIDE BINDS TO INTACT

COATED VESICLES
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SUMMARY

Bovine brain coated vesicles contain a 65,000 dalton synaptic

vesicle membrane polypeptide, first identified by Matthew et al. (1981).

A monoclonal antibody which recognizes a cytoplasmic domain of this

polypeptide (Matthew et al., 1981) can penetrate the clathrin coat and

recognize this polypeptide on the outer surface of the coated vesicle

membrane. Permeation chromatography and electrophores is in a Ficol1

gradient demonstrated that the synaptic vesicle polypeptide was present

in a membrane of equal size range and charge as coated vesicles, con

firming its presence in coated vesicles.
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Coated vesicles have been implicated in a variety of membrane

transport processes within the cell. In addition to their role in

adsorptive pinocytosis, coated vesicles are thought to transport certain

proteins from the endoplasmic reticulum to the Golgi apparatus, from the

Golgi apparatus to the plasma membrane, and from one surface of the cell

to another. The elegant studies of Heuser & Reese (1973) have demon

strated the involvement of coated vesicles in the retrieval of nerve

cell plasma membrane after synaptic vesicle exocytosis. At the frog

neuromuscular junction, synaptic vesicle openings appear on the nerve

terminal surface within 3 to 4 milliseconds after stimulation; coated

vesicles begin to retrieve newly inserted membrane approximately 1

second later (Heuser & Reese, 1979, 1981). The fact that synaptic

vesicles recycle at this nerve terminal poses an interesting problem:

these cells must somehow reform biologically active synaptic vesicles.

One can postulate two ways by which the cell could reform a synaptic

vesicle that can repackage neurotransmitter, recognize a correct release

zone, and fuse with the plasma membrane under the appropriate condi

tions. If several synaptic vesicle polypeptides are necessary to

mediate these processes, these polypeptides could be held together as a

macromolecular aggregate. Any endocytosed membrane vesicle containing

this aggregate could transform into a synaptic vesicle. Alternatively,

should these polypeptides separate and diffuse in the plane of the

plasma membrane after exocytosis, a cytoplasmic component might recog

nize these polypeptides and link them together prior to their endocyto

sis. There is evidence for both models in different cell types. In the

parotid it is thought that secretory vesicle membrane components do not

diffuse in the plane of the bilayer after exocytosis (DeCamilli et al.,
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1977). However the studies of Heuser & Reese (1979) indicate that

synaptic vesicle components diffuse away from the site of their plasma

membrane insertion after exocytosis at the neuromuscular junction. If

the polypeptides are not in an aggregate, then the coated vesicles may

somehow possess enough selectivity to recognize dispersed synaptic

vesicle polypeptides.

Matthew and coworkers (1981) have generated a monoclonal antibody

which recognizes a cytoplasmic domain of a highly conserved 65,000

dalton (65K) synaptic vesicle (SV65) membrane protein. Because this

antibody binds to intact vesicles it offers a powerful handle with which

to study the segregation of synaptic vesicle membrane components during

their traffic through the cell. In this preliminary report we present

the identification of the 65K synaptic vesicle membrane protein in brain

coated vesicles. Furthermore, the monoclonal antibody directed against

SV65 can penetrate the clathrin coat of intact coated vesicles and bind

to a domain on the cytoplasmic surface of the coated vesicle membrane.

Now that a population of coated vesicles containing a known synaptic

vesicle polypeptide can be recognized it should be possible to ask if it

contains the other synaptic vesicle polypeptides, and determine if

plasma membrane components are excluded.

RESULTS

Detection of mAbá8 Binding Sites in Intact Bovine Brain Coated

Vesicles

Immunoblot analysis (Burnette, 1981) showed that SW65 was present in

a highly purified preparation of bovine brain coated vesicles (data not



96

shown). Monoclonal antibody 48 (mAb48) recognizes a cytoplasmic domain

of this membrane polypeptide (Matthew et al., 1981); to test whether the

antibody could penetrate the clathrin coat and recognize this polypep

tide on the outer surface of the coated vesicle membrane, the following

assay was devised. mAb48 was iodinated and incubated with intact coated

vesicles. The coated vesicle-bound antibodies were separated from the

unbound antibodies by passage of the sample over a Sepharose 4B column.

Coated vesicles and antibodies bound to them are excluded from such

columns. The amount of radioactivity present in the excluded fractions

represents coated vesicle-bound antibodies since insignificant radio

activity was found in the excluded fractions when either mâb48 anti

bodies or a mixture of iodinated mouse immunoglobulin G and brain coated

vesicles were applied to the column.

The specificity of the binding of monoclonal antibodies to the

coated vesicle preparation was shown in two ways. First, the binding of

labeled mAbA8 was saturable (Figure 1). Each point on the binding curve

was determined by incubating a given amount of coated vesicles with

*1-mAb48, separating the bound and free antibodies on a Sepharose 4B

column, and quantitating the amount of radioactivity excluded from the

column for each sample. The second criterion of specificity was to

repeat the binding experiments using purified coated vesicles from

liver. These provide a convenient control since liver membranes do not

contain SV65 (Matthew et al., 1981). The data (Fig. 1) show that no

binding occurs.

mAb48 Binding Sites Copurify with Coated Vesicles

Since the 65K protein recognized by mAb48 is a major polypeptide in

the brain (Matthew et al., 1981) it was important to demonstrate the
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coated vesicle association of this polypeptide in our purified prepara

tion. Although the coated vesicle preparation we have used is highly

pure, it is necessary to verify that the mab48 binding we observed was

not due to contaminating membranes. We have shown by copurification

criteria that mabá.8 binds to membranes of the same size distribution and

electrophoretic mobility as authentic coated vesicles. Figure 2 shows a

profile obtained after size fractionation by controlled pore glass (CPG)

column chromatography, a routine step in our purification of brain

coated vesicles. Coated vesicles monitored by their clathrin content

chromatograph as a single included peak on such columns, and are separa

ted away from larger contaminating membranes (Pfeffer & Kelly, 1981).

If SV65 is absent from coated vesicles, then the amount of binding

should be less in the vesicle peak than it is in the excluded material.

The included vesicle peak is almost pure coated vesicles while the

excluded peak contains an assortment of membranes of brain origin

(Pfeffer & Kelly, 1981). Not only is binding seen in the coated vesicle

region, but it parallels the distribution of coated vesicles. We

conclude that the antibodies bind to material of the size of coated

vesicles.

As a further test that the binding sites of mAb48 were indeed on

coated vesicles, the CPG column fractions containing coated vesicles

were pooled and subjected to electrophoresis in a Ficoll gradient, which

separates membranes on the basis of charge. As shown in Figure 3, mab48

binding sites co-electrophoresed with coated vesicles, the profile of

which was determined by analyzing each fraction of the Fico 11 gradient

by SDS gel electrophoresis, silver staining and densitometric scanning

of the clathrin polypeptide band. Since the 65K synaptic vesicle
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polypeptide copurified with coated vesicles during CPG column chromato

graphy and subsequent Ficoll electrophoresis it was concluded that the

detected antigen was present in brain coated vesicles.

DISCUSSION

We have shown that bovine brain coated vesicles contain the synaptic

vesicle membrane polypeptide SV65, first identified by Matthew and

coworkers (1981). Furthermore, a monoclonal antibody which recognizes a

cytoplasmic domain of SV65 (mAb48, Matthew et al., 1981) can penetrate

the clathrin coat and recognize this polypeptide on the outer membrane

surface of brain coated vesicles.

On average we detect one antibody binding site per twelve to fifteen

brain coated vesicles, under conditions where liver coated vesicles,

which should not contain SV65, display none. The number of SW65 mole

cules detected in brain coated vesicles may be lower than the total

number actually present, since it is not known whether all of these

polypeptides are accessible to antibody binding in intact coated vesi

cles. The presence of some empty baskets in our preparation would also

increase this value, since our calculation is based upon the amount of

clathrin protein present per coated vesicle particle. While we have not

as yet rigorously demonstrated the purity of our control liver coated

vesicle preparation, liver coated vesicles comprise greater than 90% of

the structures detected by negative stain electron microscopy, and

clathrin constitutes greater than 60% of their total protein mass. At

least by these criteria, the liver coated vesicles cannot be more than

20% less pure than our purified brain coated vesicles, and thus serve as
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as appropriate control.

Several criteria were used to demonstrate that SV65 is present in

brain coated vesicles. First, after permeation chromatography we

detected a peak of monoclonal antibody binding which precisely corre

sponded to the distribution of coated vesicles, included on glass bead

columns (Fig. 2). Antibody binding was also detected in excluded column

fractions which contain an assortment of brain membranes. It was not

surprising that membranes larger than the bulk of the coated vesicles

should contain this polypeptide since SW65 may also be present in large

synaptic vesicles and other membrane compartments during the biogenesis

of synaptic vesicles. Thus permeation chromatography showed that SW65

was a component of coated vesicles, unless a membrane contaminant exists

with same size range as coated vesicles. To further demonstrate the

coated vesicle association of SV65, we showed that the coated vesicle

sized membranes containing SV65 also co-electrophoresed with coated

vesicles (Fig. 3). Thus SV65 was present in a structure of the same size

range and charge as brain coated vesicles.

In preliminary experiments we have also detected the presence of

SV65 in coated vesicles by negative stain electron microscopy. Using a

ferritin labelled second antibody we have obtained data which suggest

that SW65 may be clustered in a subclass of brain coated vesicles: we

observe random background binding to liver coated vesicles, yet the

binding to brain coated vesicles displays a distinctively non-Poisson

distribution. Extensive quantitation will be necessary to confirm this

point.

While several membrane proteins have been detected in solubilized

coated vesicles (see Chapter 1 for review), it was not known if their
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cytoplasmic domains were at all accessible to components of the cyto

plasm when these membrane proteins were present in coated vesicles. The

structure of the brain coated vesicle basketwork suggested that the

membrane might be accessible (Crowther and Pearse, 1976, 1981). The

observation reported here that an antibody can penetrate the clathrin

coat and recognize coated vesicle membrane components suggests that

coated vesicle membrane components could potentially interact with other

intracellular components without shedding their coats. One such inter

action could be that of the coated vesicle with its target membrane. It

is hoped that the accessibility of SW65 to antibody binding will enable

isolation by immunoadsorption of coated vesicles containing this poly

peptide, to determine if these coated vesicles contain other synaptic

vesicle polypeptides and exclude plasma membrane components.
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FIGURE 1. Binding of monoclonal antibody 48 to bovine brain and liver

coated vesicles. 15 ug of controlled pore glass column purified bovine

brain coated vesicles or 25 lug of bovine liver coated vesicles were
125

incubated with I-mAb48 for 2 hr at room temperature; binding was

determined as described in Materials and Methods.
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FIGURE 2 . Monoclonal antibody binding copurifies with coated vesicles

during controlled pore glass column chromatography. 3 mg of brain

coated vesicles obtained from the third sucrose gradient were loaded

onto a 100 ml CPG 10-3000 column; 0.2 ml of indicated fractions were

*I-mAb48 at 4°C for 12 hr. Binding was determined asincubated with

described in Materials and Methods. The column was overloaded to

facilitate detection of antibody binding in individual fractions.
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FIGURE 3. Ficol1 gradient electrophores is of controlled pore glass

column purified brain coated vesicles.



106

o--o(luu/S■ unKudu■■ quo)u■ uu■ ojo

OOu■ )<r.■ }$3CO
– 6O

IT—TTGÐT!—l11ICD!OOOOO
888888

rº)CNUCN]-----
•—•(|u/S4■ un)punoq8tzq\/uu

froction number



107

Chapter 5

MATERIALS AND METHODS
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I. PURIFICATION OF BOVINE BRAIN COATED VESICLES

Coated vesicles were isolated from bovine brain as described by

Pearse (1975) with minor modifications. All procedures were carried out

at 4°C. Sucrose solutions were prepared (w/v) in isolation buffer,

which consisted of 0.1M 2- (N-morpholino)-ethanesulfonic acid (MES), 1mM

EGTA, 0.5mm MgCl, , and 0.02% sodium azide, pH 6.5.2 ”

Fresh bovine brains (McDermott Meat Company, Albany, California)

were collected on ice and used within 2 hr of slaughter. The cerebellum

was discarded, and the meninges were carefully removed with single

toothed forceps. Approximately 600 gm brain tissue (2 brains) was cut

into chunks and then homogenized in an equal volume of isolation buffer

using three 10s bursts in a Waring blendor.

A. Differential Centrifugation

The homogenate was centrifuged at 11,000 rpm in a Sorval1 GSA rotor

or 13,000 rpm in an SS34 rotor (20,000xg) for 30 min; the resulting

supernate was poured through two layers of cheesecloth and then centri

fuged at 85,000xg (33,000 rpm) for 1 hr in a Beckman 45Ti rotor using

Oak Ridge tubes.

B. Sucrose Gradient 1: Velocity Sedimentation

The 85,000xg pellet was resuspended in 30 ml isolation buffer and

layered onto a set of 6 sucrose gradients consisting of 4.5 ml each of

5, 10, 20, 30, 40, 50 and 60% sucrose. The gradients were centrifuged

at 50,000xg (20,000 rpm) for 2 hr in a Beckman SW28 rotor. After

centrifugation the gradients contained a red region at the top, a middle

white region and a dense white band of material near the bottom. 2 ml

fractions were collected when necessary; generally, those fractions

corresponding to the entire middle region (representing 29% of the
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protein on the gradient) were pooled, diluted 3 fold in isolation buffer

and concentrated by centrifugation at 100,000xg (35,000 rpm in a Type 35

or 45Ti rotor) for 1 hr.

C. Sucrose Gradient 2: Equilibrium Density Centrifugation

The gradient 1 pellet was resuspended to a final volume of 12 ml

and layered onto ten 20-60% sucrose gradients, poured in 5.9 ml steps of

20, 30, 40, 50, 55 and 60% sucrose. The gradients were centrifuged at

50,000xg (20,000 rpm) for 16 hr in a Beckman SW28 rotor, and 2 ml

fractions were collected. Although initially discontinuous, these

density gradients were smooth after centrifugation as measured by

refractometry. Fractions corresponding to the turbid band at about 50%

sucrose were pooled, diluted 3 fold in isolation buffer and concentrated

by centrifugation at 100,000xg for 1 hr.

D. Sucrose Gradient 3: Velocity Sedimentation

The gradient 2 pellet was resuspended and loaded onto four 12 ml,

5-30% continuous sucrose gradients, which were then centrifuged for 1 hr

at 100,000xg (28,000 rpm) in a Beckman SW40Ti rotor. For analytical

purposes, sixteen 0.78 ml fractions were collected; the top 9 ml of each

gradient were routinely pooled, diluted 3 fold in isolation buffer and

concentrated by centrifugation at 100,000xg for 1 hr. The resulting

"sucrose 3 gradient" coated vesicles were resuspended to a final concen

tration of 2-10 mg/ml in isolation buffer, and were stored at 4°C for up

to two months. Approximately 1 mg coated vesicles could be obtained from

100 gm tissue.

A11 pellet resuspensions were carried out with a Potter Elvehjem

type homogenizer, using 3 loose-fitting pestle strokes followed by 3

tight-fitting pestle strokes. Discontinuous gradients were layered
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using a 12 ml disposable plastic syringe and 4 inch cannula, and could

be prepared one day in advance and stored at 4°C. Frozen brain tissue

(stored at -70°C) yielded comparable amounts of coated vesicles in one

preparation.

In several preps a discontinuous sucrose gradient 1 consisting of 6

m1 each of 60, 50, 40, 30 and 20% sucrose and 2 ml of 7.5% sucrose gave

very good results. Also, sucrose gradient 2 prepared with 10 ml, 55%

sucrose followed by 6 ml each of 50, 40, 30 and 20% sucrose gave excel

lent results.

E. Controlled Pore Glass Column Chromatography

The column was prepared by adding “100 ml of CPG-10-2000 glass

beads (mean pore diameter 221.5 nm, 80-120 mesh, Lot no. 290, Electro

nucleonics, Inc., Fairfield, New Jersey) to 1 liter, 1% (w/v) Carbowax

(poly (ethyleneglycol), 20M Union Carbide). The mixture was swirled,

allowed to settle 5 times, decanted and rinsed 5 times with distilled

water. The Carbowax treated glass beads were then resuspended into 300

m1 column buffer (0.2M sucrose, 0.3M NaCl, 10mM Hepes, 1mM EGTA and

0.02% (w/v) sodium azide, pH 7.0). The bead slurry was degassed and

packed into a column of dimensions 1.6x46 cm, which was strongly vibra

ted during packing to facilitate compaction. The sample was loaded onto

the column in a volume of 1 ml, and was chromatographed at a rate of

approximately 4 ml/hr. 2 ml fractions were collected. Approximately

65% of the protein loaded onto the column was routinely recovered; the

yield was significantly poorer when the column was run in the absence of

sucrose. The capacity of the column was approximately 1-2 mg sucrose 3

coated vesicles per 100 ml glass beads; a 200 ml column was routinely

used for preparative purposes.
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When column rseolution or recovery decreased, the glass beads were

mixed with ~4 volumes concentrated nitric acid and incubated for 1 hr on

a steam bath. The acid was carefully decanted and the glass beads were

washed with multiple changes of distilled water until the pH of the bead

slurry reached that of the water. Glass beads were then rinsed with

column buffer, Carbowax treated (as described above) and repoured into

an appropriate sized column.

II. PURIFICATION OF BOVINE LIVER COATED WESICLES

Bovine liver coated vesicles were isolated from 150 g tissue

essentially by a modification (Campbell et al., 1983) of the procedure

of Blitz et al. (1978). Briefly, liver tissue was rinsed in ice cold

10mM Hepes, pH 7.4, 0.25M sucrose and 0.5mm benzamidine. Liver tissue

was then minced and homogenized in 1-2 volumes of the above buffer using

a Potter-Elvehjem tissue grinder. Additional buffer was added to

achieve a 4 to 1 ratio of buffer volume to tissue weight and the homo

genate was centrifuged for 20 min at 12,000g. The resulting supernate

was further fractionated as described above for brain coated vesicle

isolation, by high speed ultracentrifugation and three successive

sucrose gradients. Because of the high membrane content of liver cells,

it was necessary to run 15 of the first sucrose gradients and 8 of the

second sucrose gradients for 150 gm tissue. The third sucrose gradients

(4) were continuous as originally described by Pearse (1975). Liver

coated vesicles obtained in this manner had a broader size distribution

than those from bovine brain as determined by negative stain electron

microscopy.
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III. PREPARATION OF IMMUNOLOGICAL REAGENTS

A. Monoclonal Antibody 48: Anti-Synaptic Vesicle Antibody

The hybridoma cell line 48 (Matthew et al., 1981) was generously

provided by W. Matthew and L. F. Reichardt. Ascites fluid was generated

by intraperitoneal injection of pristane-primed BALB/c mice with the

hybridoma cell line 48 as described (Matthew et al., 1981). The ascites

fluid was clarified by centrifugation at 10,000g for 30 min; crystalline

ammonium sulfate was added to 50% saturtion, and precipitated immunoglo

bulins were pelleted by centrifugation at 12,500g for 10 min in an

Eppendorf microfuge. The precipitate was resuspended in 20mM Na phos

phate, 150mM NaCl, pH 7.5 (PBS) and was further dialyzed against the

same buffer. Immunoglobulin heavy and light chains comprised about 50%

of the protein in the ammonium sulfate precipitated material, as deter

mined by densitometry of Coomassie blue stained SDS gels.

Ammonium sulfate precipitated immunoglobulins were radiolabeled

with Na-1231 (Amersham) using Iodogen (Pierce). Unincorporated 1251 Was

separated from the radiolabeled antibody by gel filtration on a PD-10

(Pharmacia) column in PBS containing 0.1% bovine serum albumin (BSA).

Approximately 70% of the radioactivity was incorporated into immunoglo

bulin as determined by densitometry of autoradiograms of SDS gels.

Radiolabeled antibody was diluted in PBS containing 0.1% BSA, and was

centrifuged at 100,000 for 1 hr in a Beckman airfuge to remove any

aggregates prior to use.

B. Affinity-Purified Tau Protein Antiserum

Tau protein antiserum was generously provided by David G. Drubin,

and he prepared it as follows. Tubulin and microtubule associated

proteins were purified by the Weingarten et al. modification (1975) of
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the Shelanski et al. procedure (1973). Microtubule-associated proteins

were fractionated away from tubulin by virtue of their heat stability

(Herzog & Weber, 1978); tau proteins, soluble after boiling, were

further purified by excision of individual Coomassie stained, polypep

tide bands from SDS polyacrylamide gels. Approximately 0.2 mg of the

gel-purified tau proteins were injected into each of 3 New Zealand White

rabbits, which were then boosted after 4 and 6 weeks. Two rabbits

generated sera of high titer.

A tau protein affinity column was prepared as follows. Tau pro

teins were purified by the procedure of Cleveland et al. (1977) followed

by SDS gel electrophores is and excision of individual Coomassie stained,

polypeptide bands. The resulting proteins were coupled to cyanogen

bromide activated-Sepharose 4B (Pharmacia).

Rabbit anti-tau sera were pre-adsorbed by passage over a column of

gel excised-MAP 1 and MAP 2 proteins coupled to Sepharose 4B, to remove

antibodies which might react with any proteolytic fragments of these

proteins. Sera were then passed over the tau-Sepharose column which was

washed successively with 50mM Tris-C1, pH 7.4, 1M guanidine HC1, 50mM

Tris-C1, pH 7.4, and then with a buffer containing 4.5M MgC1 2.5 mg/ml2 ”

BSA and 50mM Tris-C1, pH 7.4 as described (20). MgCl2-eluted antibodies

were dialyzed immediately into PBS and then into PBS containing 30%

glycerol, in which they were stored at -20°C. The affinity purified tau

antisera reacted exclusively with tau proteins when tested against total

microtubule proteins by immuneprecipitation or Western blotting proce

dures.

C. Other Antisera

Antisera directed against coated vesicles, cº- and B-tubulin, and a



115

conserved domain of intermediate filaments were the generous gifts of

Dr. R. G.W. Anderson, University of Texas Health Science Center at

Dallas, Dr. Marc W. Kirschner, University of California, San Francisco

and Dr. M. Klymkowsky, Rockefeller University, respectively.

IV. OTHER EXPERIMENTAL PROCEDURES

A. Fico.11 Gradient Electrophores is

1. Bovine Brain Coated Vesicles

The procedure of Carlson et al. (1978) was employed with minor

modifications. A 10 ml plastic pipet was cut to form a cylinder, 22x0.8

cm, and was sealed at the bottom with a double layer of dialysis mem

brane, held in place with an elastic band. A continuous gradient of 5

to 15% Ficol1 in electrophores is buffer (EB: 25mm MES, pH 6.5, 200mM

sucrose) was poured directly into the tube. Samples of 200 u1 were

dialyzed or resuspended into EB, brought to 1.8% Ficoll, and layered

onto the gradient. The sample was carefully overlayed with EB, and

electrophoresis was carried out at 4°C for 7 hr at 300V.

2. Torpedo Coated Vesicles

Electrophores is of Torpedo coated vesicles was carried out precise

ly as described by Carlson et al. (1978) using a 1.8 to 9% Fico 11

gradient prepared in 10mM Mes pH 6.4, 0.8M sucrose. A sample of 450 p.1

was brought to 0.9% Fico 11 by the addition of 50 u1, 9% Fico 11, care

fully loaded onto the gradient and electrophoresed at 400W for 4 hr. 14

fractions were collected from the bottom; coated vesicles were detected

in fractions 11 and 12.

B. Phosphorylation and Immuneprecipitation

Coated vesicle phosphorylation reactions were carried out in 12mm

Tris-C1, pH 7.5, 32mm KC1, 2mm MgCl2, and 2.3m/M 3-mercaptoethanol
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according to the procedure of Pauloin et al. (1982) in volumes of 15 to

200 micro liters, using (x-ºp)ATP (Amersham) at a specific activity of

1000 cpm/pmol. Phosphorylation products were analyzed by SDS polyacryl

amide gels or were quantitated as follows. Samples were brought to a

final concentration of 1% CHAPS (3-[(3-cholamidopropyl)-dimethylammo

nio]-1-propanesulfonate, Sigma) and 1 ml, cold 10% TCA was added. After

5 min on ice, samples were filtered through Whatman GF/C filters, rinsed

with 20 ml 10% TCA and 5 ml 95% EtOH, dried and counted in a toluene

based scintillation fluid. Under these conditions, incorportion of 32p

was linear for at least 30 min at 37°C, up to a final coated vesicle

protein concentration of 0.5 mg/ml.

For immuneprecipitations of phosphorylated samples, antisera were

added directly to phosphorylation reaction mixes and incubated for 1 hr

at room temperature on a rotator. No attempt was made to terminate

phosphorylation reactions prior to antisera addition. 25 ul of a 10%

suspension of fixed, twice prewashed, Staphylococcus aureus cells (SAC,

Pansorb, Calbiochem) were added, incubations were continued for 15 more

min at 20°C, and cells were pelleted in 12,500g for 3 min in an Eppen

dorf microfuge. Pellets were washed three times in wash buffer (1%

Nonidet-P40, 0.1% SDS, 10mM Na phosphate, 0.4M NaC1, pH 7.4) and then

once in distilled water prior to addition of 20 ul gel sample buffer.

Samples were incubated at 100°C for 3 min, spun 3 min in the microfuge,

and resulting supernates were loaded onto a gel. (The SAC sample could

be loaded directly onto the gel. ) Autoradiography of dried gels was

carried out at -70°C with a Cronex Lighning Plus intensifying screen.

Immuneprecipitation of *1-coated vesicles was as described for 32p

labeled coated vesicles. To obtain matched controls, equivalent amounts
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of nonimmune and affinity-purified tubulin immunoglobulin were employed.

Equivalent immunoglobulin concentrations of the two sera were determined

by a solid-phase radioimmune assay as follows: ten, consecutive twofold

dilutions of the antisera were prepared in PBS, beginning with a 1:40

dilution. The 50 ml samples were pipetted into a polyvinyl 96 well,

flexible microtiter U-well plate (Dynatech Laboratories, Alexandria,

Va.) and allowed to bind for 1 hr at room temperature. Wells were

washed by flooding three times with PBS containing 0.1% BSA. 50 pil of

an Iodogen (Pierce) iodinated, IgG fraction of goat anti-rabbit immuno

globulin antiserum (Cappel) was added and allowed to bind for 40 min.

Wells were washed as before, cut out and then counted in a Beckman 4000

gamma counter. The initial slopes of the binding curves were directly

proportional to the relative immunoglobulin concentrations, as confirmed

by SDS gel electrophores is and Coomassie blue staining.

C. Gel Electrophoresis

SDS polyacrylamide gel electrophoresis was carried out according to

Laemmli (1970). When necessary gel samples were concentrated by bring

ing the sample to a final concentration of 0.1 mg/ml deoxycholate and

precipitating with an equal volume of 10% trichloroacetic acid (TCA).

After addition of 20 M1 sample buffer to the precipitate, samples were

neutralized by adding 4 u1 0.1M NaOH prior to loading onto the gel.

Gels were calibrated with proteins of known molecular wieght: phos

phorylase, 94,000; bovine serum albumin, 68,000; rabbit immunoglobulin

heavy chain, 50,000; ovalbumin, 43,500; alcohol dehydrogenase, 37,000;

carbonic anhydrase, 30,000. Two-dimensional gel electrophoresis was as

described (24) except that ampholines pH range 5-8 substituted for

ampholines pH range 5-7, and isoelectric focusing gels were not prerun.
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D. Immunoblotting

SDS polacrylamide gels were transferred to unmodified nitrocellu

lose filters using an E-C 'electroblot' apparatus (St. Petersburg,

Florida) set at 6.5 volts/cm overnight. Filters (40 cm”) were pro

cessed according to the procedure of Burnette (1981) except that anti

body incubations were carried out in folded Parafilm containers in

volumes of 3 ml. Immune complexes were detected using 10° cpm of an

Iodogen (Pierce) iodinated IgG fraction of goat anti-rabbit immunoglo

bulin antiserum (Cappel). Kodak X-0-Mat-AR film was used for autora

diography.

E. Preparation of Dried, Transparent Polyacrylamide Gels

This method yielded dried slab gels in a transparent form ready for

densitometer scanning, projection, or photography. The gel backing is

essentially a cellophane membrane which serves as a support for the

air-dried gel.

Materials: "Gel Slab Backing" BioFad catalog #165-0922, two 15x16.5

cm cut-out rectangles of lucite or plexiglass (to frame gel-membrane

sandwich), 8 binder clips.

Procedure: Fold a sheet of the backing in half, lengthwise. Unfold

the backing, immerse it for a moment in water, and they lay it flat upon

a glass plate. Place the gel on half of the membrane, fold over the

other half to envelope the gel. Put one part of the frame on top, and

then a piece of glass or mylar to support this sandwich as you flip the

whole thing over. Place the other half of the frame on top, clip and

immerse the framed gel in a deep water-filled container. Squeeze out

the air bubbles by allowing them to float out. Clip the frame together

by starting with the folded edge. Squeeze out the air bubbles and
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unclamp as necessary. Gently stretch the membrane so that all wrinkles

have been removed (in or out of the water), also unclamping and clamping

as necessary. Pat the corners of the frame dry with a Kimwipe, and

allow the gel to dry standing on the clips (about 8 hr). The gel will

be taut when dry. Immediately after removing the frame, trim the gel to

the size of the dried region, because the frame-covered areas, still

wet, will otherwise cause the gel to curl and/or crack.

F. Assay of Monoclonal Antibody Binding to Coated Vesicles

*1-monoclonal antibody 48 (*1-mAb48, 1-4x10" cpm/ng) was

incubated with coated vesicles for 2 hr at room temperature or overnight

at 4°C in PBS containing 0.1% BSA; the 0.2 ml samples were then passed

over a 5 ml, Sepharose 4B column, prepared and run in the same buffer.

0.25 ml fractions were collected and counted directly in a Beckman 4000

gamma counter. Radioactivity excluded from the column represented

coated vesicle-associated antibody since coated vesicles are excluded

*1-mAb48 run alone yielded negligible radioacti.from such columns and

vity in excluded column fractions. One unit mAb48 binding is defined as

the fraction of total antibody bound to coated vesicles; up to 40% of

the radioactivity in a given radiolabeled mAb48 preparation was capable

of binding specifically to brain coated vesicles.

G. Determination of Clathrin

Individual samples were subjected to SDS polyacrylamide gel elec

trophoresis on 8% gels; proteins were visualized either by Coomassie

blue staining or by a silver staining procedure (Merrill et al., 1981).

Transparent dried gels were quantified by densitometry using a Hoeffer

ge 1 scanner. When necessary several different volumes of a given sample

were analyzed to ensure proportionality of the staining response.
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H. Ge1 Filtration of Tris-C1 Released Polypeptides

Approximately 6 mg of coated vesicles from the third sucrose

gradient were brought to a final concentration of 0.5M Tris-C1, pH 7.5,

and centrifuged at 100,000g for 60 min. The released polypeptides in

the supernate were concentrated by addition of crystalline ammonium

sulfate to 70% saturation and centrifugation at 12,500g for 15 min. The

precipitated polypeptides were resuspended in 1 ml 0.5M Tris-C1 and

loaded onto a 50 ml Ultrogel Aca.22 (LKB) sizing column prepared in the

same buffer. 1 ml fractions were collected and aliquots of each sample

were analyzed by SDS polyacrylamide ge1 electrophoresis. Coomassie

blue-stained gel bands were quantified by densitometry using a Hoeffer

gel scanner; tracings were cut out and weighed to obtain relative

amounts of specific polypeptides in column fractions.

I. Electron Microscopy

1. Thin Section

Procedure A was that of Mello et al. (1980) except that the primary

fixative was prepared in isolation buffer and the secondary fixative was

prepared in 0.1M sodium cacodylate, pH 7.2. Procedure B involved

primary fixation with 2% glutaraldehyde in isolation buffer, secondary

fixation with 2% osmium tetroxide in 0.1M sodium cacodylate, pH 7.2,

followed by en bloc staining with 1% uranyl acetate in 30mM sodium

barbital, 30mM sodium acetate, pH 5.5. In each case, samples were

dehydrated and embedded in araldite. Thin, 60-90 nm sections were cut,

stained with uranyl acetate and lead citrate, and examined with a

Jeol-100B electron microscope. Procedure B resulted in darker staining

of coated vesicles, but facilitated visualization of large membrane

contaminants.
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2. Negative Stain

A carbon film, previously deposited onto freshly cleaved mica, was

floated onto 400 mesh copper grids which were then baked for 1 hr at

60°C and stored. Grids were glow discharged for 30 sec immediately

before use; samples were applied to grids for 0.5-2 min and then washed

off with 8 drops of either 0.05% uranyl acetate, 10% glucose (Pearse,

1982) to permit visualization of electron dense particles, or 1% uranyl

acetate. After an additional 30 sec stain was wicked off the grid with

filter paper, grids were dried and samples were examined at 60 kv in a

Phillips EM-300 electron microscope at a magnification of 45,000.

J. Preparation of D20/Ficoll solutions

Materials: D20 (Bio-Rad #710-1006, 99.8% recyclable)

Ficoll (type 400, Sigma #4375, not dialyzed)

A 10X salt solution was prepared in 100% D20; the pH was adjusted with

concentrated acid or base prepared in H20. When the resulting 10X stock2

was diluted into a 100% D20 solution, the H.,0 contribution was minimal.2

Stocks of [30% Ficoll, 100% D20, 1X salts ) and 0% Ficoll, 100% D20, 1X

salts ) were prepared. For example, to make 100 ml of 30% Ficol 1/100%

D20, a funnel was used to transfer 30 gm Fico 11 into a capped bottle.

10 ml, 10X salts, 40 ml D20, and a large stir bar were added. The

bottle was capped, inverted several times to wet the Fico 11, and then

stirred on a magnetic stirrer overnight (or on low heat with stirring, 2

hr). The volume was corrected by pouring the solution into a graduated

cylinder and rinsing the remainder in the bottle with small amounts of

100% D20 until the final volume was reached. Solutions were stored at

4°C.
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K. Protein Assays

1. Amido Schwarz Staining

The procedure of Schaffner and Weissman (1973) was employed as

follows. 30 u1, 1M Tris/C1, pH 7.5, 1% SDS, and 60 u1, 60% trichloro

acetic acid (TCA) were added to 0.25 ml samples containing 1 to 10 lig

protein. If the sample contained Ficoll, it was heated at 100°C for 5

to 15 minutes; Fico 11 is degraded when incubated at this pH and tempera

ture. Nitrocellulose filters (Millipore HAWP, HA 0.45 u) were rinsed

with 6% TCA and samples were spotted onto the filter with vacuum; the

tube containing a given sample was rinsed with 6% TCA and the rinse was

spotted on top of that sample. The filter was then rinsed with 6% TCA,

stained 2 min in 0.1% Amido Schwarzin MeOH:HOAc:H,0 (45: 10:45), rinsed

in 100 ml H20, then destained with MeOH:HOAc:H,0 (270: 6:24) in 3, 100

ml, successive 1 min washes. Filters were then transferred into H20,
blotted dry with Whatman #1 paper, and spots were cut out using a

one-hole punch. Spots were eluted in capped conical plastic tubes using

0.6 ml, 25mm NaOH, 50 puM EDTA, 50% EtOH for 20 min or until blue color

disappeared from nitrocellulose discs. Samples were analyzed for

absorbance at 630 nm.

2. Coomassie Blue G-25 Staining

The procedure of Bradford (1976) was employed using Bio-Rad Dye

Reagent Concentrate (#500-0006); 0.2 ml dye was added to 0.8 ml samples

containing 1-10 ug protein. 5 min after gentle mixing, the absorbance

at 595 nm was measured. Samples containing D20, Fico 11 or chaotropic

agents could not be assayed using this procedure.
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L. Iodinations

1. Iodogen

Iodogen (1 mg, Pierce #28600) was dissolved in 25 ml chloroform and

50 kil of this Iodogen solution pipetted into disposable 12x75 mm glass

tubes and evaporated to dryness under nitrogen at room temperature

(Salacinski et al., 1981). Capped vials were stored over drierite at

-20°C for up to 6 months. 50 ug protein, 40 u1, 50mM Na phosphate pH

7.4, and 1 mCi Na1291 were added to the tube and allowed to react for 10

min. The reaction was terminated by adding 0.5 ml, 50mM Na phosphate pH

7.4 and transferring to a new tube. After an additional 15 min incuba

tion (to permit unincorporated iodous ions to return to molecular

iodine), samples were chromatographed on a PD-10 (Pharmacia) column

prewashed with PBS containing 0.1% BSA (Fraction V, Sigma) to separate

unincorporated 1251 from the labeled protein product.

2. Chloramine-T

Method a: 5-50 ug of protein (10 pl), 10 ul, 0.25M Na phosphate,

pH 7.5 and 1 mCi Na-1431 (10 p.1) were mixed; 10 ul, freshly prepared 5

mg/ml chloramine T in 50mM Na phosphate buffer was added. After exactly

30 seconds the reaction was quenched by the addition of 100 u1, 0.4

mg/ml tyrosine and 65 p.1 PBS. The mixture was desalted immediately as

described above for Iodogen iodinations.

Method b : 100 lug of protein (5-20 pul), and 60 pul PBS were added to

1 mCi (in 10 p.1) Na-**I. 30 pil, 1 mg/ml chloramine T in PBS was added

and incubation was carried out for 5 min on ice. The reaction was

terminated by the addition of 60 pil, 1 mg/ml Na-metabisulfite, prepared

in PBS and 10 p.1, 30 mg/ml KI in PBS. Desalting was carried out as

described above.
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M. Other

Acetylcholine receptor was quantitated by the procedure of Schmidt

& Raftery (1973) using mono-iodo-a-bungarotoxin, generously provided by

Dr. Zach Hall. Density was determined by refractometry. Synaptic vesi

cles were purified from the electric organ of the marine ray, Narcine

brasiliens is by published procedures (Carlson et al., 1978). Synaptic

vesicles were radio labeled by reaction with diazotized [*11-iodosul
fanilic acid (New England Nuclear) in the absence of detergent as

previously described (Carlson & Kelly, 1980). The protease inhibitor

phenylmethylsulfonyl fluoride was prepared in absolute EtOH as a 100X

(30 mg/ml) stock solution and stored at room temperature prior to use.
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PURIFICATION OF COATED WESICLES FROM THE

ELECTRIC ORGAN OF TORPEDO CALIFORNICA
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It is not known whether coated vesicles are selective in their

retrieval of proteins from the plasma membrane after secretory vesicle

exocytosis, or whether coated vesicles retrieve a random pinch of the

excess plasma membrane. It is generally thought that cholinergic

synaptic vesicles utilize a coated vesicle intermediate to recycle

within nerve terminals (Heuser & Reese, 1973; see Holtzman, 1977 and

Kelly et al., 1983 for review). To determine if nerve terminal coated

vesicles contain a partial or complete set of synaptic vesicle compo

nents and exclude plasma membrane components, coated vesicles were

isolated from the electric organ of the marine ray, Torpedo californica.

The Torpedo electric organ is a rich source of cholinergic nerve termi

nals. Electric organ synaptic vesicles have been purified to greater

than 90% homogeneity (Carl

son et al., 1978), their polypeptide composition has been established

(Wagner & Kelly, 1979), and antisera are available which recognize

several synaptic vesicle components (cf. Carlson & Kelly, 1980).

Initial experiments indicated the presence of synaptic vesicle compo

nents in coated vesicle preparations. However owing to the inadequacies

of the purification scheme employed (cf. Chapter 2 and Pfeffer & Kelly,

1981), the true association of these components with coated vesicles was

inconclusive. Therefore a new purification procedure was devised and a

great deal of effort was invested to establish rigorous criteria of

coated vesicle association (Chapters 1-4). This chapter will describe

the purification of coated vesicles from the Torpedo electric organ. The

recommended procedure involves differential centrifugation, velocity

sedimentation in isoosmotic sucrose gradients, equilibrium density

centrifugation in gradients of D,0/Ficoll, followed by permeation
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chromatography on a controlled pore glass (CPG) column.

Purification of Coated Vesicles from the Electric Organ of Marine Rays

Coated vesicles were first isolated from the electric organs of the

marine rays, Narcine brasiliensis (5 preparations) and Torpedo califor

nica (2 preparations) using the sucrose gradient procedure of Pearse

(1975). While a polypeptide of 180K was present in these preparations,

they were far less pure than those obtained from bovine brain, and thus

another purification scheme was devised.

The proteinaceous coat of coated vesicles contributes significantly

to their equilibrium density, and renders these organelles much denser

than the majority of other cellular membranes. Equilibrium density

centrifugation should be a powerful coated vesicle purification step,

thus an isoosmotic D,0/Ficoll gradient was designed for this propose.

Torpedo californica (18" long) were obtained live from Bodega Bay

Marine Laboratory and stored in refrigerated saltwater tanks. Fish were

removed from the tanks by carefully taking firm hold of the tail from

behind the fish and lifting it into a transport vessel containing

saltwater and 0.5 gm/liter tricaine methanesulfonate. After 15 min in

the anesthetic bath, fish were placed on ice, electric organs were

surgically removed, and chunks of tissue were dropped into liquid

nitrogen. Frozen electric organ tissue was stored in liquid nitrogen

for later use. Unlike the synaptic vesicle purification (Carlson et al.,

1978), fish were not perfused with EGTA prior to removal of the electric

organs. Excision of the electric organ in the absence of EGTA results

in a 50% depletion of synaptic vesicles and appeared to increase the

yield of coated vesicles.

150-300 gm frozen Torpedo (6 preparations) or 45 gm frozen Narcine
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(2 preparations) electric organ tissue was ground to powder in a large,

chilled mortar and pestle. The tissue was kept frozen by periodic

addition of liquid nitrogen to the mortar. The resulting frozen powder

was mixed with 1.5 volumes homogenization buffer (0.4mm NaCl, 10mM

Hepes, pH 7.4, 10mM EGTA, 5 pg/ml. BHBE, filtered through Whatman No. 1

paper) and allowed to warm up to 0°C prior to homogenization with 3, 15

sec bursts in a Waring blendor. All subsequent steps were carried out

at 4°C.

The homogenate was centrifuged for 30 min at 20,000g (13,000 rpm)

in a Sorvall SS34 rotor. The resulting supernate was filtered through

two layers of cheesecloth and centrifuged at 85,000 g (33,000 rpm) in a

Beckman 45Ti or Type 35 rotor for 60 min. Differential centrifugation

resulted in a 5 fold purification on the basis of total protein. Pellets

were resuspended in homogenization buffer to yield a 2 ml sample volume

per subsequent D,0/Ficol1 gradient; 1 SW27 tube D,0/Ficol1 gradient was

employed per 35 gm electric organ tissue homogenized. Resuspended

samples were layered onto 36 ml D.,0-Ficoll gradients, which consisted of2

a 4 ml cushion of 35% Fico 11 in 100% D20 beneath a 32 ml continuous 0%

to 20% Ficoll gradient prepared in 100% D20. Gradients were centrifuged

for 15-18 hr at 50,000 g (20,000 rpm) in a Beckman SW27 or SW28 rotor.

24, 1.5 ml fractions were collected from the top; the protein profile of

the gradient is shown in Figure 1. While most of the membranes sedi

mented to between 5 and 10% Ficoll, fractions 15-22 contained highly

purified coated vesicles and some coated vesicles were also detected in

the cruder gradient pellet. As can be seen in Figure 2a, an 180K poly

peptide is by far the predominant polypeptide component of Torpedo

coated vesicles (TorpCVs).
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In the best preparation it was determined that 31.2 mg total

protein could be recovered from the gradient (excluding the pellet), of

which about 100 ug was present in the coated vesicle fractions. This

represents a greater than 200 fold purification of coated vesicles, on

the basis of total protein, for this purification step. Approximately

0.3 to 1 mg of purified coated vesicles could be obtained from 350 gm of

electric organ tissue in various preparations, a yield which is about

1/10 to 1/20 of that achieved using bovine brain or liver as coated

vesicle source. About 1 mg of synaptic vesicles can be isolated from

this amount of electric organ tissue; considering the discrepancy

between the amount of protein per membrane vesicle for synaptic vesicles

and coated vesicles, the yield obtained for coated vesicles relative to

synaptic vesicles parallels their relative morphological abundance (cf.

Boyne et al., 1975).

Because the protein concentrations of the dense coated vesicle

containing fractions were low (about 15 lig/ml), the fractions were

routinely pooled, diluted at least three fold and concentrated by

ultracentrifugation at 100,000g (35,000 rpm) for 120 min in a Beckman

45Ti rotor; biochemical analyses or additional purification steps were

greatly facilitated by this concentration and Ficoll-removal step.

While the D,0/Ficoll gradient resulted in substantial purification

of coated vesicles, the procedure was limited by the amount of material

that could be loaded onto the gradients. Therefore a velocity sedimen

tation step was designed to enrich for coated vesicles prior to the

equilibrium density centrifugation step. Sedimentation of crude coated

vesicles obtained after differential centrifugation in an isoosmotic

sucrose gradient resulted in a twofold purification of coated vesicles
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on the basis of total protein. Figure 3 shows the protein profile of

the velocity gradient; a peak of protein was detected near the top of

the gradient, and 50% of the protein pelleted. Subsequent equilibrium

density centrifugation of both fractions demonstrated that only the

material present near the top of the gradient contained coated vesicles.

The polypeptide composition of samples from each step of this modified

purification procedure are shown in Figure 4, and include differential

centrifugation, velocity sedimentation, and equilibrium density centri

fugation. A 180,000 dalton clathrin polypeptide is barely detectable in

fractions containing coated vesicles until after the D,0/Ficoll gradient

which clearly resulted in substantial coated vesicle purification.

Since the velocity sedimentation step resulted in a twofold enrichment

of coated vesicles on the basis of total protein, it should be possible

in the future to use one-half as many D,0/Ficol1 gradient tubes per gram

tissue homogenized.

The purity of the D,0/Ficol1 gradient-purified TorpCVs was somewhat

variable, perhaps because of the method of gradient collection (see Fig.

2a-c). The high density and viscosity of the bottom fractions made it

necessary to collect the gradients from the top; very small amounts of

protein from the upper fractions could easily trail into the coated

vesicle region and result in detectable contamination. Virtually all of

this contamination could be removed by subsequent CPG column chromato

graphy (Fig. 2C-e). An alternate method of gradient collection would be

useful.

Four polypeptides of molecular weights between 70,000 and 90,000

were present at variable stoichiometries from preparation to preparation

(cf. asterisks, Fig. 2a, b, c), and may partially reflect proteolysis of
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clathrin. Inclusion of PMSF and benzamidine HC1 in the homogenization

buffer did not eliminate these polypeptides yet they could not be

separated from coated vesicles by subsequent velocity sedimentation or

Ficoll electrophoresis steps (data not shown).

Do TorpCVs Contain Acetylcholine Receptor?

A preparation of Torpedo electric organ coated vesicles will

probably contain coated vesicles derived from both presynaptic and

postsynaptic cells. Because of the sensitivity of available detection

procedures, it was of interest to determine if some of the isolated

TorpCVs contained acetylcholine recptor. The pooled D,0/Ficoll TorpCV

fractions contained approximately 215 frnol ca-bungarotoxin binding sites

per ug protein, however it was not known whether the acetylcholine

receptor detected in these fractions was a true coated vesicle consti

tuent. Subsequent velocity sedimentation showed that only about 50% of

the toxin binding sites cosedimentated with coated vesicles during this

second step. When D,0/Ficol1 TorpCVs were subjected to CPG column

chromatography, a fraction of the acetylcholine receptor chromatographed

as a peak of the leading edge of the coated vesicle peak, which indica

ted that it might be present in larger than average coated vesicles, in

a contaminating membrane, or both.

The fractionation of o-bungarotoxin binding sites was monitored

through several successive purification steps to obtain more information

about their possible coated vesicle association. D,0/Ficoll TorpCVs

were subjected to electrophores is in a Fico 11 gradient, the profile of

which is shown in Figure 5a. Approximately 26% of the toxin binding

sites were present in fractions containing coated vesicles. Therefore,

while the TorpCV polypeptide composition monitored by Coomassie stained
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gels was not changed, a substantial amount of acetylcholine receptor was

purified away from coated vesicles during this procedure.

The coated vesicle-containing fractions were then pooled and a

tenfold excess of unlabeled a-bungarotoxin was added to block those

receptors with an orientation inappropriate for presence in a coated

vesicle. It was hoped that this would aid in the detection of receptor

molecules which might be present in excluded column fractions and

TorpCWs. The sample was chromatographed on a CPG column and once again,

the bulk of the latent toxin binding sites were present in excluded

column fractions and the fractions corresponding to the leading edge of

the TorpCV included column peak (Fig. 5b). Nevertheless all the coated

vesicle-containing fractions were pooled and subjected to an additional

velocity sedimentation step. As is shown in Figure 5c, a very small

peak of acetylcholine receptor sedimented at the leading edge of the

coated vesicle profile. While the acetylcholine receptor present in the

coated vesicle fractions was of the correct orientation within a mem

brane of the appropriate size, density and charge for coated vesicles,

it did not precisely copurify with these organelles, and thus additional

criteria will be necessary to verify the presence of acetylcholine

receptor in purified TorpCVs. It is still possible that for some reason

this receptor was present in a larger than average coated vesicle which

would chromatograph and sediment slightly ahead of the bulk of the

coated vesicles. Alternatively, the bulk of the receptor detected may

have been present in contaminating membranes, masking that present in

coated vesicles. It is also possible that the majority of the coated

vesicles isolated from the electric organ are not derived from the

postsynaptic cells and thus the level of coated vesicle-associated
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FIGURE 1. D,0/Ficoll equilibrium density centrifugation of the high

speed supernate fraction. Fractions were collected from the top.
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FIGURE 2 . Polypeptide composition of D,0-Ficoll TorpCVs. a-c, prepar

ations of decreasing purity; d, e, fractions obtained after subsequent

controlled pore glass column chromatography of lane c TorpCVs: d,

excluded material; e, included TorpCVs. The starred arrows indicate the

position of clathrin; the asterisks mark the approximate position of the

variable polypeptides (see text).
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FIGURE 3. Velocity sedimentation of the high speed supernate fraction

prior to D,0/Ficoll equilibrium density centrifugation. Three SW27

rotor gradient tubes were employed per 200 gm tissue originally homo

genized and each consisted of a 34 ml, continuous 0-0.8M sucrose grad

ient. Sucrose solutions were buffered with 10mM Hepes, pH 7.2, and the

0% sucrose solution contained 0.4M NaCl to maintain isoosmolarity. 4 ml

samples were layered onto the gradients, which were then centrifuged at

50,000 g (20,000 rpm) in an SW27 rotor for 40 min. Fractions were

collected from the top; fractions 1-10 contain coated vesicles (see

text).
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FIGURE 4. Polyacrylamide gel electrophoretic analysis of the TorpCW

purification. a, bovine brain coated vesicle standard; b, D,0/Ficoll

TorpCVs; c & d, fractions 2 and 4 of the D,0/Ficol1 gradient; e, velo

city sedimentation pellet; f, coated vesicle-containing upper fraction

from velocity sedimentation; g, high speed supernate; h, high speed

pellet; i, 1ow speed supernate; j, crude homogenate. The starred arrow

demarcates the position of clathrin; asterisks indicate those fractions

pooled for subsequent coated vesicle purification steps.
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FIGURE 5. Further purification of D,0/Ficol1 TorpCVs. a, Ficoll

electrophores is ; b, controlled pore glass column chromatography;

c, velocity sedimentation.
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