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A B ST R A C T .

Membrane proteins located in two types of regulated secretory organelle, the synaptic-like
microvesicle and the dense core granule, were analysed in the chromaffin-hke
neuroendocrine PC12 tissue culture cell line and in transfected CHO-38 fibroblast and
H.Ep.2 epithelial cell lines.

Firstly, the movement of newly synthesised synaptophysin (a synaptic-like microvesicle
membrane protein) was analysed in CHO-38 and PC 12 cells using a series of pulse-chase
immunoprécipitation experiments. Synaptophysin was shown to move rapidly through
the secretory pathway of CHO-38 cells, over the cell surface with similar kinetics to the
endogenous synaptophysin in PC 12 cells and then recycle in and out of the cell in the
same manner as the transferrin receptor. In PC 12 cells at steady state, however, only a
fraction of the synaptophysin was found in the early endosome relative to that in CHO-38
cells, indicating that in PC 12 cells newly synthesised synaptophysin is sorted from the
early endosome to the synaptic-like microvesicle.

Secondly, the distribution of p-selectin (a secretory granule membrane protein) and pselectin deletion mutants were investigated in PC I2 cells and transfected H.Ep.2 cells
using double label immunofluorescence and confocal hght microscopy. In PC 12 cells,
wild type p-selectin was distributed in granules while a mutant with the terminal fourteen
amino acids removed from the cytoplasmic tail was directed initially to the cell surface and
then to a perinuclear localisation which may be lysosomal. This implies that these
C-terminal amino acid residues partially or completely encode the granule targeting signal.
In H.Ep.2 cells both mutant and wild type p-selectins were directed to the lysosome.

Finally, the targeting of a p-selectin horseradish peroxidase chimaera was determined by
electron microscopy in transfected PC 12 and H.Ep.2 cells and found to be in dense core
granules and multivesicular bodies respectively.
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Chimaeric Protein of the p-selectin Signal Sequence,
Horseradish Peroxidase and the p-selectin transmembrane

ST

and cytoplasmic domains.
a-2,6-Sialyltransferase.

SVAPP-120

120kD Synaptic Vesicle Associated Peripheral Protein.

SV2

Synaptic Vesicle Membrane Protein Two.

TDT

2% triton X-100,0.5% deoxycholate. 50mM Tris.Cl pH
7.4.

TfnHRP

Transferrin conjugated to Horseradish Peroxidase.

TGF

Transforming Growth Factor.

TGN

trans-Go\%i Network.

thromb/5 and

Mouse Monoclonal Anti-P-selectin Antibodies.

thromb/ 6
TR

Transferrin Receptor.

t-SNARE

SNAP Receptor within the target membrane.

TSP

Thrombospondin.

TX-114

Triton X-114 Detergent

UCL

University College London.

VAMP

Vesicle Associated Membrane Protein or Synaptobrevin.

v-SNARE

SNAP Receptor within the vesicle membrane.

VSV

Vesicular Stomatatis Virus,

vWf

von Willebrand factor.

246

Rabbit Polyclonal Anti-Secretogranin II Antibody.

8.24 ,

Mouse Monoclonal Anti-Secretogranin I Antibody.
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A M INO ACID ABBREVIATIONS.

Am ino acid

Abbreviations

Glycine
Alanine
Valine
Leucine
Isoleucine
Serine
Threonine
Lysine
Arginine

Gly
Ala
Val
Leu
He
Ser
Thr
Lys
Arg

G
A
V
L
I
S
T
K
R

Histidine

His

H

Aspartic acid
Asparagine
Glutamic acid
Glutamine

Asp
Asn
Glu
Gin

D
N
E

Proline

Pro

Tryptophan

T rp

R group (side chain)

Q

H
CH,
CH (C H ,),
C H ,C H (C H ,),
C H (C H ,)C H ,C H ,
CHzOH
CH (O H )CH ,
(C H J 4 N H 2
( C H J ,N H C N H N H

CHzCOOH
C H .C O N H ,
(C H ,).C O O H
(C H .).C O N H ,
■S------OH

W
CM,

Phenylalanine

Tyrosine
Methionine
Cysteine

Phe

H

H

/H

H

H

H

H

CM ,

Tyr
M et
Cys

H

C M , -( v

M
C

,)- O M

(C H J:SC H ,
CHzSH
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CHAPTER ONE:

INTRODUCTION.

An organism has to sense and respond to its environment in order to survive.
Multicellular organisms have therefore developed specialised cells that communicate with
each other in response to information gained from each other and from the outside world.
This transmission of information is mediated by biochemical signals that are either
secreted from the cell constitutively or stored within the cell and secreted in response to a
specific stimulus. In the case of regulated secretion, most of the bioactive signalling
molecules are stored in membrane bound compartments within the cell called regulated
secretory organelles.

In mammals, four types of cells contain these regulated secretory organelles: Endocrine
cells, such as the chromaffin cells of the adrenal medulla; paracrine cells, such as mast
cells; exocrine cells, such as pancreatic acinar cells; and neuronal cells of the nervous
system. The formation or "biogenesis" of these regulated secretory organelles is often
considered in context to other intracellular organelles common to all eukaryotic cells.
These other organelles include the membrane bound compartments of the biosynthetic
secretory pathway that direct newly synthesised integral membrane proteins to the plasma
membrane and soluble proteins to the extracellular milieu. They also include organelles
of the endocytic pathway, which mediate the uptake of receptor ligands and fluid phase
molecules for the initiation of intracellular signalling mechanisms and delivery of material
to the degradative lysosomal compartment. All these organelles are functionally distinct
membrane bound compartments with a population of membrane and soluble proteins that
are either necessary for the structure and function of that organelle or are passing through
that organelle for processing and/or delivery to another part of the cell. These
compartments are therefore defined by their protein composition and studies of the
targeting of newly synthesised proteins to the correct organelle can provide clues as to the
nature of organelle biogenesis and maintenance.
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This introduction provides an overview of the secretory pathway and the endocytic
pathway and briefly describes their organisation within endocrine cells and [neurones in
relation to regulated secretory organelles. Detailed descriptions of the regulated secretory
organelles, synaptic vesicles and dense core granules are included and current knowledge
about protein transport to these organelles is discussed. Finally, the transport of
synaptophysin to synaptic vesicles and p-selectin to dense core granules is reviewed for
introduction to the work on regulated secretory organelle biogenesis.

1.1. THE SECRETORY PATHWAY.

Newly synthesised proteins destined for constitutive secretion, regulated secretion, the
lysosome or organelles of the secretory pathway share a common intracellular transport
route through the secretory pathway, from the rough endoplasmic reticulum (RER)
through to the trans-most compartment of the Golgi apparatus (TGN) (Palade, 1975).
This vectoral transport of proteins is mediated by a series of vesicular shuttles between
each organelle towards the TGN, where sorting information is recognised and proteins
are specifically directed to their final organellar destinations. Proteins that reside in the
organelles of the biosynthetic secretory pathway traverse the same route until they reach
the compartment of their function, where they are then retained (figure 1 . 1 .).

1.1.1.

The endoplasmic reticulum (ER).

Proteins enter the secretory pathway at the RER by cotranslational translocation across the
RER membrane (reviewed by High and Stirling, 1993; Walter and Lingappa, 1986). The
initial N-terminal sequence of secretory proteins contains a 15-35 hydrophobic residue
"signal sequence" that is recognised as proteins translated on ribosomes by a complex of
proteins and RNA called the signal recognition particle (SRP). SRP binds the signal
sequence and arrests further translation until the nascent peptide chain/ribosomes/SRP
complex is directed to the SRP receptor on the RER
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Figure 1.1. The mammalian secretory pathway.
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membrane. Translation is then reinstated and translocation proceeds through an aqueous
protein pore or "translocon" in the RER bilayer (Crowley et a l, 1994 and reviewed by
Gilmore, 1993; Johnson, 1993). During co-translational translocation, the signal
sequence is usually cleaved by signal peptidase. In addition, asparagine-linked
oligosaccharide side chains are added within the RER lumen to proteins with the sequence
NXS/T (where X is any amino acid except proline or aspartic acid). This involves the
transfer of a fourteen residue sugar group, from a dolichol lipid in the RER membrane to
the above asparagine by an oligosaccharide transferase (reviewed by Komfeld and
Komfeld, 1985).

Integral membrane proteins are directed to the RER in the same way as soluble secretory
proteins but are anchored in the lipid bilayer by a hydrophobic amino acid sequence that is
flanked with charged residues. Such "stop-transfer" sequences become bound to the
RER membrane during translocation due to their hydrophobic nature, anchoring the
protein within the membrane. The final conformation of an integral membrane protein is
determined by a succession of alternating signal sequences and stop-transfer sequences
within the primary structure of a protein, with only the first insertion event involving the
SRP and SRP receptor (Blobel, 1980; High and Dobberstein, 1992; Wessels and Spiess,
1988).

The ER is the principal site of protein folding into secondary, tertiary and quaternary
structures, such that incorrectly folded proteins are retained and degraded (reviewed by
Hurtley and Helenius, 1989; Rose and Dpms, 1988). Folding of polypeptides in the ER
is catalysed by the molecular chaperone protein BiP (Kim and Arvan, 1995) and the
enzymes, proline isomerase and protein disulphide isomerase (PDI) (Freedman, 1984).
The extent of modification and oligomerisation of different proteins can vary considerably
and may result in some proteins residing in the ER for longer periods of time (reviewed
by Hurtley and Helenius, 1989; Pelham, 1989).
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There is some evidence that specific proteins may be concentrated upon exit from the ER
and require specific signals to enter the next part of the secretory pathway (Balch and
Farquhar, 1995; Mizuno and Singer, 1993). However, this remains controversial and
will not be discussed in this introduction. The majority of secretory and membrane
proteins need only be correctly folded to leave the ER and non-specifically leave by a
continual mechanism of "bulk flow" (reviewed by Rose and Doms, 1988). Therefore,
resident ER integral membrane proteins carry a "retention signal" to override this bulk
flow mechanism (Poruchynsky et al., 1985). In some cases this has been identified as
clusters of basic residues in the cytoplasmic tail, such as KKXX or KXKXX (Jackson et
al.y 1990), but in other cases a ten amino acid signal containing adjacent tyrosine and
serine residues is sufficient for retention (Mallabiabarrena et at., 1992). It has even been
suggested that a complex spatial arrangement of residues or "signal patch" is required in
the cytoplasmic tail (Gabathuler and Kvist, 1990) and that interactions between the
cytoplasmic tail with the cytoskeleton mediate retention (Dahllof et al., 1991).

Soluble proteins that carry out their function in the ER must also be segregated from
proteins that pass through the rest of the secretory pathway. They may achieve this by
interacting with other proteins, although there is no evidence that this is the case. Truly
soluble ER luminal proteins will spend at least part of their time as diffusable entities and
it is inevitable that they will be transported out of the ER by bulk flow and have to be
retrieved. This is mediated by a "KDEL receptor" that binds the four extreme C-terminal
residues of these proteins. These residues have the conserved sequence XDEL (where X
represents any amino acid, with a preference for K) (reviewed by Pelham, 1989; Pelham,
1990). The KDEL receptor therefore returns soluble ER proteins that have escaped this
organelle, while allowing other proteins to continue through the secretory pathway (Hauri
and Schweizer, 1992; Lippincott-Schwatz, 1993; Nilsson and Warren, 1994; Pelham,
1989; Pelham, 1990).
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1.1.2.

The intermediate (cis Golgi network, salvage or p53)

com partm ent.

Recent evidence suggests that an ER/Golgi intermediate compartment exists prior to the
cis Golgi, which may represent an ER sorting compartment (reviewed by Hauri and
Schweizer, 1992). However, this tubulo-vesicular compartment has a membrane
composition distinct from either the ER or the Golgi, containing p58, p53, rab2 and the
KDEL receptor while excluding ER and Golgi markers. When cells are incubated at 15°C
these markers accumulate in tubulovesicular structures at sites between the ER and the
Golgi stack, implying that this is a distinct post-ER, pre-Golgi compartment.

1.1.3.

The Golgi stack.

The Golgi stack is located near the centriole of the cell and is composed of parallel,
stacked cistemae of three functionally distinct types: the cis, medial and the trans Golgi,
containing distinct processing enzymes and phospholipids (Dunphy and Rothman, 1985;
Higgins, 1984). The distinct composition of these cistemae are maintained by a system
of transport vesicles that ensure non-seleclive transport of proteins through the apparatus
in vectoral fasion from cis to trans Golgi (Rothman, 1994; Takizawa and Malhotra,
1993). These vesicles are coated with specific coatomer proteins, or COP proteins, that
may also interact with the KK retrieval motifs within ER transmembrane proteins and
return them to the ER (Cosson and Letourneur, 1994).

As proteins pass through the Golgi cistemae they are subject to post-translational
modifications, such as glycosaminoglycan addition to proteoglycan cores,
phosphorylation and 0-linked glycosylation (Farquhar, 1985). The N-linked core
carbohydrate groups added in the RER are processed in an ordered series of events in the
Golgi, by removal of mannose residues and the addition of further sugar residues
(reviewed by Komfeld and Komfeld, 1985; and summarised in figure 1.2.).
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Figure 1.2. Asparagine-linked glycosylation.
Schematic pathway of oligosaccharide processing on newly synthesised glycoproteins as
they pass through the secretory pathway (adapted from Komfeld and Kornfeld, 1985).
The reactions are catalysed by the following enzymes:
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This has proved particularly useful for the study of protein transport through the secretory
pathway (section 3.2.1.).

Soluble proteins destined for the degradative organelle, the lysosome, do not undergo
complete oligosaccharide processing but acquire N-acety^glucosamine 1-phosphate on
selected mannose residues (Komfeld and Mellman, 1989). This is transferred from the
nucleotide sugar UDP-GlcNAc and occurs in a two step mechanism involving Nacetylglucosaminyl phosphotransferase and N-acetylglucosamine-1-phosphodiester a-Nacetylglucosaminidase. These enzymes reside in the cis Golgi and this phosphorylation
event forms the mannose 6 -phosphate (M6 P) moiety that is recognised by a receptor in
the trans-Goigi network (section 1.1.6.). When this phosphorylation event does not
occur on lysosomal enzymes (as in the case of patients of Inclusion-cell disease)
processing of N-linked oligosaccharides occurs as it would do for any other N-linked
glycoprotein travelling through the Golgi apparatus and the lysosomal enzymes are
secreted (Amara etal., 1992; Komfeld and Mellman, 1989).

As yet, no resident soluble Golgi proteins have been identified; all resident Golgi
processing enzymes have been found to be membrane bound type H proteins, with the Nterminus projected into the cytoplasm and the C-terminus into the Golgi lumen. Golgi
membrane proteins are characterised by short transmembrane domains (approximately
seventeen residues compared to between twenty and twenty five residues in other
membrane proteins) and it is these transmembrane domains that have been shown to
contain the information for Golgi retention (Munro, 1991; Nilsson et ah, 1991). This
retention capability has been shown to be augmented by adjacent cytoplasmic and lumenal
sequences (Munro, 1991) and in the case of the Golgi targeted Coronavirus E l protein,
most of the protein sequence is required for Golgi localisation (Armstrong and Patel,
1991). This, together with the fact that there are no obvious homologies between the
several Golgi transferases cloned, suggests that the transmembrane spanning domains
may interact with those of neighbouring Golgi proteins and promote oligomerisation.
This would be sufficient to prevent their incorporation into transport vesicles and so
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maintain the characteristic protein composition of each cistema (Pelham and Munro,
1993). In turn, the spatial alignment of the Golgi cistemae has been proposed by
Rothman and Warren (1994) to be held together by interaction of the integral membrane
protein cytoplasmic tails between each cistema and by a cytoplasmic "matrix” that can be
visualised by electron microscopy.

1.1.4,

The tra n s-G o /g i network (TGN).

The trans-Golgi network, or TGN, is a reticular organelle located on the trans most side
of the Golgi complex with a mildly acidic lumen (pH6-7) (Anderson and Orci, 1988;
Chanat and Huttner, 1991; Cooper et al., 1990; Griffiths and Simons, 1986). As with
the Golgi stack, proteins within the TGN undergo processing events. For example, the
serine pro tease furin cleaves a host of bioactive proteins at RXK/RR sites (Molloy et at.,
1992; Molloy et at., 1994). Terminal glycosylation of N-linked and O-linked
glycoproteins also occurs in the TGN and involves the transfer of sialyl and fucosyl sugar
residues to the carbohydrate groups that were modified in the Golgi stack (Komfeld and
Komfeld, 1985; figure 1.2.). In addition, sulphate groups are added to the
oligosaccharide, tyrosine and serine residues of specific glycoproteins

within the

TGN (Gorr and Cohn, 1990; Gorr etal., 1991; Huttner, 1987; Niehrs etal., 1993).

Evidence suggests that signals for TGN localisation are found in the cytoplasmic tail of
TGN membrane proteins (unlike the transmembrane signal for Golgi retention). The
cytoplasmic domain of the serine protease, furin, has been shown to be critical for
concentration in the TGN (Molloy et al, 1994). In addition, the type I membrane
protein, TGN-38 (which has a lumenal N-terminus and cytoplasmic C-terminus) is
concentrated in the TGN by virtue of the sequence YQRL within its cytoplasmic domain
(Bos e t a l , 1993; Humphrey e t a l , 1993).

This cytoplasmic, aromatic amino acid-containing motif is characteristic of signals
involved in receptor-mediated endocytosis (see section 1.2.1.). Indeed, it appears that
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TGN membrane proteins are not concentrated in the TGN as part of a retention
mechanism, as are Golgi membrane proteins. Rather, some of these proteins cycle
between the TGN and the plasma membrane, with retrieval from the plasma membrane
occuring more efficiently than exit from the TGN and resulting in a steady state
concentration at the TGN (Bos et al.y 1993; Molloy et a l, 1994; Wilsbach and Payne,
1993). This YQRL signal may therefore be involved in the endocytosis of TGN-38 and
its subsequent return to the TGN.

When cells are incubated at 20°C, exit from the TGN is restricted whilst intra-Golgi
traffic continues and newly synthesised material accumulates in the TGN. Subsequent
warming of the cells to 37°C following this temperature block results in rapid transport of
proteins to the cell surface (Griffiths et a l, 1985; Griffiths and Simons, 1986). The TGN
has therefore been proposed to be the final compartment in the secretory pathway that
contains secretory, plasma membrane and lysosomal proteins (Griffiths and Simons,
1986). Proteins that leave the TGN must therefore be spatially segregated for transport to
the specific organelle in which they function. Hence, a predominant role of the TGN is
that of a sorting station for proteins exiting the secretory pathway (Rivas and Moore,
1989). At least three classes of proteins must be separated before leaving the TGN:
Those destined for immediate delivery to the cell surface; those destined for the lysosome;
and those destined for regulated secretory organelles (in cells that contain them). The
mechanisms by which the first two classes of these proteins are sorted in the TGN are
outlined below.

i .i .5 .

Constitutive secretion.

In all cell types, membrane proteins destined for incorporation into the plasma membrane
and soluble proteins destined for non-regulated secretion are packaged into transport
vesicles that continually fuse with the plasma membrane (Burgess and Kelly, 1987;
Chung et a l, 1989; Huttner and Tooze, 1989; Moore et a l, 1983a; Wieland et a l, 1987).
Tyrosine sulphation (section 1.1.4.) has been proposed to be necessary for constitutive
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secretion of some proteins (Friederich etal.^ 1988; Huttner, 1987; McHugh etal., 1985).
However, since most proteins are secreted constitutively without sulphate moieties and
sulphation also occurs on some regulated secretory proteins, such as the chromogranins
(Gorr and Cohn, 1990; Gorr et al., 1991), constitutive secretion is currently thought to
occur in the absence of any structural features within proteins. Constitutive secretion may
therefore represent a default pathway if sorting information for delivery to other
compartments is absent or misread.

1.1.6.

The sorting o f soluble lysosomal proteins at the TGN.

Soluble proteins destined for the degradative organelle, the lysosome, are selectively
concentrated into budding regions of TGN termed "coated pits". Vesicles bud off into the
cytoplasm and fuse with endocytic compartments, which finally deliver lysosomal
enzymes to lysosomes. In addition, it is thought that a proportion of these proteins may
pass to the cell surface before entering lysosomes (extensively reviewed by Komfeld and
Mellman, 1989; Pearse and Robinson, 1990; Trowbridge etal., 1993).

The targeting of soluble proteins to the yeast lysosome equivalent, the vacuole, involves
the recognition of a propeptide sequence at the protein N-terminus. Although a QPRL
sequence has been identified as critical for the vacuolar localisation of carboxypeptidase Y
(Vails et al., 1990), no significant homology can be found between the propeptides of
vacuolar enzymes and it may be that a common teitiary structure or signal patch is the
sorting determinant in this case (Komfeld, 1987).

In mammalian cells sorting of soluble lysosomal proteins (such as cathepsin D) into
coated vesicles for intracellular delivery to lysosomes involves an extensively
characterised receptor mediated mechanism. The protein coat associated with these
vesicles and with the TGN coated pits consists of an outer lattice of clathrin and an inner
shell of adaptor protein complexes (figure 1.3.). It is these adaptors that interact with the
cytoplasmic domains of the receptors in the membrane, which in tum interact with their
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Schematic drawing showing the modular structure of the triskelion.
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ligands in the vesicle lumen and mediate segregation of lysosomal enzymes (Keen, 1990;
Pearse and Robinson, 1990; Robinson, 1992; Takizawa and Malhotra, 1993).

The mannose 6-phosphate groups added to lysosomal hydrolases in the cis Golgi (section
1.1.3.) now serve as a recognition marker for a mannose 6-phosphate receptor in the
TGN. Two of these receptors exist: One of 215kD, which binds M6P independently of
divalent cations (CI-MPR); and one of 46kD, which shows enhanced M6P binding in the
presence of divalent cations (CD-MPR). Both these receptors bind the M6P moiety on
soluble lysosomal proteins within the mildly acidic lumen of the TGN, with the CI-MPR
being the dominant receptor in this process (for discussion see Komfeld, 1992; Komfeld
and Mellman, 1989). CI-MPR has been shown to recmit the TGN-specific adaptor
protein HA-l/AP-1 onto TGN membranes when bound to M6P residues (LeBorgne et
al.y 1993; Méresse et al., 1990), which in tum promotes the recmitment of the clathrin
onto TGN membranes (Keen, 1990; Pearse and Robinson, 1990; Robinson, 1992). A
coated vesicle then buds away from the TGN, thereby segregating soluble lysosomal
enzymes from proteins destined for secretion (Klumperman et at., 1993; Lemansky etal.,
1987; Schulze-Lohoff et al., 1995). When these coated vesicles are delivered to an
acidified endosomal compartment (the sorting endosome and/or prelysosome; sections
1.2.3. and 1.2.4.), the low pH induces the dissociation of lysosomal hydrolases from the
MPRs. The hydrolases then pass to the lysosome, where the phosphate group may be
removed (Ludwig et a l.,\9 9 \) and the enzymes become fully functional at the acidic pH
of 4.5-5.0 (Komfeld and Mellman, 1989; Mellman et al., 1986). MPRs do not enter the
lysosome but recycle back to the TGN and undergo many rounds of delivery (Komfeld,
1987; Pfeffer, 1987).

A minor proportion of the CI-MPR has also been found to recycle from the TGN via the
cell surface to endocytic compartments (Stoorvogel et a l, 1989). At the cell surface the
CI-MPR may bind the small proportion of lysosomal enzymes that are constitutively
secreted from the cell (Lemansky et al., 1987), but it can also act as a receptor for insulin
like growth factor II (Komfeld, 1992; Komfeld and Mellman, 1989). Cell surface CI-
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MPR is incorporated into clathrin coated pits that contain the cell surface-specific adaptor
protein HA-2/AP-2 within their cytoplasmic protein coat The CI-MPR cytoplasmic tail
thus contains two targeting signals, one that interacts with HA-1 adaptors at the TGN (this
is reported to involve the transient phosphorylation of serine residues) (LeBorgne et al.j
1993) and one that interacts with HA-2 adaptors at the plasma membrane (for review see
Komfeld, 1987). These signals are thought to behave independently, with a di-leucine
motif being critical for the intracellular transport of lysosomal enzymes and a YXKV
sequence pattern acting as an internalisation signal for endocytosis (Chen et. a l, 1993;
Johnson and Komfeld, 1992b; Trowbridge e ta l, 1993 ; section 1.2.1.). An HLL motif
in the cytoplasmic tail of the CD-MPR is also essential for the intracellular routing of
lysosomal hydrolases (Johnson and Komfeld, 1992a).

In contrast to the mechanism described above, the enzyme lysosomal acid phosphatase
(LAP) is transported to the cell surface via the constitutive pathway as an integral type 1
membrane protein. It then recycles in and out of endocytic compartments at least twelve
times before finally arriving in lysosomes, where it is processed to form a soluble
lysosomal enzyme (Braun e ta l, 1989; Peters et al., 1990).

1.1.7.

The sorting o f lysosomal membrane proteins at the TGN.

Lysosomal associated membrane proteins, or lamps, have been categorised into three
classes: Those of 90-120kD termed human lamp-1 (chick LEP-100, rat lgpl20 or Igp-A)
and human lamp-2; a 30-54kD glycoprotein termed lamp-3 (CD63/Limp-lll); and a 74kD
glycoprotein termed Limp-11. These proteins are thought to be transported to lysosomes
by two possible routes: One involves segregation from secretory proteins at the TGN and
intracellular transport to late endocytic compartments (presumably with the lysosomal
hydrolases). The other involves transport to the cell surface along with secretory
proteins, selective internalisation to the endocytic pathway and subsequent transport to the
lysosome (Fukuda, 1991). In both these pathways the short cytoplasmic tails of these
proteins provide the critical transport signals.

32

Evidence suggests that the lysosomal glycoprotein lamp-1 (LEP- 100/lgp 120/lgpA) is
intracellulary transported to the lysosome in some cell lines (Harter and Mellman, 1992;
Honing and Hunziker, 1995) but transported through the plasma membrane to the
lysosome in other cell lines (Mathews et al.y 1992). A GYXXI motif in the eleven amino
acid cytoplasmic tail is required for the direct lysosomal delivery. However, the YXXI
residues of this motif (without the glycine) are important for endocytosis of lamp-1 from
the cell surface (Guamier et al. y 1993), suggesting a correlation between intracellular and
cell surface lysosomal targeting signals (for detailed discussion see Guamier et al . y 1993;
Honing and Hunziker, 1995; Odorizzi et al . y 1994; Trowbridge et a l . y 1993).

Limp-II is targeted directly from the TGN to the lysosome and the sequence LI in the
twenty amino acid, tyrosine-deficient cytoplasmic tail is critical for this trafficking (Ogata
and Fukuda, 1994; Sandoval et al . y 1994; Vega et al . y 1991). This leucine-isoleucine or
leucine-leucine motif is also critical for intracellular sorting of Cl- and CD-MPR to late
endocytic compartments (Chen et al . y 1993; Johnson and Komfeld, 1992b; Johnson and
Komfeld, 1992a) and T cell antigen CD3y and CD3Ô chain sorting to lysosomes
(Letoumeur and Klausner, 1992). The mouse hepatitus Coronovirus E l protein has a
cytoplasmic LLNI sequence that may be responsible for lysosomal targeting when the
transmembrane Golgi retention signal is dismpted (Armstrong and Patel, 1991; section
1.1.3.). In addition, the major histocompatibility complex (MHC) class H invariant chain
has a cytoplasmic leucine-isoleucine sequence that may be involved in the targeting of the
protein to vacuolar endocytic compartments (Pieters et al . y 1993). This di-leucine or
leucine-isoleucine motif may therefore be an important signal for intracellular trafficking
of proteins from the TGN to endocytic compartments.
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1.2. THE ENDOCYTIC PATHWAY.

The endocytic pathway consists of a pleiomorphic network of vacuolar and tubular
structures that continually fuse and bud from each other throughout the cell (Dunn et al.,
1989; Gruenberg et a l, 1989; Hopkins, 1986). Unlike the compartments of the secretory
pathway, (which are defined by their specific resident proteins) no integral membrane or
lumenal proteins have yet been found to be specific to individual endocytic compartments
alone, although they may exist and remain unidentified. The exception to this is
lysosomal localisation of the lysosomal associated membrane proteins (lamps; sections
1.1.7. and 1.2.5.). Compartments of the endocytic pathway are therefore defined in
terms of the marker proteins and fluid phase tracers that pass through the pathway
(Galloway et a l, 1983; Griffiths et al., 1989; Hopkins et al., 1990; Kielian et al., 1986;
Marsh, 1989; Marsh etal., 1986; Marsh etal., 1987; Stoorvogel etal., 1989; Tooze and
Hollinshead, 1991; Trowbridge

1.2.1.

a/., 1993; figure 1.4).

Receptor-m ediated endocytosis.

Receptor-mediated endocytosis is a mechanism for efficient uptake of extracellular
macromolecules, such as hormones, growth factors, lipoproteins, glycoproteins and
some viruses, by their binding to specific receptors at the plasma membrane.
Endocytosis is also a means of: Regulating the composition of the plasma membrane;
attenuating the responses of signal-transducing receptors by removing them from the cell
surface; and delivery of membrane proteins from the plasma membrane to the lysosome.

As with sorting at the TGN, the mechanism of endocytosis involves the selective
concentration of integral membrane proteins in specialised regions of membrane, clathrin
coated pits. Clathrin and adaptor complexes on the cytoplasmic face of the plasma
membrane segregate membrane proteins destined for internalisation from resident plasma
membrane proteins (Keen, 1990; Pearse and Robinson, 1990; Robinson, 1992).
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Figure 1.4. The endocytic pathway.
Diagrammatic representation of protein transport through the endocytic pathway.
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Invagination of these regions generates coated vesicles, which are subsequently uncoated
by the removal of clathrin and adaptors (for reuse at the plasma membrane), producing
the transport vesicles that deliver membrane proteins to the endosome (Goldstein et a i ,
1979). Various receptor classes are internalised through the same coated pits (Geuze et
al.y

1983) and initially enter the same endocytic compartment (Geuze et al.y 1985;

Stoorvogel et al.y 1987). Concomitant with specific receptor internalisation, a proportion
of the extracellular fluid is trapped in forming vesicles and contributes to the non-selective
bulk flow, fluid phase component of endocytosis, pinocytosis.

Proteins that are concentrated in coated pits contain short linear arrays of amino acids that
differ in sequence but share common three dimensional conformation and chemistry.
Extensive studies on many internalised proteins, a four-residue or six-residue
internalisation signal has been shown to conform to the sequence pattern: Aromatic-X-Xaromatic/large hydrophobic, where X stands for many but not all amino acids and a
positive charge at position three is favourable (reviewed by Trowbridge et al. y 1993).
Many of these internalisation signals contain a tyrosine at position one and are correlated
with a "tight turn" conformational motif (Bansal and Gierasch, 1991). Indeed, a
tyrosine-containing tight tum structure has been shown to be involved in the endocytosis
of lysosomally targeted lamp-1 (Harter and Mellman, 1992) and endocytosis of the CIMPR (Trowbridge et a l . y 1993). These tight turns are type 1 |3-tums or subterminal turns
of an a-helix that are exposed on the surface of the peptide structure. They work
independently of other secondary structures, regardless of the length of the cytoplasmic
tail or the orientation of the protein with respect to the plasma membrane. Tight tum
intemalisation signals may interact with the plasma membrane-specific HA-2 adaptor
complexes and promote the clathrin coat association that drives endocytosis (Glickman et
al.y

1989).

In addition to tight tum motifs, di-leucine motifs in the cytoplasmic tails of GLUT4
(Corvera et al. y 1994), MHC class II invariant chain (Bremnes et a l . y 1994), CD4 (Aiken
et al . y 1994) and CD3y and 5 chains (Letoumeur and Klausner, 1992) have been shown
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to confer intemalisation ability, although they can only do this in association with adjacent
residues.

The endocytic process described above occurs constitutively, with receptors such as the
transferrin receptor (TR), the asialoglycoprotein receptor (ASGPR) and the low density
lipoprotein receptor (LDLR), and the lysosomal membrane proteins (lamps) continuously
internalised into the cell. Other proteins, such as the epidermal growth factor receptor
(EGFR) and the insulin receptor (IR), only concentrate in coated pits and migrate into the
cell on ligand binding, which brings about receptor aggregation. Autophosphorylation is
required for IR removal from the cell surface and may expose the multiple copies of the
intemalisation signals in the IR cytoplasmic tail (Backer et al., 1992). In contrast, the
sequences QQGFF and FYRAL in the EGFR cytoplasmic tail are essential for
intemalisation (Chang et a l, 1993). EGFR kinase activity has been shown to be critical
for ligand-induced endocytosis of the EGFR (Glenney et al., 1988), although other
studies have shown that phosphorylation of EGFR is not essential for endocytosis
(Chang et al., 1993; Felder et al., 1990). The intemalisation signals of receptors and
other integral membrane proteins are summarised in table 1.1.

Some proteins are actively excluded from coated pits by interaction with the cytoskeleton
(Miettinen et al., 1992), interaction with cytoplasmic proteins (Pelchen-Matthews etal.,
1991) or by accumulation in glycolipid enriched plasma membrane domains (Brown and
Rose, 1992). Alternatively, lateral diffusion of membrane proteins into clathrin coat pits
can lead to a limited passive intemalisation of plasma membrane proteins. An altemative
pathway of macromolecule uptake also exists, whereby proteins cluster in ca violincontaining invaginations (reviewed by Lisanti etal., 1994).
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E R reten tio n signals.
Lyt2

KKXX

Jackson et al.y 1990

KXKXX
CD3e

E R retriev a
soluble ER

DGQRDLYSGL

Mallabiabarrena eta/., 1992

signal.
XDEL

Pelham, 1989; Pelham, 1990

proteins
Golgi reteniLion signal.
galactosyl-

-17 amino acid

transferase

transmembrane domain

Munro, 1991; Nilsson et al.y 1991

sialyl
transferase
TGN retriev al signal.
TGN38

YQRL

Bos et a l . y 1993

P relysosom al an d lysosom al signals.
CI-MPR

LL

Chen et a l. y 1993; Johnson and
Kornfeld, 1992b

CD-MPR

HLL

Johnson and Komfeld, 1992a

lamp-1

GYXXI

Honing and Hunziker, 1995

limp-11

LI

Ogata and Fukuda, 1994; Sandoval
et al . y 1994; Vega et al . y 1991

CD3y

LIVI

Letoumeur and Klausner, 1992

DGKCPLNPHS

Green et a l. y 1994

CD3Ô
p-selectin

T ight tu rn in tern a lisatio n signals.
TR

YTRF

Trowbridge et al . y 1993

LDLR

FDNPVY

Trowbridge et al . y 1993

ASGPR

YQDL

Trowbridge et al . y 1993

FQDI
CI-MPR

YKYSKV

Johnson and Komfeld, 1992b

CD-MPR

FPHLAF

Johnson and Komfeld, 1992a

EGFR

QQGFF FYRAL

Chang et al . y 1993

CD3y

YQPL

Letoumeur and Klausner, 1992

LAP

PGYRGV

Lehmann et al. y 1992

lamp-1

YXXI

Harter and Mellman, 1992; Honing
and Hunziker, 1995

D i-leucine in te rn a lisa tio n signals.
GLUT4

LL

Corvera et al . y 1994

invariant

ML

Bremnes et al . y 1994

chain

LI

CD3y

LL

Letoumeur and Klausner, 1992

CD3Ô

Table 1.1. Protein targeting signals for organelles of the secretory pathway and the
endocytic pathway.
NB: Di-leucine motifs alone cannot drive sorting events.
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1.2.2.

The recycling endosome.

The transport vesicles formed from plasma membrane coated pits fuse with an
interconnected system of irregularly shaped vacuoles and tubular elements, the early
endosome, which consists of recycling endosome and sorting endosome compartments
(Griffiths et al., 1989; Hopkins et al., 1990; Marsh et al., 1986; Tooze and Hollinshead,
1991). Some proteins, such as the TR, the LDLR, the a-2 macroglobulin receptor and
the ASGPR are delivered to a mildly acidic (pH 6.5)(Mayor et al., 1993; Yamashiro et
al., 1984) network of 60-80nm diameter tubules distributed throughout the cytoplasm that
have a great propensity to fuse with one another (Trowbridge et al., 1993). These
receptors are constitutively packaged into transport vesicles and recycled to the plasma
membrane (Dunn et al., 1989; Stoorvogel et al., 1987). This recycling occurs with great
efficiency (although recychng times for each receptor vary from five to 45 minutes)
(Koval and Pangano, 1990) and with no requirement for specific signals (Mayor et al.,
1993). Exit from the recycling pathway to other intracellular locations, however, does
require specific sorting signals.

1.2.3.

The sorting endosome.

The sorting endosome, also termed the compartment of uncoupling of receptor and ligand
(CURL; Geuze et al., 1983), the multivesicular body (MVB; van Deurs et al., 1993) and
the receptosome (Pastan and Willingham, 1981; Willingham and Pastan, 1980), is the
primary site of entry into the pathway that leads to lysosomes. By definition, the sorting
endosome contains lysosomally destined receptors and recycling receptors (such as the
TR). In addition, the sorting endosome is the compartment that accumulates recycling
receptors and fluid phase markers when cells are incubated at 2 0 C or with cytoskeletal
depolymerising agents (Gruenberg etal., 1989).

Structurally, a sorting endosome consists of a spherical vacuolar element (of 0.5-1.0pm
diameter), which accumulates 30-60nm diameter vesicles within the vacuole lumen that
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are highly enriched in internalised receptors, such as the EGFR and the FcR (Felder et
a i, 1990; Mellman et al., 1984). Indeed, when cells are incubated with the ligand for a
lysosomally routed receptor, these vacuoles appear to move along 2-3(X)nm diameter
membrane tubules (Hopkins et at., 1990). The sorting of recycling receptors away from
proteins destined for lysosomes could be achieved by the segregation of ligands and
receptors along these tubules (Geuze et at., 1983; Hopkins et at., 1990; Mayor et a l,
1993). While the majority of recycling receptors return to the cell surface, a small
proportion may pass to the TGN (Snider and Rogers, 1985; Stoorvogel et at., 1988).

Receptors destined for lysosomes are thought to be sorted into membrane regions that
bud inward into the lumen of sorting endosome vacuoles. In the case of the EGFR,
kinase activity is required for the concentration of the receptor in lumenal vesicles and for
lysosomal targeting (Felder et al., 1990). As the major substrate for EGFR kinase
activity is annexin 1 (a 35kD protein that interacts with phospholipids and actin), it has
been postulated that EGFR phosphorylation of annexin I causes local uncoupling of the
perimeter membrane from the cytoskeleton and subsequent inward vésiculation of the
vacuole membrane (Futter et al., 1993). This formation of inner vesicles would provide a
mechanism for moving integral membrane proteins into an organelle lumen for
degradation. Recycling receptors could subsequently accumulate on tubular domains
away from these inward vésiculation events (in a signal independent manner) for return to
the cell surface.

The sorting endosome has been proposed to be the primary delivery site of newly
synthesised lysosomal hydrolases and CI-MPRs (Hirst, 1994; Ludwig et al., 1991;
Rijnboutt et al., 1992). If this is the case, the hydrolases would not dissociate from the
CI-MPRs because this requires a pH below 5.5, too low for the pH of 6.0 to 6.5 in the
sorting endosome (Roederer et al., 1987). CD- and CI-MPR may therefore pass to
prelysosomes before returning to the TGN, a theory supported by the fact that CD- and
CI-MPR have been localised to the lumenal inner vesicles of sorting endosome vacuoles
(Klumperman et al., 1993).
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There are two models for endosome biogenesis (and reviewed by Murphy, 1991): It has
been proposed that the sorting endosome gradually matures into a prelysosome (Dunn
and Maxfield, 1992; Stoorvogel, 1993; Stoorvogel etal., 1991; van Deurs etal., 1993).
However, there is also evidence that suggests endosomal carrier vesicles deliver material
from the sorting endosome to a pre-existing prelysosome (Griffiths and Gruenberg,
1991; Rabinowitz etal., 1992; Schmid etal., 1988).

1.2.4,

The prelysosom e (late endosome).

Prelysosomes are MPR-positive, lamp-positive structures enriched in acid hydrolases that
do not contain recycling receptor proteins (such as the TR) and do not accumulate fluid
phase markers when cells are incubated at 20°C (Griffiths et al., 1988; Griffiths et al.,
1990; Komfeld and Mellman, 1989; Schmid etal., 1988). Prelysosomes do contain
stacks of multimembrane sheets that give them a greater buoyant density than the sorting
endosome (Griffiths et a l, 1990). They are also more acidic (pH 5.0-6.0) and have a
greater cationic surface charge than compartments earlier in the pathway (Kielian et al.,
1986; Komfeld and Mellman, 1989; Marsh et al., 1987). In some cell lines the
prelysosomal compartment can be hard to identify. For example, in the epithelial H.Ep.2
cell line, prelysosomes may take the form of TR-deficient multivesicular body-like
structures that fuse with existing lysosomes (Futter e t al., 1995).

The low pH of 5.5-6.5 in prelysosomes (Roederer et al., 1987) may induce the
dissociation of lysosomal enzymes from the CD- and CI-MPRs and their partial activation
(Hirst, 1994; Rijnboutt et al., 1992). Once free of ligand, CD- and CI-MPRs are
segregated onto tubular domains (and away from the lamp proteins on vacuolar domains)
for transport from the prelysosome to the TGN (Brown et al., 1986; Dintzis et a l, 1994;
Draper et a l, 1990; Geuze et a l, 1988; Goda and Pfeffers, 1988; Riederer et a l, 1994).
In addition to this recycling pathway, a general endocytic recycling pathway may exist
between the prelysosome and the TGN in specialised secretory cells (Green and Kelly,
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1992). Newly synthesised lysosomal hydrolases, lamps and down regulated receptors,
however, are dehvered to the lysosome.

1.2.5.

The lysosome.

Lysosomes are acidic (pH 4.5-5.0; Roederer et at., 1987), hydrolase-rich vacuoles
capable of rapidly degrading most biological macromolecules while only slowly
degrading their resident hydrolase and membrane proteins. They are generally small
spherical structures, although in some cells, such as macrophages, lysosomes can take on
a tubular morphology (Swanson et at., 1987). It is thought that as lysosomal digestion
proceeds, lysosomes shrink and vesicle budding occurs for membrane recycling to
endocytic structures (Jahraus et a i, 1994).

In specialised cells, incorporation of material into lysosomes can occur by phagocytosis
of large macromolecules into the cell (such as whole single cell organisms) or by
autophagocytosis of cellular organelles (Rabinowitz et al.y 1992). This thesis, however,
only considers lysosomes derived from converging endocytic and biosynthetic pathways,
i.e.yfrom prelysosomes. The point at which a prelysosome becomes a lysosome, either
by maturation or dehvery of material by vesicular traffic, is of great controversy (Mullock
et al . y 1994; Murphy, 1991; Roederer et al . y 1987 and references therein). Lysosomes
are therefore frequently defined as the terminal structures in the endocytic pathway that
are devoid of MPRs but rich in lamps and lysosomal enzymes (Komfeld and Mellman,
1989).

1.2.6.

The GLUT4 pathway.

GLUT4 is a specialised glucose transporter that is specifically expressed in adipose and
muscle cells for the rapid and efficient uptake of glucose (James et al.y 1989; Slot e t a l . y
1990; Zorano e t al.y 1989). However, GLUT4 is intracellularly sequestered in
tubulovesicular structures associated with the TGN and clustered thoughout the
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cytoplasm. It is only transferred to the cell surface for glucose uptake when the cells are
stimulated with insulin (Slot et a i , 1991b; Slot et a l . y 1991a), a transfer that has been
associated with the translocation of the TR, CD-MPR and CI-MPR to the cell surface
(Davis et al . y 1986; Oka et a l . y 1984).

The cytoplasmic C-terminal and N-terminal residues of GLUT4 are important for the
intracellular sequestration of GLUT4 within Chinese hamster ovary (CHO) cells (Piper
et. al. y 1992). In addition, a C-terminal cytoplasmic di-leucine motif is responsible for
rapid retrieval of GLUT4 from the cell surface to its intracellular storage compartment
(Corvera et al.y 1994; Verhey and Bimbaum, 1994). GLUT4 may therefore be retained
within a specialised endosomal structure via this cytoplasmic di-leucine motif (and
adjacent residues).

1.2.7.

The MHC class II compartment.

In transformed lymphocyte B cells and activated macrophages, newly synthesised major
histocompatability complex (MHC) class II a and P chains assemble in the ER in the
presence of the invariant chain peptide. This peptide non-covalently binds the a and p
chains, preventing the binding of antigens to the MHC class II complex as it moves
through the exocytic pathway and targeting it to an intracellular compartment, rather than
the cell surface (NeeQes et al . y 1990). After several hours, MHC class II molecules
appear at the cell surface free of invariant chain but bound to previously endocytosed
peptides (reviewed by Germain and Margulies, 1993).

The compartment in which MHC class II molecules are loaded with peptides has recently
been identified and found to be an organelle distinct from endosomes and lysosomes
(Amigorena et a l . y 1994; Tulp et al. y 1994; West et a l . y 1994). The class II MHC
peptide-loading compartment may be a specialised endocytic structure.
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1.3. COMMON FEAllTRES OF SECRETORY AND ENDOCYTIC PATHWAYS.

1.3,1.

Vesicle budding and fusion.

Both secretory and endocytic pathways employ vesicle budding and fusion mechanisms
to transfer materials to and from each compartment and between each pathway. When
these transport vesicles form from a donor compartment, they must select specific
proteins for transport while excluding proteins resident to that organelle. In addition,
they must be transported to, dock at, and fuse with, the correct target compartment
membrane. Some of these events may be achieved by a set of proteins that include Nethyl malide sensitive factor (NSF) and the soluble NSF attachment proteins (SNAPs).
The proposed mechanisms for membrane budding and fusion are briefly outlined below
(detailed discussions can be found in Hurtley, 1993a; Keen, 1990; Nuoffer and Balch,
1994; Pearse and Robinson, 1990; Robinson, 1992; Rothman, 1994; Sollner and
Rothman, 1994; Takizawa and Malhotra, 1993; Takizawa etal., 1993).

The small 21kD GTP-binding protein, ADP ribosylating factor (ARF), is proposed to
function in coat protein assembly and disassembly from transport vesicles: GDP-bound
ARF binds a putative receptor on a donour membrane and provides binding sites for coat
proteins (such as clathrin and coatomer) on the cytoplasmic membrane surface. These
interactions result in coat assembly (which is coupled to ARF guanine nucleotide
exchange) and budding. Interactions with a fatty acyl-CoA (such as palmitoyl-CoA) then
trigger vesicle formation. GTP hydrolysis to GDP-ARF then triggers ARF dissociation
from the vesicle membrane and coat disassembly.

The fusion of transport vesicles with their target membranes is currently thought to occur
by a process described in the "SNARE hypothesis". This predicts that interacting
membrane proteins in the vesicle and target membranes, called v-SNAREs and tSNAREs respectively, provide a binding site for SNAPs from the cytosol. NSF from the
cytosol then binds this complex, hydrolyses ATP (Morgan et al., 1994) and releases
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Figure 1.5. The SNARE hypothesis.
The specific targeting of transport vesicles to their correct destination involves the pairing
of vesicle-associated SNAP receptors (v-SNAREs) and target-associated SNAP receptors
(t-SNAREs) in a unique match (adapted from Sollner and Rothman, 1994).
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itself. This conformation of the SNAP/SNARE complex is now "fusion active" allowing
the fusion of vesicle and target membranes to be initiated. In this model, it is the unique
match of each v-SNARE and t-SNARE that confers the specificity of vesicle targeting
(figure 1.5.). The SNAREs involved in synaptic vesicle exocytosis have been identified
as synaptobrevin, syntaxin and SNAP-25. These are discussed in detail in sections
1.4.3.8. and 1.4.4.

1,3,2.

Rab proteins.

Another common feature of exocytic and endocytic pathways are the rab proteins, small
GTP-binding proteins that are members of the ras superfamily. In their GDP-bound
form, rab proteins remain in a soluble, GDP dissociation inhibitor (GDI)-bound complex
within the cytoplasm. On exchange of GDP for GTP, an isoprenyl lipid geranylgeranyl
structure in the rab protein C-terminus (Farnsworth et al., 1994) becomes exposed and
anchores the protein in a membrane of a specific compartment (reviewed by Novick and
Brennwald, 1993).

There are over thirty members of the rab family, each located to specific organelle
membranes (table 1.2.). The targeting mechanism for the specific localisation of each rab
protein appears to be contained within its C-terminus (Chavrier et al., 1991). Rab
proteins must therefore play a prominent role in specifying vesicle targeting and fusion in
both the secretory and endocytic pathways. They may do this by regulating SNARE
targeting. For example, it may be that a v-SNARE can only dock to its corresponding tSNARE in the presence of the appropriate GTP-bound rab protein in the vesicle
membrane (Novick and Brennwald, 1993).
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R ab

In tracellu lar location and putative role in m em brane
tra ffic k in g .

1

Exit of transport vesicles that exit the ER.

2

Budding of constitutive secretory vesicles from the TGN.

4

Recycling between endosomes and the plasma membrane and the
transfer of GLUT4 to the cell surface.

5

Fusion of TR-containing endosomes.

7

Transport from TR-containing endosomes to prelysosomes and
from prelysosomes to lysosomes.

9

Recycling from prelysosomes to the TGN.

Table 1.2. Examples o f rab proteins proposed to have functions in
membrane traffic (reviewed by Nuoffer and Balch, 1994).
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1.3.3.

The cytoskeleton.

Microtubules play an important role in both secretory and endocytic pathways. For
example, microtubules have been shown to be important in: Directed transport of
constitutive secretory vesicles to specific plasma membrane regions; the transport of
proteins from early endosomes to prelysosomes; and the transport from the intermediate
compartment to the £R. Microtubules are also important for the maintenance of the
structure of a cell and may be responsible for the juxtanuclear localisation of the
intermediate compartment, the Golgi stack, the TGN and prelysosomes near the
microtubule organising centre (reviewed by Kelly, 1990).

1.3.4.

Acidification.

Endosomes, lysosomes and the TGN lower their internal pH using an ATP-dependent
proton pump (H+-ATPase or vacuolar ATPase) that is distinct from the ATPase found in
mitochondria and chloroplasts (Nelson et al., 1989; Nelson, 1992). This is a complex
enzyme consisting of multiple subunits, although particular subunit isoforms are
expressed in specific tissues.

Material derived by endocytosis encounters an increasingly acidic environment en route to
lysosomes, from pH ~6 in recycling endosomes to pH ~5 in prelysosomes. This pH
gradient is achieved not from increased H+-ATPase activity throughout the pathway, but
from the activity of a Na+, K+-ATPase in early endosomal compartments. This enzyme
contributes to the interior positive membrane potential, thereby reducing ATP-dependent
proton transport and contributing to a higher pH (Caciola-Rosen and Hubbard, 1992;
Cain et a l, 1989; Fuchs et a l, 1989).
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1.4. THE REGULATED SECRETORY PATHWAY: SYNAPTIC VESICLES IN

NEURQNESx

1

Neurones communicate with each other by releasing biochemical signals,
neurotransmitters, in response to a specific signal. These neurotransmitters are stored
within regulated secretory organelles, synaptic vesicles, and are released on neurone
stimulation by synaptic vesicle fusion with the plasma membrane. Neurotransmitters
have to be stored in the right place and released at the right time for efficient neurone
communication. The correct synaptic vesicle formation, location and regulated exocytosis
are therefore vital for neurone function.

1.4.1.

Neurone polarity and synaptic vesicle distribution.

Neurones have a specialised morphology; the postsynaptic terminal of the dendrite, the
dendritic spines, the cell body, the axon and the active zone of presynaptic terminals
(figure 1.6.). Although many different types of neurones exist within a multicellular
organism, several broad statements can be made about the distribution and transport of
organelles within these specialised structures (reviewed by Coy and Howard, 1994; Craig
and Banker, 1994; Kelly and Grote, 1993).

Organelles appear to have restricted distributions within neurones (figure 1.6.): The
Golgi complex and late endosomes extend only into proximal dendrites; ribosomes extend
throughout somatodendritic regions; and the mitochondria and ER are found throughout
the cell (Craig and Banker, 1994). Elements of the cytoskeleton also show different
characteristics between axons and dendrites and their asymmetric distribution may be
important for this organelle targeting and distiibution: Neurofilaments are present in both
dendrites and axons, although their highly phosphorylated forms are restricted to axons.
Microtubules in the axon are all orientated plus-end distal, whereas dendrites contain
microtubules of both polarity orientations and that exclusively associate with the
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Figure 1.6. Organelle distribution in neurones.
Diagrammatic representation of organelle distribution in neurones (not drawn to scale).
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microtubule binding protein MAP2. Selective transport of organelles into dendrites could
be therefore be mediated along microtubules via microtubule motors that can move in
either direction (Kelly and Grote, 1993). In addition, rabS is specifically located in
dendrites and has been proposed to be a component of the dendritic targeting machinery
(Nuoffer and Balch, 1994). Transport of vesicles down the axon is known to occur
along the plus-end distal microtubules (Coy and Howard, 1994 and references therein).
Fast axonal transport (100-4(X)mm dayO is thought to be mediated by the microtubule
motor proteins kinesin (for anterograde transport to the nerve terminal) and cytoplasmic
dynein (for retrograde transport to the cell body). Actin filaments have also been
implicated in axonal transport and may either operate simultaneously with microtubules or
deliver vesicles to specific areas after microtubule delivery to the general region (Trifard
and Vitale, 1993).

The localisation of plasma membrane constituents to specialised regions of presynaptic
and postsynaptic membranes remains poorly characterised. This might involve the
targeting and delivery of transport vesicles to axons or dendrites, carrying specific
membrane proteins that subsequently become clustered within the plasma membrane at
sites of cell-cell interaction, such as the active zone (Kelly and Grote, 1993).
Alternatively, protein targeting to specialised areas could be performed by the targeting of
mRNA to specific cytoplasmic regions. For example, mRNAs for MAP2 and
Ca^Vcalmodulin-dependent protein kinase U (CaM kinase H) are targeted to distal regions
of the dendritic area, while most mRNAs are restricted to the proximal dendritic regions
and cell bodies. This mRNA targeting may be achieved by active transport, but the motor
proteins necessary for such a mechanism have yet to be identified (Kelly and Grote,
1993).

Synaptic vesicles within the presynaptic terminal are associated with specialised areas of
the presynaptic plasma membrane, "active zones", which are separated by electron dense
material. Synaptic vesicles are aligned in ordered arrays at these active zones to allow for
rapid response to stimulation (Peters etal., 1991).

51

1,4.2.

Regulated secretion from neurones:

The physiology.

When excitatory neurotransmitters bind receptors at the postsynaptic membrane of the
synapse, the dendritic plasma membrane becomes depolarised. The extent of
depolarisation is summated at the axon hillock and, if over a threshold level, will trigger
an action potential along the axon. When the action potential arrives in the presynaptic
nerve terminal, the presynaptic membrane depolarises and voltage-gated Ca^+ channels
open. The resulting Ca^+ influx leads to an increase in the intracellular Ca^+ concentration
from < l|iM to >100|iM. This triggers the fusion of the synaptic vesicle membrane with
the presynaptic membrane and consequently the rapid release of neurotransmitter within
200-300|is (Ceccarelli and Hurlbut, 1980b). After stimulation, the synaptic vesicle
membrane is rapidly recovered form the plasma membrane, reloaded with
neurotransmitter from cytoplasmic pools, and undergoes further rounds of exocytosis and
endocytosis. Presynaptic terminals therefore contain all the components necessary for
exocytosis and membrane recycling and can act independently of any signals from the
neuronal cell body (Kelly and Grote, 1993).

Some neurones also release neuropeptide neurotransmitters by the exocytic fusion of
large dense core vesicles (LDCVs; 120nm diameter). These are stored in non-synaptic
areas of axon terminals and undergo exocytosis in a Ca^+-dependent fusion mechanism
that is thought to be similar to synaptic vesicle fusion (Martin, 1994). However,
differential release of LDVC and synaptic vesicle content from the same neurone can be
achieved by applying different frequencies of stimulation or different neurotoxins. This
may be the result of the two different organelles having different vesicle cytoskeleton
interactions, Ca^+ sensitivities, location within the nerve terminal and/or associations with
different Ca^+ channels (reviewed by Smith and Augustine, 1988; Trifard and Vitale,
1993).
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1.4.3,

Synaptic vesicle components.

Synaptic vesicles are small, uniformly sized (40-50nm diameter), translucent vesicles of
low buoyant density with each synaptic vesicle containing specific amounts, or "quanta”,
of classical neurotransmitters (such as glutamate, y-aminobutyric acid (GABA) or
acetylcholine) (Südhof and Jahn, 1991). Synaptic vesicles are the most abundant and
uniform class of organelles in the nervous system and have consequently become the
most well characterised organelle studied. Their membranes have a high degree of
curvature, such that the number of membrane proteins that can fit into each vesicle is
limited, resulting in a stiochiometric protein composition. The properties of synaptic
vesicle membrane proteins and their interactions with presynaptic membrane proteins
have been extensively studied and are outlined below:

Synaptic vesicles accumulate neurotransmitter from cytoplasmic pools and therefore have
transmembrane proteins for neurotransmitter uptake. These include the vacuolar H+ATPase (section 1.3.4.), ion channels and electron transporters, which provide the
electronmotive force and ion concentrations necessary for neurotransmitter uptake
(Rahamimoff et at., 1988). Transmembrane proteins are also present that physically
transport neurotransmitters from the cytosol into the vesicle lumen. Four types of these
neurotransmitter carriers have been identified (reviewed by Jahn and Südhof, 1994): One
for the uptake of monoamines and serotonin; one for acetylcholine; one for glutamate; and
one for GABA and glycine. All these neurotransmitter transporters use the
electrochemical proton gradient as the driving force for neurotransmitter uptake, but they
differ in the transport mechanism used and their relative dependence on membrane
potential verses proton concentration. The synaptic vesicle membrane protein, SV2, has
a predicted structure that resembles that of a neurotransmitter transporter, although it
shows no homology to the above transporters and its substrate has not yet been identified
(Bajjalieh et at., 1994; Bajjalieh et at., 1992; Bindra e ta l, 1993; Buckley and Kelly,
1985; Feany et at., 1992; Floor and Feist, 1989; Scranton etal.^ 1993).
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In addition to the membrane proteins involved in neurotransmitter uptake, the synaptic
vesicle contains families of novel membrane proteins of as yet unknown function.
Although the distribution of individual isoforms from each family varies between
different neurones, it appears that at least one member of each family is present on every
synaptic vesicle. Although they are all highly conserved between species and none have a
cleavable signal sequence, these protein families contain dissimilar protein structures and
characteristics. In recent years, extensive studies have revealed the detailed structural
features and potential roles for these proteins (reviewed in Jahn and Südhof, 1994;
Südhof and Jahn, 1991; figure 1.7.). These proteins will therefore be very briefly
described below, with their interactions summarised in table 1.2. The transmembrane
protein synaptophysin, however, has been the subject of studies on synaptic vesicle
biogenesis and thus will be described in some detail:

1.4.3.1. Synaptophysins (p38).

Synaptophysins are 38kD poly topic membrane glycoproteins that have both their C- and
N-termini facing the cytoplasm and four predicted transmembrane regions (Bargou and
Leube, 1991; Bixby, 1992; Buckley etal.y 1987; Cowan etal.y 1990; Johnston etal.,
1989b; Leube et al., 1987; Südhof et al., 1987a; Südhof et al., 1987b). Synaptophysins
also have two lumenal intramolecular loops, each linked with a disulphide bond
(Johnston and Südhof, 1990) and have one predicted N-glycosylation site (Rehm et al.,
1986). Synaptophysins may form 76kD dimers (Rehm et al., 1986) and/or
homopolymers (linked by noncovalent interactions) and they have been reported to bind
additional uncharacterised proteins of low molecular weight (Johnston and
Südhof, 1990). The 37kD protein synaptoporin has a 58% amino acid identity to
synaptophysin and is also present on synaptic vesicles (Knaus et al., 1990).

The synaptophysin cytoplasmic tail contains ten copies of an imperfect tyrosine-rich
repeat (Leube et al., 1987; Pang et al., 1988; Südhof et al., 1987b) characterised by the
hexapeptide YPXXXX (Creutz et al., 1988). This sequence contains a highly
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Figure 1.7. Structure of the major protein families found in synaptic vesicle
membranes.
A. Diagrammatic representation of synaptic vesicle membrane proteins that have been
cloned and sequenced (excepting the vacuolar proton pump). Structures are not drawn
to scale with respect to synaptic vesicle size and are not in stoichiometric ratios.
P phosphorylation sites
Y glycosylation sites
/ disulphide bonds
B. Potential protein-protein interactions between synaptic vesicle membrane proteins
and presynaptic membrane proteins at the presynaptic terminal and neurotoxin sites of
action on these proteins (adapted from Bark and Wilson, 1994).
BoNT/A to BoNT/F botulinum neurotoxin subtypes
TeTX tetanus toxin
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immunogenic flexible segment (Knaus and Betz, 1990) and is thought to form a novel
secondary structure, also present in rhodopsin, synexin, gliadin, RNA polymerase II,
hordein and gluten (Matsushima et a/., 1990). As these proteins share no obvious
functional roles, it may be that the repeat domains are involved in protein-protein
interactions. Recently, peptides have been isolated from frog brain preparations that
correspond to the 58 amino acid C-terminus of synaptophysin (Chartrel et al., 1994),
suggesting that cleavage of the synaptophysin cytoplasmic C-terminus has some
physiological role.

The synaptophysin cytoplasmic C-terminus has also been reported to bind Ca^+ and is
predicted to have one Ca^+ binding site per mole synaptophysin (Rehm et at., 1986).
However, in later studies on Ca^+ binding to synaptotagmin, negligable
synaptophysin/Ca^+ binding occurred (Brose etal., 1992).

Purified synaptophysin has been shown to form voltage-dependent channels when
inserted into black lipid membranes (Thomas et al., 1988) and the overall structure of
synaptophysin has been likened to that of the pore-forming gap junction protein,
connexin (although their primary sequences differ)(Siidhof and Jahn, 1991). For these
reasons, synaptophysin was originally proposed to form a fusion channel (for
neurotransmitter release) by means of interactions with a plasma membrane protein (Betz,
1990). Synaptophysin has been found to bind the putative presynaptic membrane
protein, physophillin (with a cytoplasmic region other than its C-terminus) (Thomas and
Betz, 1990). However, there are several flaws in this prediction (which are discussed in
detail by Südhof and Jahn, 1991): The purified synaptophysin used in black lipid
membranes would not have been in the same conformation or state of oligomerisation as
synaptophysin in vivo; connexins form pore structures via their extracellular/lumenal
domains, whereas synaptophysin would do so using cytoplasmic sequences; and the
synaptophysin channels in black lipid membranes were activated by voltages that occur
during resting conditions at presynaptic membranes. Therefore, if synaptophysin
oligomers do form a fusion channel, it is unlikely to be a stable pore structure.
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In other studies on synaptophysin incorporation into artificial membranes, synaptophysin
was sensitive to membrane curvature (discussed in Jahn and Südhof, 1994) and
synaptophysin has been found to have a similar overall structure with peripherin/rdls,
which may be involved in formation and maintenance of the highly curved rim region of
photoreceptor discs (Arikawa et al., 1992; Connell and Molday, 1990). Synaptophysin
has therefore been proposed to be important in the structural organisation of the synaptic
vesicle as a small, highly curved organelle (Jahn and Südhof, 1994).

Yet synaptophysin has been shown to be important for Ca^+-dependent physiological
events in neurones: When anti-synaptophysin antibodies were microinjected into spinal
neurons, the frequency of spontaneous synaptic currents was reduced and impulseevoked synaptic currents were attenuated (Alder et a l, 1992b); Ca^+-dependent secretion
reconstitued in Xenopus oocytes (by injection of rat brain mRNA) is abolished when
synaptophysin antisense oligonucleotides are co-injected (Alder et al., 1992a); and CaM
kinase U phosphorylates synaptophysin C-terminal serine residues in a Ca^+-dependent
manner within cerebrocortical slices, synaptosomes and synaptic vesicle preparations
(Rubenstein et a l, 1993). In a more recent study, synaptophysin overexpression in
Xenopus neuromuscular synapses resulted in an increase in the number of spontaneous
synaptic currents and an increase in the amplitude of evoked synaptic currents (Alder et
al., 1995). These authors propose that synaptophysin may be involved in vesicle
"docking" (so affecting the amount of vesicles available for exocytosis) or that it may be
involved in a late synaptic vesicle fusion event (section 1.4.4.).

I.4.3.2. Synaptotagmins (p65).

Synaptotagmins are type I integral membrane proteins that were first identified as 65kD
calmodulin-binding proteins on a range of regulated secretory vesicles (Trifard et al.,
1989). Synaptotagmin cytoplasmic tails are phosphorylated by CaM kinase II (Popoli,
1993a) and casein kinase II (Bennett etal., 1993b; Davletov et al., 1993a) and contain
two large, highly conserved repeats domains (Perin et al., 1991 ; Perin et al., 1990):
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These repeat domains are homologous to the C2 domains of protein kinase C and are also
present in cytoplasmic phospholipase A2 , phospholipase Cyl, GTPase activating protein
(GAP) and une-133 protein (reviewed by Jahn and Südhof, 1994). Synaptotagmin has
been shown to bind Ca^+ in a phospholipid-dependent manner, depending on the
proportion of acidic phospholipids (Brose et al,y 1992). The membrane proximal C2
domain has been shown to convey these Ca^Vphospholipid-binding properties (Chapman
and Jahn, 1994; Davletov and Südhof, 1993; Davletov and Südhof, 1994), although both
C2 domains may act synergistically (Damer and Creutz, 1994). The membrane distal C2
domain has been shown to bind clathrin HA-2 adaptor protein (Zhang et a l, 1994), such
that synaptotagmin may have a role in synaptic vesicle recycling (section 1.4.5.).

The injection of synaptotagmin C2 domain peptides into squid giant presynaptic terminals
inhibits neurotransmitter release and indicates that the C2 domains of synaptotagmin may
be involved in the mechanism of neurotransmitter release (Bommert et al., 1993).
Synaptotagmin has also been implicated in the Ca^+-independent release of
neurotransmitter induced by the black widow spider venom, a-latrotoxin (Petrenko et a i,
1991; Shoji-Kasai et al., 1994) and has been found to be the target for the C. botulinum
type B neurotoxin (Nishiki et al., 1994), whose action blocks acetylcholine release from
nerve endings.

All these characteristics have lead to the theory that synaptotagmin is a "Ca^+ sensor" that
initiates neurotransmitter release on a rise in the intracellular Ca^+ concentration (DeBello
et al., 1993; Popov and Poo, 1993). This is supported by genetic experimentation in
Drosophila, mice and Caenorhabditis elegans:

C. elegans mutants lacking synaptotagmin I exhibit severe behavioral abnormalities in
locomotion, feeding and defaecation and accumulate acetylcholine. However, these
mutants are still capable of coordinated motor movements, indicating that removal of
synaptotagmin partially blocks neurotransmitter release (Nonet etal., 1993).
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Transgenic mice defective in synaptotagmin I have greatly impaired Ca^+-dependent
neurotransmitter release selective for the most rapid component of regulated secretion,
with a slower component and spontaneous release being little affected (Geppert et al.,
1994b).

An initial study of Drosophila mutants showed synaptic transmission to persist such that
larvae were able to feed, crawl and respond to stimuli (DiAntonio et al., 1993).
However, more detailed studies revealed that mutations in synaptotagmin did decrease
evoked neurotransmitter release and simultaneously increased spontaneous release
(DiAntonio et al., 1994) and that although evoked secretion was grossly impaired, it was
not completely abohshed (Broadie et al., 1994). Finally, certain point mutations in the
Drosophila synaptotagmin gene cause a change in the cooperative triggering of transmitter
release, altering the stoichiometric relationship between extracellular calcium
concentration and rate of evoked release (Littleton et al., 1994).

Therefore, there is strong evidence that synaptotagmin acts as a Ca^+ sensor, but whether
synaptotagmin is a positive or negative regulator of synaptic vesicle exocytosis remains
unclear (section 1.4.4.). Also, alternative Ca^+ sensors may be involved, such as other
isoforms of synaptotagmin (Hilbush and Morgan, 1994; Mizuta et al., 1994; Wendland et
al., 1991) or rabphilin (Shirataki etal., 1993; Shirataki etal., 1994; section I.4.3.6.).

Finally, there is indirect evidence that synaptotagmin may have a role in process
extension: Synaptotagmin is involved in the movement of vesicles along axons to
synaptic contacts during synapse formation in Drosophila (Littleton etal., 1993); and
found to induce processes when expressed in fibroblasts (Feany and Buckley, 1993a).

1.4.3.3. Synaptobrevins (vesicle associated membrane proteins; VAMPs).

Synaptobrevins, or VAMPs, are 18kD t)^e II integral membrane proteins (Kutay et al.,
1995; Trimble and Scheller, 1988) that have been identified as the specific targets for the
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tetanus toxin and botulinum B toxins (Comille et a l, 1994; Dayanithi et a l, 1994; Link et
a l, 1992; Link et a l, 1993; Llinâs et a l, 1994; McMahon et a l, 1993; Schiavo et a l,
1992; Schiavo et a l, 1994; Yamasaki e ta l, 1994a; Yamasaki et a l, 1904b; Yamasaki et
al., 1994c). Studies with these toxins have revealed that proteolytic cleavage of
synaptobrevin-2 blocks neurotransmitter release (Hunt et a l, 1994; Link et a l, 1992;
Llinâs e ta l, 1994; Schiavo e ta l, 1992) and implicates synaptobrevin in the molecular
mechanism of synaptic vesicle exocytosis (section 1.4.4.). However, similar
distributions of synaptobrevin-1, synaptobrevin-2 and a related protein, cellubrevin,
throughout cells of both neuronal and nonneuronal tissues indicates that the
synaptobrevin family have a more general role in constitutive and regulated secretory
vesicle fusions (Cain e ta l, 1992; Chilcote e ta l, 1995; McMahon e ta l, 1993; Ralston et
a l, 1994; Volchuk et a l, 1994, Sôllner et a l (1993) have proposed that synaptobrevin is
a synaptic vesicle v-SNARE (sections 1.3.1., I.4.3.8. and 1.4.4.) and involved in
synaptic vesicle fusion with the presynaptic membrane.

1.4.3.4. Synapsins.

The synapsins are a family of peripheral membrane proteins (synapsin la and Ib,
synapsin Ha and lib) that bind both synaptic vesicles and elements of the cytoskeleton,
including F-actin, microtubules, spectrin and neurofilaments (Chilcote e ta l, 1994;
Greengard et a l, 1994; Greengard et a l, 1993). The C-terminus of synapsin I has been
shown to bind the hydrophobic part of the synaptic vesicle membrane bdayer and is
complexed on the vesicle surface with the CaM kinase II (Benfenati et a l, 1989;
Benfenati et al., 1992). These interactions are completely abolished when synapsin is
phosphorylated by CaM kinase II and c AMP-dependent protein kinase (PKA) on sites in
the C-terminus (De Camilli e ta l, 1990; Greengard et a l, 1994).

It was therefore proposed that synapsin I tethers synaptic vesicles to the cytoskeleton at
the active zone (Trifarô and Vitale, 1993). A rise in intracellular Ca^+ concentration
would cause phosphorylation and conformational changes in synapsin I that release
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synaptic vesicles from tlie cytoskeleton for fusion with the presynaptic plasma membrane
(Coffey et al., 1994; Goold and Baines, 1994; Valtorta et at., 1992). However, a recent
study has revealed that synaptic vesicles immediately beneath the presynaptic plasma
membrane are devoid of synapsin I while a distal pool of synaptic vesicles do contain this
protein (Pieribone et a l, 1995). These authors propose that synapsin I has a role in
synaptic vesicles availability for regulated exocytosis.

Synapsins may also have an important role in the localisation of synaptic vesicles, as
demonstrated when synaptic vesicle-containing variscosities were induced in cultured
neurones that had been transfected with synapsin Ilb (Han et at., 1991). However,
synapsins have been shown to be transported down axons in their phosphorylated form
via the slow component of axonal transport and not by the fast axonal transport used by
other synaptic vesicle membrane proteins (Petrucci et al., 1991). In addition, when
synapsin Ib was expressed in photoreceptor cells (which lack endogenous synapsin I and
have "ribbon synapses" rather than active zones) it was targeted to synaptic vesicles (via
N-terminal sequence), but had no effect on synapse structure or morphology (Geppert et
al., 1994c). These authors propose that synapsins may have a role in cytoskeleton-based
biogenesis of nerve terminals, rather than synaptic vesicle localisation.

1.4.3.5. RabSa.

Synaptic vesicles contain the peripheral, GTP-binding membrane protein rab3a (Fischer
von Mollard et al., 1990; Ngsee et al., 1990; see section 1.3.2.). This protein is present
in two pools within cultured neurones; one GTP-bound and associated with synaptic
vesicles (70-80%) and one GDP-bound and soluble (20-30%) (Matteoli etal., 1991).

Rab3a dissociates from synaptic vesicles upon stimulation of exocytosis (Fischer von
Mollard et a i, 1991; Johannes et al., 1994; Stahl et al., 1994) and is absent from coated
vesicles isolated from nerve terminals (Maycox et al., 1992), implicating it to have some
role in synaptic vesicle release. However, Geppert et al 0994a) showed that mutant
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mice with no rab3a exhibited normal synaptic transmission and concluded that rab3a has a
role in synaptic vesicle recruitment to the presynaptic membrane rather than synaptic
vesicle exocytosis.

Four closely related isoforms rab3 have been identified to date: Rab3a, which is largely
restricted to synaptic vesicles in neurosecretory cells, rab3b to the anterior pituitary, rab3c
to insulin-secreting cells and rab3d to adipocytes (where it is likely to be involved in
regulating the delivery of the GLUT4 glucose permease to the cell surface; section
1.2.6.). Different isoforms of the same rab protein are therefore involved in the
interaction of regulated secretory organelles and their target membranes in specific cell
types (reviewed by Nuoffer and Balch, 1994).

1.4.3.6. Other synaptic vesicle membrane proteins.

Rabphillin-3a is a protein associated with synaptic vesicles (Li et al.y 1994a; Shirataki et
a l.y

1994) that has been implicated in neurotransmitter release, perhaps through

interactions with rab3a (Fujita et a l.y 1994; Numata et a l.y 1994). This protein shares
homology with synaptotagmin through conserved C2 phospholipid- and Ca^+-binding
domains (Shirataki et a l.y 1993; Yamaguchi et a l.y 1993).

Secretory carrier membrane proteins (SCAMPs) are polytopic membrane proteins whose
cytoplasmic N-termini have amphiphilic helices and a putative metal (Ca^+)-binding
domain that may mediate protein-protein interactions at the active zone (Brand and Castle,
1993; Brand et a l.y 1991). However, SCAMPs are ubiquitous residents of trafficking
organelles in both neuronal and nonneuronal cells and are generally thought to be markers
of membranes that function in cell surface recycling (Brand and Castle, 1993).

Another protein localised to synaptic vesicles is amphiphysin. This is a hydrophilic
protein of unknown function that exists in an unbound cytosolic form as well as that
associated with synaptic vesicles (Lichte et al.y 1992). Amphiphysin may be an antigen
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for autoantibodies in stiff-man syndrome and breast cancer pathologies (David et a/.,
1994; De Camilli et a l, 1993).

Several enzymes also appear to be associated with synaptic vesicles, such as aldolase and
glutaraldehyde 3-phosphate dehydrogenase (Bahler et a l, 1991), pptiCK-"*^ (Linstedt et a l,
1992) and CaM kinase II (whose substrate is synapsin I) (Benfenati et a l, 1992).

Other less well defined synaptic vesicle proteins include: p29, a 29kD tyrosine
phosphorylated integral membrane protein (Baumert et a l, 1990); and SVAPP-120, a
120kD phosphorylated peripheral membrane protein (Bahler et a l, 1991).

1.4.3.7. Presynaptic membrane proteins o f the active zone.

Syntaxins (HPC-1) are presynaptic membrane proteins of 35kD that have a topology
similar to that of synaptobrevins, with a C-terminal anchor and an N-terminal cytoplasmic
domain (Le. are type II membrane proteins) (Bennett et a l, 1992b; Bennett et a l, 1993a;
Li et a l, 1994b). Syntaxin is not only thought to have a role in neurotransmitter release,
but also a more general role in nonneuronal secretion (Dascher et a l, 1994; Schulze et a l,
1995).

Synaptosome associated protein 25 (SNAP-25) is a hydrophilic peripheral membrane
protein (Risinger et a l, 1993) believed to be associated with the presynaptic membrane
via a quartet of palmitoylated cysteine residues (reviewed by Bark and Wilson, 1994).
SNAP-25 has been proposed to be a t-SNARE within the presynaptic membrane
(sections 1.3.1., 1.4.3.8. and 1.4.4.).

Various types of Ca^+ channels are concentrated at active zones of presynaptic
membranes. Ca^+ influx is consequently at least ten fold higher in regions of the
presynaptic membrane containing active zones, which may ensure fast neurotransmitter
release. It appears that different types of Ca^+ channels are involved in transmitter release
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at different synapses, which may have different functional consequences (Jahn and
Südhof, 1994; Smith and Augustine, 1988). In addition, it has been proposed that the
opening of one calcium channel may be sufficient to cause quantal secretion from a
tethered synaptic vesicle (Stanley, 1993).

1.4.3.8. Protein-protein interactions at the presynaptic terminal.

Bennett etal. (1992a) found that soulublisation of synaptic vesicle membranes in specific
detergents resulted in the recovery of large protein complexes. For example:
Solublisation in CHAPS recovered a complex of SV2, synaptotagmin, synaptophysin,
synaptobrevin and the vacuolar proton pump; solubilisation in octylgucoside resulted in a
SV2, synaptophysin, rabSa complex; and solubilisation in triton X-KX) produced two
complexes, synaptotagmin with SV2 and synaptophysin with synaptobrevin. These
authors suggested that these associations may reflect functional interactions underlying
molecular aspects of synaptic vesicle exocytosis and recycling.

Indeed, further solubilisation experiments revealed that synaptotagmin, synaptobrevin,
synataxin and SNAP-25 form a stable complex that sediments at 7 S (Bommert et al.,
1993; DeBello et a l, 1993; Pevsner et al., 1994; Sôllner et al., 1993). Synaptotagmin is
displaced from this 7 S complex on binding of a-SNAP (section 1.3.1.), which in turn
allows NSF recruitment to the complex. In the presence of non-hydrolysable ATP
analogs, synaptobrevin, syntaxin and SNAP-25 form a 20 S fusion complex with NSF
and a-SNAP (section 1.3.1.) (Sôllner et al., 1993; Whiteheart et a l, 1993). More
recently, many synaptic vesicle protein interactions with each other and with presynaptic
membrane proteins have been identified and are summarised in table 1.2
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p38
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VAMP

3
3, 6, 9,
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SNAP-25 other

3

3,21

3*, 22*
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5, 12,
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21,26
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11, 18
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7, 12,
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synapsin
rab3a
rabphilin
SV2
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3
3

12
3
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3
12

3
5, 12,16,
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12
8, 14,
20, 26

3*, 27*
3*
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1*, 2*,
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Table 1.3. Protein-protein interactions between synaptic vesicle membrane proteins, presynaptic membrane proteins and soluble proteins.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Bahler et a l, 1989
Benfenati e ta l, 1989
Bennett et a l, 1992a
Brondyk et a l, 1995
Calakos e ta l, 1994a
Calakos and Scheller, 1994b
Chapman et a l, 1994a
David e ta l, 1993
Edelmann et a l, 1995

1*
2*
3*
4*
10* 19*
ON

LA

F-actin
CaM kinase n
vacuolar proton pump
rabin3
n-secl

10.
11.
12.
13.
14.
15.
16.
17.
18.

Garcia et a l, 1994
Hata et a l, 1993a
Horikawa et a l, 1993
Inui et a l, 1994
Lévêque et a l, 1994
Lévêque et a l, 1992
McMahon and Südhof, 1995
Pellegrini et a l, 1994
Perin, 1994

13*
16*
22*
23*
27*

annexin VI
a-SNAP
physophillin
o-rab3
HA-2

19.
20.
21.
22.
23.
24.
25.
26.
27.

Pevsner era/., 1994
Sheng e ta l, 1994
Sôllner et a l, 1993
Thomas and Betz, 1990
Washboume e ta l, 1995
Wittich et a l, 1994
Yamaguchi et a l, 1993b
Yoshida er a/., 1992
Zhang e ta l, 1994

1.4.4.

Synaptic vesicle exocytosis.

Fusion between two different membranes involves "docking" (as two membranes make
contact), "engagement" (as proteins are aligned and activated) and "fusion" (as
phospholipids are rearranged to form a continuous membrane) (reviewed by Schweizer
et al.y 1995), In regulated exocytosis, membrane fusion must be controlled by an
additional step that requires a rise in Ca^+ concentration. A model for the molecular
interactions that occur during synaptic vesicle exocytosis has been postulated by Jahn and
Südhof (1994) and is outlined below:

The docking of synaptic vesicles may be mediated by neurexin/synaptotagmin interactions
(Hata et al.y 1993a) or by interactions of synaptotagmin with co-conotoxin-sensitive
presynaptic Ca^+ channels (Bennett et al., 1992b; Yoshida et al., 1992). In addition, the
interaction of synaptophysin with physophillin may mediate synaptic vesicle docking
(Thomas and Betz, 1990).

Engagement of a docked vesicle may involve the assembly of a proteinaceous fusion pore
within the vesicle membrane that encircles phospholipids. This fusion protein would be
an integral membrane protein of the synaptic vesicle that contains motifs characteristic of
viral fusion proteins, such as amphiphalic helixes. Synaptobrevin may be this fusion
protein as it has a cytoplasmic amphiphilic helix (Südhof et a i, 1989) and neurotoxin
studies show it to be involved in a very late step of exocytosis (Dayanithi et al., 1994;
Schiavo et al., 1992). However, SCAMPs could also form this pore structure (Brand et
al.y 1991).

Assembly of the fusion pore probably requires interactions with recruitment proteins that
bind to the fusion proteins and regulate the formation of the prefusion complex.
Candidates for this role are GTP-binding proteins, such as rabSa (Geppert et a l, 1994a;
Matteoli et a/., 1991). Activation of the fusion complex may be catalysed by proteins
such as NSF and SNAP (see section 1.3.1.), both soluble proteins that bind syntaxins,
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synaptobrevins and SNAP-25 (Sôllner et al., 1993). This activation of fusion may occur
some time before actual fusion and involve ATP hydrolysis (Hay and Martin, 1992).

At this stage of exocytosis, fusion would have to be halted by a Ca^+-sensitive "fusion
clamp". This molecule would prevent fusion in the absence of stimulation but undergo a
conformational change on Ca^+ binding that would allow membrane fusion to proceed.
Jahn and Südhof (1994) propose synaptotagmin to be this fusion clamp.

Sôllner and Rothman have attempted to dissect the molecular processes of synaptic
vesicle fusion by studying the interactions of synaptic vesicle proteins, presynaptic
membrane proteins and soluble proteins in a cell-free system (reviewed by Sôllner and
Rothman, 1994; see section 1.3.1.). They propose that the soluble protein n-secl (Hata
et al.y 1993b) dissociates from syntaxin (Schulze et at., 1994), allowing synaptobrevin
(the v-SNARE) to bind to syntaxin and SNAP-25 (t-SNAREs), so docking the synaptic
vesicle (figure 1.8.). A synaptic vesicle clamp protein then binds to the t-SNARE/vSNARE complex, preventing the association of SNAPs. In the event of neuronal
stimulation, this clamp dissociates from the complex, allows SNAPs from the cytosol to
bind the SNARE complex and enables NSF and additional SNAPs to bind. NSF
hydrolysis of ATP then initiates membrane fusion. A topological rearrangement of
SNAREs then occurs (i.e., before fusion SNARE cytoplasmic tails oppose one another,
after fusion they lie adjacent to one another).

In this model, synaptic vesicle docking is performed by the SNAREs (synaptobrevin,
syntaxin and SNAP-25) and fusion is initiated by the soluble proteins (SNAPs and
NSF). Synaptotagmin has been proposed to be the fusion clamp protein, as it is
displaced from isolated synaptobrevin/syntaxin/SNAP-25 complexes by a-SNAP and
NSF (Sôllner et al., 1993).
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Figure 1.8. Synaptic vesicle exocytosis.
Theoretical model for synaptic vesicle docking, engagement and fusion (Sôllner and
Rothman, 1994): SNAP-25 and syntaxin (t-SNAREs) associate with synaptobrevin
(VAMP; v-SNARE), so docking the synaptic vesicle at the presynaptic membrane.
Synaptotagmin binds this complex and prevents synaptic vesicle fusion. On cell
stimulation, synaptotagmin dissociates, allowing SNAPs and NSF to bind. ATP
hydrolysis and NSF dissociation then precede synaptic vesicle fusion with the plasma
membrane.
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However, addition of Ca^+ does not result in the release of synaptotagmin from the fusion
complex m\in vitro experiments, suggesting that one or more additional Ca^+-sensors
exist that operate independently of the SNARE complex (Sôllner et al., 1993). In
addition, these protein interactions may proceed too slowly to account for the short l(X)ps
delay between Ca^+ accumulation and neurotransmitter release (section 1.4.2.). There is
also no evidence that ATP hydrolysis is required for regulated exocytosis from neurones.
O'Connor et at. (1994) have therefore proposed an alternative model, whereby
SNAP/NSF binding, ATP hydrolysis and SNAP/NSF dissociation occur at a step
preceding Ca^+ influx to energise the docked vesicle into a "prefusion state".
Synaptotagmin then associates with this metastable release complex in a conformation that
can be rapidly regulated by Ca^+.

Of course, these models are highly speculative and tackle synaptic vesicle exocytosis in a
simplistic manner. For example, it has been proposed that different isoforms of the
synaptic vesicle and presynaptic membrane proteins involved in docking and fusion
events may play a role in specificity of exocytosis by directing secretory vesicles to
different voltage-gated Ca^+ channels (Bark and Wilson, 1994). These models also
ignore the possible role synapsin I phosphorylation and cytoskeletal interactions in the
control of neurotransmitter release (Michida etal., 1994; Trifarô and Vitale, 1993). For
example, Pieribone et al. (1995) propose synapsin I to be involved in the synaptic
vesicle availablity for sustained neurotransmitter release in response to high frequency
stimulation.

In addition, the detailed mechanism of neurotransmitter release from vesicle lumen to
extracellular mileu formally remains unresolved (as discussed in Kelly and Grote, 1993):
The synaptic vesicle may not completely fuse with the presynaptic membrane, but form a
pore structure that allows release of neurotransmitters without mixing synaptic vesicle and
presynaptic membranes (Neher, 1993). Alternatively, synaptic vesicle membranes could
fuse with presynaptic membranes but not mix with other membrane proteins and be
directly retrieved as synaptic vesicles (Valtorta etal., 1988). Finally, synaptic vesicle
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proteins could mix with presynaptic membrane proteins after membrane fusion and
become resorted at a later stage in synaptic vesicle recycling.

1,4.5.

Synaptic vesicle recycling.

The fusion of synaptic vesicle membrane with the presynaptic plasma membrane upon
exocytosis would cause an increase in area of the presynaptic membrane that has to be
compensated for by membrane retrieval. In addition, synaptic vesicle membrane has to
be recycled for use in further exocytic events. Thus, a fast and efficient synaptic vesicle
recycling is observed at the nerve terminal. This process is thought to represent a
specialised form of receptor-mediated endocytosis (Jahn and Südhof, 1993; Kelly, 1993;
Smythe et at., 1989; Südhof and Jahn, 1991; Trowbridge et al., 1993). However, there
is evidence that synaptic vesicle recycling is complete within one minute and that
internalisation from the cell surface is faster (thirty seconds) (Betz and Bewick, 1992;
Ryan and Smith, 1995) than receptor-mediated endocytosis (which may take several
minutes section 1.2.2.). Unlike receptor mediated endocytosis, synaptic vesicle
endocytosis is very tightly coupled to regulated exocytosis, the initiation of both requiring
an influx of Ca^+ (Ceccarelli and Hurlbut, 1980a). However, in accordance with
receptor-mediated endocytosis, a high Ca^+ concentration is not required for synaptic
vesicle recycling to continue and continuation does not need extracellular Ca^+ or changes
in membrane potential (reviewed by Robinson et a l, 1994; Schweizer et a i, 1995).

Robinson et al (1994) have proposed a model for synaptic vesicle membrane endocytosis,
which involves the Ca^+-binding protein, calcineurin and the GTP-binding protein,
dynamin under the control of protein kinase C (PKC): On depolarisation and Ca^+ influx,
Ca^+ binds calcineurin and leads to the dephosphorylation of dynamin. This
dephosphorylation leads to an inactivation of dynamin's GTPase activity, increasing the
levels of GTP-bound, active dynamin that initiates endocytosis. Upon removal of Ca^+
during repolarisation, dynamin becomes phosphorylated by PKC, which activates its
GTPase, and converts dynamin to its inactive, GDP-bound form (figure 1.9).

70

Dynamin I
GTP

Calcineurin

GOP

PKC

o o
Ca

o o

Endocytosis

Exocytosis

Figure 1.9. The role o f dynamin in synaptic vesicle recycling.
Model in which the regulation of dynamin I phosphorylation and dephosphorylation
controls synaptic vesicle recycling at the nerve terminal: Endocytosis is initiated by the
activation of calcineurin and dephosphorylation of dynamin I. Upon removal of Ca^+,
protein kinase C phosphorylates dynamin 1 and the vesicle pinches off to form a synaptic
vesicle (Robinson, 1994).
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Dynamin has been shown to self-assemble into ring structures that may form "collars"
around the necks of coated pits (Hinshaw and Schmid, 1995). Studies on nerve
terminals treated with GTP-yS (a hydrolysis resistant GTP analogue) have shown that
tubular invaginations of presynaptic membrane are decorated with these electron dense
rings of dynamin (Takei et al., 1995). Dynamin has therefore been proposed to constrict
the "necks" of coated pits during endocytosis at presynaptic membranes (Hinshaw and
Schmid, 1995; Takei et at., 1995; Vallee and Okamoto, 1995).

There is some evidence that synaptic vesicle recycling occurs via clathrin coated vesicles.
Maycox et al. (1992) have found that coated vesicles isolated from purified nerve
terminals lack rab3a, but do contain synaptophysin, synaptotagmin, p29, synaptobrevin
and the 116kD subunit of the vacuolar proton pump. These membrane proteins were in
stoichiometric ratios similar to those of synaptic vesicles. The existence of both neuronespecific clathrin binding proteins (such as A PI80, AP3 and auxilin) and neurone-specific
clathrin light chains (produced by alternate splicing of light chain a and b mRNAs),
indicate that a neurone-specific mechanism for extremely rapid clathrin coated endocytosis
operates at the nerve terminal (reviewed by Morris and Schmid, 1995). Indeed, A PI80
and auxilin are highly enriched in coated vesicles containing the above synaptic vesicle
membrane proteins (Maycox et al., 1992) and synaptotagmin I has been shown to bind
the HA-2 adaptor-complex (Zhang et al., 1994).

However, it is also possible that synaptic vesicles are directly retrieved from the plasma
membrane, bypassing the coated vesicle step (Miller and Heuser, 1984). Indeed, in
nerve terminals treated with GTP-yS, dynamin-coated tubules not capped with clathrin
can be observed alongside those that are clathrin coated. These may or may not be
clathrin-independent invaginations (Takei et al., 1995).

Membrane retrieval from the plasma membrane is probably followed by membrane
transfer to a pool of elongated cistemae, that may correspond to endosomes in other cells
(Heuser and Reese, 1973; Miller and Heuser, 1984). More recently, structures in the
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presynaptic tenninals of cultured hippocampal neurones have been identified that
resemble the tubular and MVB-like structures found in the cell body and dendrites,
although they were much less extensive and did not contain TRs (Mundigl et al., 1993;
Parton et al., 1992). Although there is no other evidence that an endosome exists in
nerve terminals, it has been proposed that such a compartment would be required for the
incorporation and removal of new and old proteins, respectively (Jahn and Südhof,
1993). There is some evidence that the putative t-SNAREs syntaxin 1 and SNAP-25 are
incorporated into recycling synaptic vesicles (Walch-Solimena et at., 1995), although
further studies are necessary to elucidate the full implications of this.

Refilling of synaptic vesicles with neurotransmitter must also be controlled to ensure that
no empty vesicles fuse with the plasma membrane or that no filled vesicles are transported
back to the cell body. Synaptic vesicles could therefore be formed from an endosomal
compartment and reloaded with neurotransmitter. The transition from a recycling vesicle
to a synaptic vesicle could be mediated by proteins such as rab3a and synapsin I,
completing synaptic vesicle recycling by returning synaptic vesicles to their functionally
active, docked state.
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1.5. THE REGULATED SECRETORY PATHWAY: DENSE CORE GRANULES IN
NEUROENDOCRINE AND ENDOCRINE CELLS.

Endocrine and neuroendocrine cells also release biochemical signals, principally
neuropeptides and primary amines, into the blood stream. The regulated secretory
organelles that store these molecules are termed dense core granules because they have a
distinctive electron dense content. Like the synaptic vesicles of neurones, these secretory
granules fuse with the plasma membrane on cell stimulation, releasing their content A
number of tissue culture cell lines also contain dense core granules (such as the rat
chromaffin-like neuroendocrine PC 12 cell line and the mouse pituitary AtT-20 cell line)
and are particularly useful for studies on dense core granule biogenesis.

The content of dense core granules is different in each cell type resulting in distinct
morphology. Certain cell types may even produce dense core granules of different
composition within the same cell (Fumagalli and Zanini, 1985; Ravezzola and Orci,
1980). However, dense core granules of all these cell types show the same functional
properties. The dense core granules of platelets, endothelial cells and chromaffin cells are
described throughout this section, as they have been extensively characterised and are of
particular relevance to these studies and later discussions.

1,5.1.

Neuroendocrine/endocrine cell polarity and dense core granule

d istrib u tio n .

Secretory granules may occupy up to 30% of the cytoplasmic volume (as in the rat
adrenal medulla; Tomlinson et a l, 1987) and are primarily located at cell extremities, (as
in the neurite processes of PC 12 cells and AtT-20 cells). There is some evidence that
movement of mature granules to these storage sites may occur along microtubules. Tooze
and Burke (1987) showed that the mature dense core granules of AtT-20 cells are
associated with and can move along microtubules and bovine adrenal chromaffin granules
have been shown to move at 0.4-0.6|im per second along microtubules in a kinesin-
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dependent manner in in vitro studies (Urutia et a l, 1991). Some studies suggest that
both constitutive vesicles and regulated granules are transported to cell processes on the
same microtubules in AtT-20 cells (Matsuuchi et al.y 1988). Others suggest that
constitutively secreted vesicles are transported to the cell body and those of the regulated
secretory pathway are directed to the process tips (Rivas and Moore, 1989). If the latter
is the case, this implies that information must be present to direct organelle attachment to
the correct microtubules, for transport to the correct destination.

In most cell types, peripherally located secretory granules do not align directly beneath the
plasma membrane, but are positioned approximatley 250nm beneath it (Trifarô and Vitale,
1993 and references therein). Chromaffin cells have subplasmalemmal areas largely
devoid of secretory granules that have been found to have a continuous ring of actin
filaments running parallel to the plasma membrane. Fodrin (a protein associated with
chromaffin granule membranes) and the Ca^Vcalmodulin-dependent actin-binding protein,
caldesmon, are also present in these regions. Chromaffin granules are apparently retained
within this cortical actin network in chromaffin cells, associated with these actin bundles
through short filaments (Trifarô and Vitale, 1993; Vitale etal.y 1995; section 1.5.5.).

Many endocrine and neuroendocrine cells have one surface exposed on the luminal
surface to the bloodstream and one distal from the blood stream. Their plasma membrane
constituents, protein secretion and uptake of molecules are therefore polarised to
basolateral and apical membranes, respectively. For example, in vascular endothelium
regulated secretion occurs at the basolateral membrane into the blood stream while
constitutive secretion occurs at both apical and basolateral membranes (Senyshyn et al.y
1992).

7.5.2.

Regulated exocytosis o f dense core granules:

The physiology.

Regulated exocytosis of dense core granules occurs when the binding of a secretogogue
to its receptor in the cell membrane induces membrane depolarisation and the opening of
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voltage-dependent Ca?* channels. The resultant rise in the intracellular Ca^+ concentration
then triggers dense core granule fusion with the plasma membrane and the consequent
release of hormones and/or catecholamine neurotransmitters. After stimulation, dense
core granule membrane is recovered from the cell surface and may pass through the TGN
into "immature granules" and finally into mature granules (section 1.5.6.).

Studies on permeabilised chromaffin cells have suggested that catecholamine secretion is
biphasic, with an immediate response after Ca^+ addition followed by delayed secretion
(five seconds verses two minutes, respectively) (Bittner and Holz, 1992 and references
therein). These authors suggest that chromaffin granules that are previously "primed" (in
an ATP-dependent process) are secreted immediately (on Ca^+ elevation to between 30|iM
and lOOpM). Delayed secretion (which requires 10|xM Ca^+) would involve granules
mobilised from a reserve pool that would need to undergo this priming after cell
stimulation, such that secretion occurs later. This delayed secretion has been proposed to
involve elevated intracellular cAMP concentrations (Artalejo et a/., 1994 and references
therein). The facilitation Ca^+ channel is thought to be directly involved in inunediate
catecholamine release, although all of the three types Ca^+ channel identified in chromaffin
cells contribute to secretion (Artalejo et al., 1994).

1.5.3.

Chromaffin granule components.

Chromaffin cells derive embryologically from the neural crest, sharing common origin
with neurones and common functional features with endocrine cells. They contain dense
core secretory granules that have average diameters of between lOOnm and 400nm, a low
intraorganelle pH (5.5) and a high concentration of Ca^+ (23-50mM). The granule
content is highly concentrated (up to 200 mgmf^), which gives these organelles an
electron-dense core and a high buoyant density characteristic of all dense core granules
(reviewed by Winkler, 1977).
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1.5.3.1. Bovine chrornaffin granule matrix.

The bovine chromaffin granule matrix contains two types of component: Small
molecules, which are actively accumulated from the cytoplasm during granule maturation;
and proteins and polypeptides, that are incorporated into newly forming granules. These
are briefly described below:

Catecholamines (which act as neurotransmitters) are accumulated into chromaffin
granules from the cytosol as dopamine and in some cases become oxidised to
noradrenaline in the granule matrix. The noradrenaline then returns to the cytosol, is Nmethylated to adrenaline and is finally re-accumulated back into the granule (reviewed by
Winkler, 1977). Another small molecule accumulated from the cytosol is the enzyme
cofactor, ascorbic acid, which acts as the direct electron donor for the reactions catalysed
by two granular enzymes, dopamine p-hydroxylase (DpH; Stewart and Klinman, 1988b)
and peptidyl-glycine a-amidating monooxygenase (PAM; Eipper etal., 1992). Calcium
and nucleotides are transported into the granule and have been postulated to function in
the formation, concentration and/or osmotic stability of the granule core (Winkler, 1977;
Winkler and Westhead, 1980).

The protein content of the chromaffin granule includes enzymes, peptide hormones, and
proteins of unknown function. Soluble enzymes include: DpH, which catalyses the
oxidation of dopamine to noradrenaline (reviewed by Stewart and Klinman, 1988a); PCI
and PC2, which endoproteolytically cleave proproteins at dibasic amino acid residues;
carboxypeptidase H (CPH), which removes these C-terminal dibasic residues; and PAM,
which modifies N- and C-terminal amino acids. Peptide hormones, such as somatostatin,
proenkephalin and neuropeptide Y, constitute only a small proportion of granules
whereas proteins of unknown function, such as members of the granin family, a 37kD
glycoprotein, GP III and a variety of proteoglycans, constitute a major proportion of
these organelles.
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For example, the bovine granin protein, chromogranin A (CgA; 75kD) represents 80% of
the total protein content of the bovine chromaffin granule, alongside the other granins,
chromogranin B (CgB; Sgl; lOOkD) and secretogranin II (Sgll; 86kD). These are highly
acidic proteins (with both acidic amino acid residues and phosphorylation/sulphation
post-translational modifications) that are heat-stable, hydrophilic and have low isoelectric
points. Several roles have been proposed for granins, including those of hormone
precursors (Fischer-Colbrie et al., 1987; Huttner et a l, 1991) and sorting and packaging
proteins (Huttner e ta l, 1991; Rosa et at., 1985a; Rosa, et at., 1985b; section 1.5.9.).
The abundance of granins in dense core granules has meant that they have been
extensively exploited for morphological and biochemical studies of granule distribution
and formation (sections 1.5.7., 1.5.8., 1.5.9. and chapter four).

1.5.3.2. Bovine chromaffin granule membrane proteins.

The protein composition of the bovine chromaffin granule membrane has been
extensively reviewed (Winkler, 1977; Winkler et a l, 1986; Winkler and Westhead, 1980)
and is made up of proteins involved in the maintenance of the intraorganelle milieu, in
regulated exocytosis, in interactions with the cytoskeleton, and in uptake, synthesis,
processing and storage of granule content:

A major proportion of the chromaffin granule membrane comprises of membraneassociated forms of the soluble granule content proteins DpH, PCI, PC2, PAM and CPH
(Eipper et a l, 1991; Flicker et. a l, 1990; Stewart and Klinman, 1988a; Stewart and
Klinman, 1988b). The proportion of each individual protein that is present in the granule
membrane varies from 50% for OPH and GP IB to less than 1% for CgB (reviewed by
Winkler and Westhead, 1980). In addition, the mechanism of association varies. CPH
integrates into the bilayer via a C-terminal amphipathic helix (Fricker et al., 1990), while
PAM has a hydrophobic putative transmembrane domain in its C-terminus (Bradbury and
Smyth, 1991). The membrane-associated form of opH is the major protein of the
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chromaffin granule membrane and, together with cyt bsei, constitutes 40% of the granule
membrane protein (Abbs and Philhps, 1980).

Cytochrome b%i (cyt b^gj is a transmembrane protein that transports electrons across the
granule membrane to regenerate ascorbate, a cofactor for DpH. This process is driven by
the H+-ATPase (section 1.3.4; Kent and Fleming, 1987), which generates an
electrochemical gradient across the granule membrane and maintains the granule interior at
pH 5.5 for amine uptake, protein processing and core stabilisation. An ion pump for the
accumulation of Ca^+ is also present (Winkler and Westhead, 1980).

Membrane proteins that are thought to be involved in regulated exocytosis of chromaffin
dense core granules are those also found in synaptic vesicles (whose properties are
described in sections 1.4.3. and 1.4.4.). These are synaptophysin (De Camilli and Jahn,
1990; Fournier et a i, 1989; Lowe etal., 1988; Obendorf etal., 1988; Schmidle etal.,
1991), synaptotagmin (Fournier et al., 1989; Lowe et al., 1988; Schmidle et al., 1991;
Trifarô etal., 1989; Tugal etal., 1991), SV2 (Bindra etal., 1993; Floor and Feist, 1989;
Lowe etal., 1988; Schmidle etal., 1991), rab3a (Holz etal., 1994) and synaptobrevin
(Hohne-Zell etal., 1994; Papini et al., 1995).

An ATP-dependent protein is present in the granule membrane, which may be responsible
for maintaining phosphotidylserine asymmetry within the granule membrane (Zachowski
et al., 1989) and ensuring phospholipid interactions during granule fusion with plasma
membrane (Creutz et al., 1987). Membrane proteins that interact with the cytoskeleton
include a-actinin and tubulin, which may also play a role in granule release from an actin
network during regulated exocytosis (Trifarô and Vitale, 1993; section 1.5.5.).

Several additional polypeptides, primarily glycoproteins, also exist in the chromaffin
granule membrane, whose function has not yet been determined. These include GP II,
GP

in, GP IV, GP V (Winkler and Westhead,

1980).
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All the integral membrane proteins that have been found in chromaffin granule
membranes have also been found in other subcellular compartments. For example, GP II
has been found in lysosomes (Weiler et a i, 1990) and the H+-ATPase is found on Golgi,
lysosomes, clathrin-coated vesicles and synaptic vesicles (Nelson et al., 1989; Nelson,
1992).

1.5.4.

Weibel-Palade body and a-gran ule com ponents.

Weibal-Palade bodies are rod-shaped organelles of 4|im in length that contain
longitudinally orientated tubular structures (Matsuda and Sugiura, 1970). Similar
structures are present in regions of platelet a-granules and may constitute mature von
Wülebrand factor polymers (Wagner et at., 1991).

Alpha-granules of platelets are spherical, oval and sometimes elongated structures with
diameters ranging form 200nm to SOOnm. They contain adhesive proteins (such as
fibrinogen, von Willebrand factor (vWf) and thrombospondin (TSP)), plasma proteins
(such as IgG and albumin), cellular mitogens (such as platelet derived growth factor
(PDGF) and transforming growth factor (TGF)), coagulation factors (such as factor V)
and protease inhibitors (such as ot2 -macroglobulin and 0 2 -antiplasmin). The a-granule
membrane contains the receptors glycoproteins nb/rUa (ccIIbPs) and p-selectin. Alphagranular contents are destined for release during platelet activation at sites of vessel wall
injury. They thus play an important role in homeostasis, inflammation, wound repair and
in the pathogenesis of antherosclerosis (reviewed by Harison and Cramer, 1992).

Two constituents common to Weibel-Palade bodies and a-granules have been exploited
to reveal the nature of protein trafficking to dense core granules and dense core granule
biogenesis. These are the content protein von Willebrand factor and the integral
membrane protein p-selectin:
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1.5.4.1. von Willebrand factor (vWf).

von Willebrand factor (vWf) is a large adhesive glycoprotein that mediates the attachment
of platelets to blood vessel basement membranes after tissue injury and contributes to
normal platelet aggregate formation (Harison and Cramer, 1992; Spom et al., 1986;
Spom et al., 1989 and references therein). vWf is synthesised as the precursor pro-vWf,
which dimerises in the ER and becomes glycosylated and sulphated in the Golgi
apparatus. Interdimer disulfide bonds can form to produce large vWf multimers of
molecular weights estimated at ten to twenty million daltons. Although covalent
multimerisation of vWf is not necessary for storage (Wagner et al., 1991), Weibel-Palade
bodies contain this subclass of very large vWf multimers that are particularly biologically
potent, while dimeric pro-vWf and mature vWf are secreted (Spom et al., 1986). Indeed,
when expressed in AtT-20 cells, vWf-containing, rod-shaped Weibel-Palade body-like
structures are induced (Wagner etal., 1991), suggesting that this multimerisation of vWf
is responsible for the characteristic morphology of Weibel-Palade bodies. The pro region
of the pro-vWf, on the other hand, is required for vWf storage. Efficient cleavage of this
pro sequence only occurs after sorting to the Weibel-Palade body, indicating that WeibelPalade bodies contain a protease specific for this reaction (Wagner et al., 1991).

1.5.4.2. P-selectin (PADGEM/CD62/GMP-140).

P-selectin is a 140kD glycosylated type I integral membrane protein that belongs to a
family of proteins that selectively adhere to cells with a lectin-like domain and are hence
called "selectins" (figure 1.10.). These animal lectins have a carbohydrate recognition
domain (CRD) that consists of invariant, highly conserved amino acid residues of
characteristic spacing that can discriminate between a myriad of complex carbohydrate
structures (reviewed by Drickamer and Taylor, 1993). This lectin-like domain is situated
at the N-terminal tip of the extracellular/lumenal domain of p-selectin and contains the
critical residues Lysl 13, Tyr48 and Tyi94 (Hollenbaugh et al., 1993) thought to bind
specific sialyc acid residues ("Lewis ligands") of glycoproteins exposed on cell surface of
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Figure 1.10. The predicted structure o f p-selectin.

Diagrammatic representation of predicted p-selectin folding and disulphide bridge
formation within the “lectin”, “E G F’ and repeat domains (adapted from Johnston et. al.,
1989).
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Figure l . i l .

Regulated cell adhesion (McEver, 1991).
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white blood cells (Lenter et a l, 1994; Moore et a i, 1995 and references therein). Thus,
when endothelial cells and platelets are stimulated with histamine or thrombin: WeibelPalade bodies and a-granules fuse with the plasma membrane; p-selectin is transferred to
the cell surface in a regulated fashion; p-selectin acts as a cell adhesion molecule for
monocytes and neutrophils (Harison and Cramer, 1992; McEver, 1991; McEver era/.,
1989; figure 1.11.).

The extracellular region of p-selectin also contains an epidermal growth factor-like
domain that has a role in ligand recognition (Kansas et a/., 1994) and nine repeat domains
that have similar sequences to those of proteins from the complement system (Johnston et
a/., 1989; McEver, 1991; figure 1.10). It is the cytoplasmic domain of p-selectin that is
thought to be involved in the incorporation of p-selectin to secretory granules (Disdier et
a/., 1992; Green etal.y 1994; Koedam etal., 1992; sections 1.5.10. and 1.6.3.). This
cytoplasmic domain is encoded by three exons that contain (figure 1.12.): An acylation
site at cysteine 766 that bears palmitic and stearic acid modifications (Fujimoto and
McEver, 1993); and a potential tight turn motif between residues 777 and 710 (Johnston
et al.y 1989), although this has not been shown to act as an internalisation signal (section
1. 2 . 1.).

The cytoplasmic domain also contains phosphorylation sites on serine, threonine and
tyrosine residues that become phosphorylated within fifteen to twenty seconds of
thrombin stimulation of platelets. Within five minutes, the threonine and tyrosine
residues become dephosphorylated, while the serine residues remain phosphorylated
(Crovello et a/., 1993). In both platelets and endothelial cells, these phosphorylation
events are dependent on protein kinase C (PKC) (Fujimoto and McEver, 1993). Pselectin is also phosphorylated when expressed in Chinese hamster ovary (CHO)
fibroblasts (which have no regulated secretory pathway) and mutagenesis studies show
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Figure 1.12. The primary sequence of the p-selectin cytoplasmic tail.
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Figure 1.13. Alternate splicing o f p-selectin.

The

top is shown the domains structure of membrane p-selectin, which contains a

NH 2 -terminal CRD, an epidermal growth factor-like domain (EGF), nine consensus
repeats (CRl-9) related to complement regulatory proteins, a transmembrane domain
(TM) and a cytoplasmic tail (CYTO). Truncated p-selectin contains a stop codon inserted
in place of Leu 731 at the beginning of the transmembrane domain. Alternatively spliced
p-selectin lacks a forty residue sequence encompassing the transmembrane domain that is
encoded by exon 14 (Ushiyama et al , 1993)
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that serine 788 is the principal site of this phosphorylation, with minor sites on the
threonine 776 and 781 residues, but no phosphorylation occuring on serine 772
(Fujimoto and McEver, 1993). These authors propose that the phosphorylation of the pselectin cytoplasmic tail may in some way regulate the function of p-selectin or its
membrane trafficking. The kinase ppôO®'"® (which is also found in synaptic vesicles;
Linstedt et a/., 1992) is closely associated with p-selectin within platelets and may be
responsible for these phosphorylation events (Modderman et al., 1994).

A soluble form of p-selectin is also expressed in endothelial cells (Johnston et a l, 1989).
The physiological function and intracellular location of this form of p-selectin have not yet
been thoroughly investigated, but soluble p-selectin has been shown to specifically bind
human leukocyte 60 (HL-60) cells in in vitro studies (Ushiyama et al., 1993). This
soluble p-selectin is produced by alternate splicing and removal of exon 14 (residues 721
to 762) which corresponds to the putative transmembrane region (Johnston et al., 1989).
Interestingly enough, this alternate splicing retains the C-terminal 26 amino acid residues
within this soluble, and therefore luminal p-selectin. These residues are exposed to the
cytoplasm in full length p-selectin (figure 1.13.).

1.5.5.

Dense core granule exocytosis.

The regulated exocytosis of dense core granules has been shown to occur from both
immature granules and mature granules, in a microtubule dependent way (Tooze et al.,
1991; Tooze and Huttner, 1990) in a process thought to involve the subplasmalemmal
actin network present in chromaffin cells (Trifarô and Vitale, 1993; Vitale et al., 1995;
section 1.5.1.). On the basis that agents which block actin disassembly block
catecholamine secretion (such as tetanus toxin and botuhnum toxin) and that agents which
facilitate actin disassembly enhance catecholamine secretion (such as cytochalasin D,
DNase 1 and phorbal ester (PMA) treatment), these authors have proposed that the
following sequence of events occurs after stimulation of chromaffin cells:
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The iiifliix of Ca^+ that follows depolarisation releases chromaffin granules from the aactinin anchorage sites. At the same time, disassembly or reorganisation of actin
filaments occurs in specific subplasmalemmal areas, thus creating specific cytoplasmic
spaces of low viscosity and high chromaffin granule mobility. The dense core granules
then fuse with the plasma membranes at these sites.

The cortical actin cytoskeleton could therefore act as a negative control on secretion and
must be disrupted to allow chromaffin granule exocytosis. In PC I2 cells, a 145kD
protein (pi45) that is located in this actin cytoskeleton has been shown to be essential for
Ca^+-trigg^red secretion and may be a candidate for the dense core granule high-affinity
Ca^+ sensor that triggers these events (Walent et al., 1992).

However, as both synaptic vesicles and dense core granules contain rab3a,
synaptophysin, synaptotagmin, SV2 and synaptobrevin, it could be that dense core
granules fuse with the plasma membrane in a similar molecular mechanism to that of
synaptic vesicles (section 1.4.4.). The nature of dense core granule exocytosis is very
different to that of synaptic vesicles: It is slow compared to synaptic vesicles exocytosis;
it is proposed to involve a "high affinity Ca^+ receptor", as opposed to a low affinity
receptor (Smith and Augustine, 1988); and dense core granules do not associate with
synapsin I (Greengard e ta l, 1993; Trifarô and Vitale, 1993). However, the following
observations imply that these proteins may in some way be involved in dense core
granule fusion with the plasma membrane:

In studies where anti-synapatotagmin antibodies and synaptotagmin C2 domain peptides
were injected into PC 12 cells, evoked granule exocytosis was inhibited (Elferink et a l,
1993), implying that synaptotagmin positively regulates granule secretion (as suggested
by the evidence for p65 in synaptic vesicles; section 1.4.3.2.). However, studies in
synaptotagmin-deficient PCI2 cells showed no difference in dense core granule
exocytosis (Shoji-Kasai et a l, 1992). It has been shown that many isoforms of
synaptotagmin are present in several tissues (Hilbush and Morgan, 1994; Mizuta et a l.
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1994; Wendland et al., 1991) and an as yet unidenitified isoform of synaptotagmin may
be functionally compensating for the synaptotagmin eliminated from this PC 12 cell line.
The role of dense core granule synaptotagmin therefore remains unclear.

Studies on rab3a interactions during dense core granule exocytosis have utilised a rabSa
"effector peptide" or "rabSaAL". This sixteen amino acid peptide corresponds to the ras,
rab and ral sequences thought to interact with a GTPase-activating protein (GAP).
Introduction of these peptides into cells is therefore thought to block the interaction of
rab3a with its effector protein and so provide a functional assay for the role of rab3a in
exocytosis: When these peptides are introduced into permeabilised chromaffin cells,
catecholamine secretion is enhanced (Senyshyn etal., 1992); and in mast cells, rab3aAL
induces complete exocytic degranulation in an ATP- and Mg^+-dependent mechanism
(Oberhauser et al., 1992). Olszewski et al. (1994) have identified a cytosolic protein
doublet (REEP-1 and REEP-2), which specifically interacts with the rab3aAL peptide in
pancreateic p-cells and may be involved in triggering insulin exocytosis. However, the
rab3aAL peptide contains A and V residues in place of the T-35 and V-36 residues
endogenous to rab3a, making these results difficult to interpret.

A study with chimaerie proteins of the Drosophila antennapedia protein and rab3a
sequences have revealed that the C-terminal 33 amino acids of rab3a inhibit Ca^+dependent secretion of prolactin from anterior pituitar cells (Perez et al., 1994). Holz et
al. (1994) expressed a rab3a mutant with a low GTPase activity (Q81 to L) in chromaffin
cells and observed a specific and complete inhibition of stimulated catecholamine release.
Therefore, it could be that GTP-bound rab3a is an inhibitor of dense core granule
secretion and, on cell stimulation, GTP hydrolysis to GDP-rab3a allows dense core
granule exocytosis to proceed. Previous studies have found that regulated exocytosis in
mast cells and chromaffin cells is GTP-dependent and may involve a heterotrimeric G
protein (Burgoyne and Handel, 1994; Burgoyne et al., 1994; Gomperts, 1990). This
could be a reflection of rab3a hydrolysis of GTP during secretion.
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The association of dense core granules with plasma membrane is also characteristic of
synaptic vesicle docking at the presynaptic membrane: Measurements in capacitance
changes of chromaffin cells have revealed that facilitation Ca?* channels are efficiently
coupled to granule exocytosis and may be physically near granule release sites (Artalejo et
al.y 1994). In addition, SNAP-25, has been localised to chromaffin cell plasma
membranes and can be immunoisolated from these membranes in a complex with
syntaxin, synatpobrevin, synaptotagmin, NSF and a-SNAP (Roth and Burgoyne,
1994). The introduction of a-and y-SNAP stimulates catecholamine release from
permeabilised chromaffin cells (Morgan and Burgoyne, 1995) and the syntaxin-binding
protein found in nerve terminals, n-secl, is found on chromaffin granule membranes
(Hodel et aL, 1994). Therefore, the proteins within the docking complex or "SNARE
complex" of neurones may perform a similar role in dense core granule exocytosis in
chromaffin cells.

1.5,6,

Dense core granule recycling.

Dense core granule exocytosis results in discrete, granule-sized patches of exposed
granule proteins on the plasma membrane (Bonifacino et a/., 1989; Dowd et a i, 1983;
Patzak et al., 1984; Patzak and Winkler, 1986; Phillips et al., 1983) that are then
reintemalised in an ATP-dependent, Ca^+-independent process (Dowd et al., 1983; Patzak
etal., 1984; von Grafenstein, 1988; von Grafenstein etal., 1986). This removal from
the cell surface is slow compared to that of synaptic vesicles (section 1.4.5.). For
example: The 12.2% increase in cell surface GP lU that occurs after a ten minute
stimulation of chromaffin cells disappears from the cell surface over a period of thirty
minutes (Lingg et al., 1983). Studies on DpH have revealed that it is recovered from the
cell surface within twenty minutes (Dowd et al., 1983), with a half life of fifteen to thirty
minutes (Phillips et al., 1983). In rat basophilic leukaemia (RBL) cells, the 80kD granule
membrane protein, p80, is internalised at the slightly faster rate of ten minutes
(Bonifacino etal., 1986).
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The above rates of internalisation are consistent with uptake of granule membrane by
receptor-mediated endocytosis (section 1.2.1.)- Indeed, the bovine chromaffin granule
proteins, p80 and GP XU are internalised from the cell surface in clathrin coated vesicles
(Bonifacino et a/., 1989; Patzak and Winkler, 1986). A six fold increase in the number
of coated pits occurs after stimulation of chromaffin cells, which falls back to basal levels
thirty minutes later (Geisow and Childs, 1985). This evidence supports the notion that
retrieval of granule membrane “rafts” from the cell surface occurs by a receptor-mediated
endocytosis-like mechanism induced after cell stimulation.

The pathway taken by recovered granule membranes has been determined using markers
and antibodies to the luminal domains of granule membrane proteins exposed at the cell
surface: Studies with the fluid phase marker horseradish peroxidase (HRP) and the
membrane marker cationised ferritin have revealed a recycling pathway to the TGN and
Golgi stack within minutes of cell stimulation and then incorporation in immature (but not
mature) dense core granules; anti-GP m antibodies recycle through immature dense core
granules within thirty minutes and then become incorporated into mature granules after
six hours (Patzak and Winkler, 1986); and immu nofluorescence studies of p-selectin in
stimulated endothelial cells showed p-selectin to be concentrated in juxtanuclear structures
one hour after stimulation and incorporated into structures charateristic of Weibel-Palade
bodies three hours later (Subramaniam et al., 1993). In these types of studies, a
proportion of both fluid phase markers (Farquhar, 1978) and specific granule protein
antibodies (Bonifacino et at., 1989; Patzak and Winkler, 1986) are transported to the
lysosome. However, in studies on chromaffin cells, where DpH is labelled with the
unobtrusive moiety, biotin (section 3.3.1.), it was exclusively recycled back to structures
containing cytochrome b561 (presumably dense core granules) within three to four hours
and remained undegraded for at least 24 hours (Hunter and Phillips, 1989).

Therefore, granule membrane proteins can be directly reutilised by incorporation into
newly formed granules at the TGN. This reuse of recycled granule membrane has been
directly shown by the reappearance of labelled DpH and p80 at the cell surface after a
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previous round of stimulation and recycling (Bonifacino etal.y 1989; Dowd etal., 1983;
Hurtley, 1993b). Thus, the recycling of membrane proteins into fully functional, mature
dense core granules is completed.

1.5.7.

Dense core granule form ation and maturation.

Dense core granules form at the TGN from the association of their specific content and
membrane proteins. These membrane proteins may be obtained from two sources; the
reuse of membrane proteins recycled from the plasma membrane after exocytosis (section
1.5.6.) and/or from newly synthesised proteins entering them from the secretory pathway
(section 1.1.4.). This association of granule membrane and content occurs within
imechanism
clathrin coated regions of TGN membrane in an ATP- and GTP-dependent (Camell and
Moore, 1994; Orci et al., 1987; Tooze and Huttner, 1990; Tooze et al., 1990) that
involves a member of the family of heterotrimeric G-proteins (Barr et al., 1991).

The first step in granule biogenesis is the formation of a transient intermediate, the
immature granule. For example, the a-granules of platelets originate from small
precursor granules that can be visualised budding from the TGN within the platelet
precursor cell, the megakaryocyte (MK) (reviewed by Harison and Cramer, 1992).
Newly forming granules, or "immature dense core granules" can also be observed
budding from the TGN in the mouse pituitary AtT-20 tissue culture cell line (Tooze and
Tooze, 1986). As with the lysosomal hydrolase-containing transport vesicles, these
budding structures are clathrin-coated, suggesting that two separate clathrin-mediated
pathways exit the TGN in neuroendocrine cells, presumably with separate sets of sorting
machinery (Griffiths and Simons, 1986). The level of expression of clathrin light chain b
(LCb; figure 1.3.) is ten to twenty times that of cells lacking a regulated secretory
pathway (Acton and Brodsky, 1990). LCb has a phosphorylation site that is absent in
clathrin light chain a (LCa) which may provide an as yet unknown mechanism for granule
formation at the TGN.
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The resulting immature secretory granules are similar in composition to mature granules
but differ in size and the presence of the clathrin coat (reviewed by Tooze, 1991).
Immature granules may be connected to the TGN via a tubular system (Sossin et al.,
1990), and can fuse together to form larger and more dense mature vesicles (Tooze et al.,
1991; Tooze and Huttner, 1990). Immature granules from PC12 cells also appear to be
functionally competent, accumulating catecholamines and nucleotides from the cytoplasm,
processing dopamine to noradrenaline and able to undergo regulated exocytosis in
response to an appropriate stimulus (Arvan and Castle, 1992; Tooze et al., 1991).

Immature secretory granules develop into mature granules with a half time of 45 minutes
in PC12 cells (Tooze et al., 1991), and two hours in rat somatotrophs (Komuro et al.,
1987). This maturation involves: The loss of the clathrin coat; the fusion of several
immature dense core granules; an increase in the size of the electron dense core; a removal
of the excess membrane; the accumulation of small molecules from the cytoplasm (such
as nucleotides, ions and neurotransmitters); the acidification of the granule interior; and
the modification of secretory material to its bioactive forms (reviewed by Huang and
Arvan, 1994; Tooze, 1991; Winkler, 1977).

Golgi marker enzymes, constitutively secreted proteoglycans and lysosomal precursors
have been found in immature granules, but are absent from mature granules (Grimes and
Kelly, 1992; Komuro etal., 1987; Kuliawat and Arvan, 1992; Kuliawat and Arvan,
1994). In addition, vesicular invaginations in the membrane of immature granules can be
observed during removal of a subset of granule content proteins to the cell surface
(Huang and Arvan, 1994; von Zastrow and Castle, 1987). Kuliawat and Arvan (1992)
have studied this removal of membrane or "constitutive-like secretion" from insulincontaining immature granules from P-cells of pancreatic islets and found it to be a passive
process, removing all soluble material while retaining precipitates. Further studies
revealed that the lysosomal enzyme precursors that enter immature granules do so with
comparable efficiency to that of proinsulin and are removed from immature granules
within two hours in an event that appears to require the correct glycosylation of these
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Figure 1.14. Dense core granule maturation.
Schematic model for dense core granule maturation and sorting (Kuliawat and Arvan,
1992). As vesicles bud from the TGN for lysosomal enzyme targeting and true
constitutive secretion, condensing vacuoles (C) bud to form immature granules.
Immature granules undergo direct exocytosis in response to stimulation as do mature
granules (shown containing dense core). In the absence of stimulation, immature
granules mature over time, condensing their core such that vesicle budding releases
material for constitutive fusion with the plasma membrane - “constitutive-like secretion’
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hydrolases (Kuliawat and Arvan, 1994). Thus, immature dense core granules are capable
of protein sorting as they mature (figure 1.14.).

Concomitantly with granule maturation, the granule is transported from the Golgi region
to the cell periphery along microtubules and may be mediated by the microtubule motor
protein, kinesin, since this protein supports the movement of granules along microtubules
in vitro (Urutia et al., 1991). The polarised nature of the microtubular network may
direct granules to defined cell surface exocytosis sites (reviewed by Burgess and Kelly,
1987).

1.5.8.

Targeting o f soluble proteins to dense core granules.

Transfection studies have revealed two important principals of dense core granule
targeting: Firstly, granule sorting depends on information encoded in the protein
structure. Secondly, exogenous protein is incorporated into endogenous secretory
granules, suggesting that a common principle underlies granule sorting of different
granule proteins in different cell types (reviewed by Arvan and Castle, 1992). For
example: Expression of endocrine human growth hormone in neuroendocrine PC 12 cells
(Schwietzer and Kelly, 1985); expression of somatostatin in gonadotrophic cells (Low et
al., 1986); expression of parathyroid hormone in GH4 pituitary cells (Hellerman et al.,
1984); expression of proinsuhn in AtT-20 cells (Moore et al., 1983a); the expression of
human growth hormone in AtT-20 cells (Moore and Kelly, 1985); expression of
neuropeptide Y in AtT-20 cells (Dickerson et al., 1987); expression of pig cholecytokinin
in murine neuroendocrine cells (Lapps et al., 1988); and the expression of human renin in
AtT-20 cells (Fritz et al., 1987).

It may therefore be that cells containing dense core granules provide special sorting
machinery and a conducive environment for granule sorting. However, these foreign
regulated secretory proteins are not always be conectly processed, indicating that the
relevant proteases are specific to the secretory granules of each cell type and not part of
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this common targeting mechanism (Chevrier et al., 1991; Noël et al., 1989; Thomas et
al., 1986).

Clearer evidence to suggest that a positive sorting signal is required to divert proteins
from the bulk flow constitutive pathway to dense core granules has been provided by
chimaeric protein studies. The fusion of human growth hormone, a regulated secretory
protein of pituitary cells, to the constitutively externalised VSV G protein, results in the
diversion of VSV G protein to the regulated secretory pathway of AtT-20 cells (Moore
and Kelly, 1986). Similar results were obtained with a chaemeric protein of
preprosomatostatin and the constitutively secreted protein, alpha-globin (Stoller and
Shields, 1989). Furthermore, the expression of an antibody to a regulated secretory
protein, secretogranin I, in PCI2 cells, results in the formation of an immunocomplex in
the secretory pathway and the diversion of the immunoglobulin to dense core granules
(Rosa et al., 1989). These authors suggest that protein association is sufficient to allow a
constitutively secreted protein to "piggyback" into the regulated pathway on a protein
containing the necessary information.

Soluble proteins destined for dense core granules show little sequence homology with no
obvious sorting motifs, such as the KDEL, tight turn or di-leucine signals (sections
1.1.1., 1.1.7., 1.2.1., 1.2.6. and 1.2.7.). Many granule content proteins do posses!an
unusual propeptide sequence, but deletions and mutations in these sequences do not affect
their efficient targeting to granules. In many cases they were only necessary for protein
activation (Burgess and Kelly, 1987; Chidgey and Harrison, 1990; Nagahama etal.,
1990; Powell et al., 1988). There were two exceptions to this: Firstly, the 82 amino acid
pro-region of the 96 residue peptide, somatostatin, was required for targeting to granules
(Sevarino et al., 1989; Stoller and Shields, 1988; Stoller and Shields, 1989) and can
divert a constitutively secreted globin protein into granules in GH3 cells (Stoller and
Shields, 1989). Secondly, the 741 residue pro segment of vWf is required for its
localisation in the Weibel-Palade body granules of endothelial cells (Wagner et al., 1991).
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Whether these pro sequences contain a specific signalling motif or form a recognisable
tertiary structure "signal patch" (as is thought to be the case for yeast lysosomal enzymes;
section 1.1.6.) remains unclear. Evidence for a granule targeting signal patch comes
from work on CgB, where reduction of an intramolecular disulphide bond with
dithiothreitol (DTT) resulted in the constitutive secretion of this protein. This disulphide
bond is flanked by a conserved twenty residue loop structure that could be such a signal
patch (Chanat et al., 1994).

The oligosaccharide residues of some granule content proteins have been proposed to act
as targeting signals for incorporation into secretory granules, in parallel with the mannose
6-phosphate targeting signal of lysosomal hydrolases (section 1.1.6.). For example,
luteinising hormone (LH) and follicle stimulating hormone (FSH) are targeted to separate
granules of gonadotroph cells and contain sulphated galactose-N-acetylglucosamine and
the equivalent sialated group, respectively. This difference has been extensively
characterised and is the basis for the targeting of the two proteins to separate dense core
granules (Smith and Baenziger, 1988).

The sulphate moieties added to the tyrosine residues of proteins such as the granins
(sections 1.1.4. and 1.1.5.) have also been proposed to direct proteins primarily to dense
core granules, although the fact that inhibition of sulphation does not reduce the efficiency
of chromogranin sorting (Gorr and Cohn, 1990; Gorr et at., 1991) makes this unlikely.

1.5.9.

Dense core aggregation and sorting.

It has been shown morphologically that granule content proteins may aggregate into an
electron dense core in the TGN in a region distinct from both constitutively secreted
proteins and from budding immature dense core granules (Orci et at., 1987; Tooze et a l,
1987). These granule cores can be induced in the pancreatic ER of previously starved
guinea pigs or guinea pigs treated with cobalt chloride (which prevents protein exit from
the RER) (Tooze et a l, 1989). A rise in the concentration of the granule content proteins
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in the ER is thought to cause this formation of granule cores or "intracistemal granules"
(ICGs). These are homogenous aggregates that exclude soluble resident ER proteins,
such as BiP (section 1.1.1.).

In addition to the high concentration of proteins in the TGN relative to those in the ER
(Salpeter and Farquhar, 1981), the TGN in regulated secretory cells is reported to have a
Ca^+ concentration greater than that of the RER (approximately lOmM) (Anderson and
Orci, 1988; Chanat and Huttner, 1991 and references therein). Chanat and Huttner
(1991) observed that a change in pH from neutrality to 6.4 and Ca^+ concentrations above
ImM are sufficient to precipitate secretogranin II away from constitutively secreted
proteins in the RER of PC 12 cells and GH4 cells. In vitro studies have also revealed
granule proteins to bind Ca^+ and precipitate out of solution under conditions of low pH
and high Ca^+ concentration (Gerdes et al., 1989; Reiffen and Gratzl, 1986; Yoo and
Albanesi, 1990; Yoo and Albanesi, 1991). However, in these studies a pH of pH 5.25.5 was used, which may not be applicable to the interpretation of events in the TGN
lumen (which has a pH of approximately 6.4). A recent study on semi-intact PC 12 cells
found that intra-cistemal Ca^+ concentration was not important for secretogranin II sorting
into immature granules, but instead was critical to prohormone processing (Camell and
Moore, 1994).

Early experiments using the pH disrupting agents, ammonium chloride and chloroquine,
have indicated that the low pH of the TGN may be involved in sorting proteins into dense
core granules: Treatment of AtT-20 cells with high concentrations of chloroquine resulted
in the constitutive secretion of the endogenous regulated secretory product, ACTH
(Moore et al., 1983b) although a subsequent study with lower levels of chloroquine did
not compromise granule targeting (Mains and May, 1988). lOmM ammonium chloride
has been shown to block the sorting of secretogranin II to dense core granules in PC 12
cells (Gerdes et al., 1989) and 5mM ammonium chloride has been shown to block the
correct sorting of vWf in endothelial cells (Wagner et al., 1986). However, in
experiments with parotid tissue, the use of non-toxic levels (20mM) of ammonium
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chloride did not interfere with sorting to the regulated secretory pathway (von Zastrow et
al.y 1989). In experiments on semi-intact PC 12 cells, the pH gradient was critical for exit
from the TGN to both constitutive and regulated secretory pathways, implying that low
pH provides no specificity to sorting at the TGN (Camell and Moore, 1994).

The role of low pH in TGN sorting therefore remains confused and may only have a
contributary role as part of a balance of between high Ca^+ concentration and low pH (and
perhaps other factors) that provide the correct environment for this event A TGN milieuinduced aggregation mechanism of sorting may account for the above discrepencies: In
cases where pH was found unimportant for sorting to granules (Mains and May, 1988;
von 2Iastrow et al., 1989) perhaps the combination of pH and Ca^+ concentration still
remained near the optimal condensation conditions for that specific protein. Specific Ca^+
and pH requirements for the condensation of each protein type would account for spatial
separation from constitutive secretory proteins and also from aggregates destined for
other granules.

Chromogranin A is conform ationally dependent on pH, forming 30% a-helical tetramers
at pH 5.5 and 40% a-helical dimers at pH 7.5. Chromogranin A undergoes aggregation
at pH 5.5, a process that is reduced with a rise in pH and is sensitive to Ca?*
concentrations at the higher pH values (Yoo and Albanesi, 1990; Yoo and Albanesi,
1991). Secretogranin II also aggregates at pH 5.5, although the ability of Ca^+
concentration to promote aggregation is abolished at higher pH values (Gerdes et a l,
1989). Due to these well characterised aggregation properties and the fact that, as yet,
they have no physiological role, it has been proposed that the granins may be
"aggregators" that ensure precipitation of other granule proteins and/or association of the
granule core with the granule membrane (Huttner et al., 1991).

von Willebrand factor has been studied with respect to oligomerisation as a prerequisite
for sorting to Weibal-Palade bodies: The fact that endothelial cells constitutively secrete
dimers of both pro-vWf and mature vWf while retaining the large, biologically potent
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multimers of vWf, originally indicated that covalent multimerisation of vWf may be
required for its incorporation into Weibal-Palade bodies (Spom et al., 1986). However,
(Wagner et al., 1991) found that storage of vWf occurs independently of its covalent
multimerisation and instead suggest that the conditions in Weibal-Palade bodies favour
multimerisation after sorting. vWf sorting to Weibal-Palade bodies is inhibited by pH
disrupting agents (Wagner et al., 1986), which would indicate that although
multimerisation vWf is not involved in sorting, pH-dependent condensation of pro-vWf
may an important step in Weibal-Palade body biogenesis.

The oligomerisation of insulin in pancreatic cells has also been studied in this context:
Insulin oligomerises to form dimers and hexamers and the introduction of a point
mutation (His BIO to Asp BIO) that prevents hexamer formation results in the constitutive
secretion of insulin (Carroll etal., 1988; Chan et al., 1987; Gross et al., 1989).
However, an alternative study on this mutation and a mutation that results in monomer
formation (Ser B9 to Asp B9) indicates that subunit oligomerisation is not required for
insulin incorporation into granules (Quinn et a i, 1991), although wild type insulin
crystalisation was not successful in these experiments.

Insulin has been shown in in vitro studies to interact with a 25kD protein, an association
disrupted when the pH is lowered to 5.0 (Chung et al., 1989). This insulin binding
protein, or hormone binding protein (HBP 25), is present in the Golgi of the canine
pancreatic acinar cells and AtT-20 cells, and was proposed to be a "sorting carrier" as part
of the universal granule sorting mechanism. A non-specific regulated secretory proteinbinding molecule of 31kD has been identified in porcine pancreatic cells that is similar to
HBP 25 and binds to regulated but not constitutive secretory proteins. However, p31
could not be recovered from other tissues and was identified as the fully functional
protein chymotrypsin (Gorr et al., 1992).

Finally, during studies on constitutive-like secretion from immature granules of isolated
pancreatic islets, soluble C-peptide was observed exiting immature granules while
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crystalline insulin was retained (Kuliawat and Arvan, 1992). In addition, insulin in these
cells was shown to form from its precursors after exit from the TGN (Huang and Arvan,
1994; Orci et a l, 1994). These authors propose that absolute sorting to granules does not
occur via precipitation in the TGN, but by a constitutive-like secretion of soluble material
from immature granules as a passive consequence of the inability to form precipitates.

The sorting of soluble content proteins to dense core granules by selective aggregation
(under specific conditions) would account for all available experimental data (reviewed by
Huttner and Tooze, 1989; Kelly, 1991; Reaves and Dannies, 1991). Presumably, the
relevant physical properties of granule content proteins for this aggregation would be
conferred by a combination of particular primary sequences, perhaps as part of the
propeptide sequences in the case of somatostatin and vWf. However, while mileuinduced aggregation of granule content proteins could account for their sorting and final
retention in dense core granules, the targeting of dense core granule membrane proteins
need not necessarily operate by such a mechanism.

1.5.10.

Sorting o f granule membrane proteins.

The inclusion of the lumenal domains of membrane proteins in aggregating dense cores
may provide a mechanism for targeting membrane proteins to secretory granules. The
membrane associated protein GP2 of pancreatic acinar cells shows self association
properties under the conditions of low pH and high calcium concentration that may be
required for aggregative sorting (Fukuoka et a l, 1992). However, GP2 is not an integral
membrane protein, but is attached to the lipid bilayer via a glycosyl-phosphatidylinositol
(GPI) anchor and may not be representative of membrane protein targeting to dense core
granules.

Another membrane protein studied with respect to granule targeting is the carboxy
terminal amidating enzyme, PAM (reviewed by Eipper et a l, 1992). PAM consists of an
amino terminal monooxygenase and a centrally located lyase domain and exists (due to
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differential splicing) in a form with and without the putative transmembrane domain, and
with and without a linker between the enzymatic domains (Eipper e ta l, 1991; Ohsuye et
a l, 1988). The expression of these alternatively spliced variants of PAM in AtT-20 cells
has shown that the enzyme is targeted to dense core granules with or without its Cterminal transmembrane domain or linker region (Milgram et a l, 1992). However,
truncation of the nine C-terminal residues from PAM lacking the transmembrane domain
resulted in an increase in basal secretion from AtT20 cells. Likewise, such a truncation
from transmembrane PAM resulted in an accumulation of the protein at the cell surface.
The deleted residues contain a potential tyrosine-containing internalisation signal, which
may be important for the trafficking of PAM from the cell surface to a juxtanuclear
position in AtT20 cells (Milgram et a l, 1993). However, in these experiments the full
length PAM was not seen exclusively in secretory granules, but also appeared to be
concentrated in juxtanuclear structures predicted to be endosomes and a small proportion
of PAM was observed at the cell surface. Interpreting trafficking events in such a
complex system is therefore very difficult.

In the analysis of DpH targeting in PC12 cells, the 38 amino acid N-terminal cytoplasmic
domain of D[5H was not required for DpH targeting to the dense core granules of PC 12
ceUs (Pearse, 1993). However, the p-selectin cytoplasmic tail has been shown to contain
targeting information and is discussed in detail in section 1.6.3. (Disdier et a l, 1992;
Green e ta l, 1994).
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1.6. AIMS AND CONTEXT.

We were interested in analysing the incorporation of membrane proteins into synaptic
vesicles and dense core granules in order to gain information on the biogenesis of these
regulated secretory organelles. We chose to do this in PC 12 cells, a neuroendocrine
tissue culture cell line containing synaptic-like microvesicles and dense core granules.

1.6,1,

PC12 cells.

The rat pheochromocytoma PCI2 cell line is derived from a paraganglioma of the adrenal
medulla (Greene and Tischler, 1976). Like tissue-derived chromaffin cells, PC12 cells
produce a large number of dense core secretory granules under normal growth
conditions, which are morphologically similar to those of adrenal tissue (Greene and
Tischler, 1976; Greene and Tischler, 1982). Unlike chromaffin granules, PC 12 granules
do not contain any CgA (Rosa et a i, 1985b) and accumulate dopamine to a greater extent
Presumably this is a result of less efficient conversion of dopamine to noradrenalin,
perhaps due to an ascorbic acid deficiency (an electron donor for D^H catalysis of the
above reaction) (Greene and Tischler, 1976). PC 12 granules are also less numerous,
more heterologous and have a slightly lower buoyant density than chromaffin granules
(Oberlechner et at., 1982; Roda et al., 1980). However, PC 12 granules do accumulate
catecholamines and nucleotides (Schubert and Klier, 1977), 95% of which are efficiently
stored within the cell and specifically released in a Ca^+-dependent manner on cell
stimulation (Gerdes et at., 1989; Rosa etal., 1985b; Rosa etal., 1989).

PC 12 cells also contain small, clear vesicles with a size and density similar to rat brain
synaptic vesicles (Clift-OGrady et a l, 1990). These synaptic-like microvesicles
(SLMVs) are of less uniform shape and size (30-60nm diameter) and do not cluster in any
ordered fashion. However, their membrane protein composition and nature of exocytosis
have so far proved the same as the synaptic vesicles of neurones (Bauerfeind et a l, 1993;
Clift-O’Grady e ta l, 1990).
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In the absence of nerve growth factor (NGF) PC 12 cells have chromaffin-like properties,
with plentiful SLMVs while retaining a high number of well-defined dense core granules.
In the presence of nanomolar concentrations of NGF, PC 12 cells stop dividing and
redistribute SLMVs and dense core granules to the tips of newly formed neurites (Lah
and Burry, 1993b). This ability to acquire neuronal properties in the presence of NGF
indicates that PC 12 cells might represent a common precursor of mature sympathetic
neurones and chromaffin cells during adrenal development

A cell line such as the PC 12 cell line is more amenable for biochemical studies than whole
tissues and provides a homogeneous source of adrenal medulla-derived material with no
contaminating cortical tissue. PC 12 cells are therefore often used as a practical system in
which to study the selective targeting of integral membrane proteins to SLMVs and
secretory granules. Studies of synaptophysin trafficking in PC 12 cells provide a
rudimentary model for the biogenesis of synaptic vesicles that overcome the technical
problems of working on neurones, which have slow growth rates, slow metabolism and
have to be cultured from precursors. In addition, incorporation of proteins into dense
core granules can be compared to those incorporated into synaptic vesicles within the
same system. We therefore chose to work on PC 12 cells in their chromaffin-like state
(without treatment of NGF) for investigation of the biogenesis of regulated secretory
organelles.

1.6.2,

Synaptophysin and synaptic vesicle biogenesis.

The structural properties and potential functional roles of most of the synaptic vesicle
membrane proteins have only come to light in the past few years. Synaptophysin,
however, has been well characterised for some time and there are consequently many
tools available (such as good antibodies and cDNA constructs) for analysis of
synaptophysin targeting. The studies done on synaptic vesicle biogenesis have therefore
principally employed synaptophysin.
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In neurones, synaptic vesicle proteins are likely to follow the conventional secretory
pathway through the ER and Golgi apparatus to the TGN, where sorting of membrane
proteins usually occurs. In the TGN, synaptic vesicle proteins may be sorted directly into
newly formed synaptic vesicles. Alternatively, they may be transported to the plasma
membrane in vesicles that carry other nerve terminal membrane proteins, the biogenesis
of the synaptic vesicle then occurring at the nerve terminal. If synaptic vesicles are
generated from the TGN, newly synthesised synaptic vesicle proteins should be detected
in synaptic vesicles undergoing axonal transport to presynaptic nerve terminals (figure
1.15.).

Given the role of the TGN in sorting (sections 1.1.4., 1.1.5., 1.1.6., 1.1.7. and 1.5.7.),
the most obvious prediction would be that synaptic vesicle formation occurs at the TGN
and complete synaptic vesicles are transported down the axon to the nerve terminal.
Newly synthesised synaptic vesicles have been isolated from the axons and nerve
terminals of the Torpedo electric organ (Stadler and Kiene, 1987), although regulated
secretion of these vesicles has not been tested. In developing hypothalamic neurons,
synaptophysin is seen to accumulate in regions of the Golgi apparatus until synapses
form, when synaptophysin accumulates in vesicles at presynaptic terminals (Tixier-Vidal
et al.y 1988). Newly synthesised proteins of synaptic vesicles and the plasma membrane
have also been shown to be transported along the axon of the retinal optic nerve in
separate vesicles (Morin etal.^ 1991). In addition, C. elegans une-104 mutant axons
(with no kinesin) are devoid of synaptic vesicles but accumulate synaptic vesicle-like
structures in the cell body (Hall and Hedgecock, 1991; Otsuka et al.y 1991). Despite this
evidence suggesting that synaptic vesicle formation occurs in the cell body, synaptic
vesicles were not identified in early electron micrographs of vesicles that accumulate
proximal to a blockade of axonal transport (Tsukita and Ishikawa, 1980).

An alternative mechanism of synaptic vesicle biogenesis could involve synaptic vesicle
protein delivery to the presynaptic plasma membrane as components of large dense core
vesicle membranes. Synaptophysin is present in the membranes of dense core granules
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Figure 1.15. Possible routes taken by newly synthesised synaptic vesicle membrane
proteins before incorporation into synaptic vesicles.
1. Direct incorporation of newly synthesised into synaptic vesicles at the TGN.
2. Incorporation of newly synthesised membrane proteins into dense core granules. On
cell stimulation, these proteins would be transferred to the cell surface where they could
then become incorporated into recycling synaptic vesicles.
3. Transport of newly synthesised synaptic vesicle membrane proteins to the cell surface
v/a the constitutive secretory pathway, followed by endocytosis and subsequent
incorporation into synaptic vesicles.
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of chromaffin cells and PC 12 cells (sections 1.5.3.2. and 1.6.1.) and dense core granules
have been immunoisolated from PCI2 cells using an anti-synaptophysin antibody (Lowe
et al., 1988). However, pulse-chase analyses revealed that synaptophysin is incorporated
into SLMVs of PC 12 cells at the time that incorporation into dense core granules would
be possible and that the overall proportion of synaptophysin in PC 12 cell dense core
granules is only 5% of the total (Cutler and Cramer, 1990). Furthermore, synaptophysin
has not be detected in the large dense core vesicles of neuronal tissues (Navone et al.,
1986) and a dense core granule-deficient AtT20 cell line still contains SLMVs (Matsuuchi
and Kelly, 1991).

A third possibility is that synaptic vesicle membrane proteins are delivered to the
presynaptic membrane as a component of constitutive secretory vesicles (section 1.1.5.),
internalised and then sorted from an endocytic structure (section 1.2.). Markers
endocytosed from the cell surface have been shown to colocalise with synaptic vesicles:
When the SLMVs of PC 12 cells were first characterised, they were shown to comigrate
with a fraction of fluid phase marker (HRP) and membrane marker (f^^I]sulpho-SHPP)
when cells were subject to subcellular fractions (Clift-O'Grady et al., 1990). However,
the long incubation of these PC 12 cells with these markers (two hours) meant that they
were also in many other peaks across the gradients and may, for example, have recycled
from endosomes to the TGN and then to SLMVs (Green and Kelly, 1990). Further
subcellular fractionations of PC 12 cells showed that two populations of synaptophysincontaining structures exist within these cells, one containing the TR and one lacking the
TR (Linstedt and Kelly, 1991a). This suggests that at steady state, some synaptophysin
is in the TR-containing endosome.

Stronger evidence in favour of this model was obtained by following the fate of
synaptophysin labelled in the TGN of PC 12 cells with ^^S-sulphate, chased for various
periods of time in the absence of label and subject to subcellular fractionations (RégnierVigouroux et al., 1991): [^^Sjsulphate-synaptophysin comigrated with constitutive
secretory markers on velocity and equilibrium gradients over a fifteen minute time course.
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In a similar pulse-chase experiment, whereby cells were exposed to the protein labelling
molecule biotin, [^^SJsulphate-synaptophysin passed over the cell surface. Further
subcellular fractionations revealed that [^^SJsulphate-synaptophyin could not be detected
in synaptic vesicles until one hour after labelling.

Although this suggests that PC 12 SLMVs form at some post-TGN compartment, it has to
be assumed that [^^S]-sulphate-labelling occurs uniformly across all newly synthesised
synaptophysin molecules, which is not the case for some tyrosine sulphated proteins of
the regulated secretory pathway. For example, D|3H becomes sulphated when
constitutively secreted while a non-sulphated form is incorporated into dense core
granules (McHugh et al., 1985). In addition, this sulphation of synaptophysin occurs not
on tyrosine residues, which is a well characterised phenomenon (section 1.1.5.), but on
carbohydrate residues and the nature of this oligosaccharide sulphation of synaptophysin
was not investigated (Régnier-Vigouroux et al., 1991).

Additional evidence for the formation of synaptic vesicles after constitutive transport to
the cell surface comes from studies on non-neuronal cells: Immunofluorescence studies
of CHO fibroblasts transfected with synaptophysin revealed it to be incorporated into a
constitutively recycling organelle (Johnston etal., 1989). Similar analysis of
synaptophysin transfected into tissue culture muscle, breast and hepatocellular cell lines
found it to be concentrated into small cytoplasmic vesicles and that this targeting occured
even when the synaptophysin N-glycosylation site was mutated (Leube et al., 1989).
Finally, subcellular fractionation experiments on synaptophysin in CHO cells (Cameron
et al., 1991), fibroblast NIH 3T3 cells and epithelial MDCK cells (Linstedt and Kelly,
1991a) showed that synaptophysin comigrated with the TR.

Could it be that newly synthesised synaptophysin passes over the cell surface and
through endocytic structures prior to incorporation into synaptic vesicles (as in figure
1.15.)? According to the above hypothesis, all synaptophysin would constitutively
appear at the cell surface for sorting from a later compartment, such as an endosome, and
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a mechanism for synaptic vesicle biogensis at the TGN would not exist By this
argument, synaptophysin in PC 12 cells should be constitutively incorporated into the
plasma membrane with the same kinetics as it would in a cell line with no synaptic
vesicles. Experiments were therefore done not only in PC I2 cells, but also in CHO-38
cells (fibroblasts containing synaptophysin) in order to directly compare the kinetics of
synaptophysin cell surface appearance and recycling in a cell line with no SLMVs.

We therefore set up a cell surface assay to detect newly synthesised synaptophysin
passing over the cell surface of PC 12 cells and CHO-38 cells and went on to test whether
these molecules were passing through the TR-containing, early endosome, using a
conjugate protein of transferrin and the active enzyme, horseradish peroxidase (HRP).
These procedures were developed with a view to testing the cell surface appearance of
other newly synthesised synaptic vesicle proteins, such as synaptotagmin, and to test any
cell surface appearance of newly synthesised granule proteins, such as DpH and
p-selectin. In addition, these experimentation procedures could be adapted to analyse the
recycling of dense core granule and synaptic vesicle proteins after PC 12 cell stimulation.

1.6.3.

P-selectin and dense core granule biogenesis.

Unlike synaptic vesicles, dense core granules contain proteins and peptides that must be
obtained from the secretory pathway. Thus, dense core granule formation from the TGN
has been well characterised (section 1.5.7.). Recent studies on dense core granule
biogenesis have therefore searched for a "granule targeting signal" in content proteins and
peptides and in granule membrane proteins. As yet, all the evidence for granule content
sorting favours an aggregation model, whereby a "signal patch" of non-specific residues
confers aggregation abihty under specific conditions within the TGN or immature
granules (sections 1.5.8. and 1.5.9.). In the case of granule membrane proteins (section
1.5.10.), the expression of DPH deletion mutants have revealed no positive signal
required for granule targeting. Truncations in PAM proteins lead to a complex scenario
where removal of the nine C-terminal tyrosine-containing residues may increase in the
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level of constitutive secretion and incorporation of these proteins into the plasma
membrane. The granule membrane protein p-selectin, however, provides a simple model
in which to study granule membrane protein targeting to dense core granules:

When expressed in the mouse pituitary AtT20 cell line, p-selectin was directed to ACTHcontaining regulated secretory granules, a proportion of which could be transferred to the
cell surface on cell stimulation (Koedam et a/., 1992). Expression of a deletion mutant of
p-selectin, without the C-terminal 23 amino acid residues, lead to the accumulation of this
protein at the cell surface and not in dense core granules. In addition, placing the Cterminal 35 amino acid residues of p-selectin onto a plasma membrane protein, tissue
factor, lead to the accumulation of this chimaeiic protein in dense core granules (Disdier et
a i, 1992). Indeed, when a tailless p-selectin mutant is expressed in AtT20 cells, pselectin is not reincorporated into dense core granules after cell stimulation (Subramaniam
etal., 1993). The C-terminal 23 amino acids of p-selectin are therefore both necessary
and sufficient for incorporation into dense core granules (figure 1.12.).

Green et at. (1994) expressed p-selectin in PC 12 cells and found a proportion to
colocalise with granule markers (by immunofluorescence and subcellular fractionations).
By measuring the half life of p-selectin in these transfected cells, two thirds of the
expressed protein was rapidly degraded and the authors suggest that this degradation
occurs in lysosomes. More intriguingly, when p-selectin was expressed in CHO
fibroblasts a lysosomal targeting signal was identified: Wild type p-selectin was rapidly
degraded with a half life of 2.5 hours, but not in the presence of the pH disrupting
agents, ammonium chloride and leupeptin. When the cytoplasmic tail of the LDLR
(section 1.2.1.) was replaced with the 35 residue p-selectin cytoplasmic tail, the half life
of the LDLR in CHO cells was reduced from nine hours to 2.3 hours. When p-selectin
mutants with no C l region (encoded by exon 15) are expressed in CHO cells, the half life
of p-selectin is extended to nine hours (that of the wild type LDLR), while removal of the
C2 region (encoded by exon 16; not to be confused with synaptotagmin C2 domains)
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gives p-selectin a half life of one to two hours, similar to that of wild type p-selectin
(Green et a/., 1994).

These observations point to p-selectin targetting to CHO lysosomes via information in the
C l region of the cytoplasmic tail (encoded by exon 15) (Green et al., 1994). This
includes residues DGKCPLNPHS, which bear no resemblence to the lysosomal sorting
signals described in sections 1.1.7. and 1.2.1. (table 1.1.). The functional differences
between lysosomes and dense core granules are obvious: Granules store bioactive
molecules for release from the cell; lysosomes degrade molecules for uptake of nutrients
into the cell cytoplasm. However, they do share many characteristics (see sections
1.2.5., 1.5.3. and 1.5.4.): They are both very acidic organelles (pH 5.5 and 4.5-5.0
respectively); they both have a condensed protein content; they both contain proteolytic
enzymes; they are both storage sites within the cell; the sorting of their constituents
involves clathrin coated regions of the TGN; and they have both been proposed to
undergo fusion events as part of a maturation process (granules with other granules and
lysosomes with prelysosomes).

Could it be, then, that the C l region of the p-selectin cytoplasmic tail is simply targeting
p-selectin to the lysosomes of CHO cells because these organelles require a similar
sorting and targeting mechanism? Is this C l region a granule targeting signal that merely
directs p-selectin to lysosomes in the absence of secretory granules?

We therefore initiated a morphological analysis of the distribution of p-selectin and pselectin deletion mutants in the neuroendocrine PC 12 cell line to determine whether this
C l region could target p-selectin to dense core granules in the absence of the C2 region.
We also expressed p-selectin and p-selectin mutants in the human larynx epithelial
H.Ep.2 cell line, a model epithelial cell line with active secretory and endocytic pathways
but no regulated secretory pathway. Expression of p-selectin in H.Ep.2 cells provides a
means to investigate where the p-selectin would be targeted in the absence of secretory
granules. In addition, comparisons between p-selectin and p-selectin mutant distributions
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in H.Ep.2 cells provides an important control for comparisons to be made in PC I2 cells.
It is also desirable to provide data consistant with Greene et al. (1994), where removal of
the C2 region of the cytoplasmic domain of p-selectin did not affect lysosomal targetting
(as judged by half lives) in a non-regulated secretory cell line, CHO cells.

Finally, we expressed a chimaeric protein in these cell lines, which has the cytoplasmic
and transmembrane domains of p-selectin together with the active enzyme horseradish
peroxidase (HRP) on the luminal side of the protein. HRP can react within membrane
compartments with diaminobenzidine (DAB) and hydrogen peroxide to produce electron
dense precipitates that can be visualised by electron microscopy. This provides a means
for detailed ultrastructural analysis of p-selectin targeting and hence gives clues as to the
morphological nature of dense core granule biogenesis.

Ill

C H A PTER TW O: M ATERIALS AND M ETHODS.

2.1. CELL CULTURE.

2.1.1,

PC12 cells,

PC I2 cells, obtained from the cell repository, University of California, San Francisco
were maintained in Dulbecco’s Modified Eagle Medium (DMEM: Gibco UK,
Paisley, Scotland), supplemented with 10% horse serum (HS; which had been
decomplemented at 55°C, for 30 minutes) and 5% foetal calf serum (PCS). Cells were
grown on Falcon plasticware, (Becton Dickinson Labware, Lincoln Park, New Jersey) at
37°C in an atmosphere of 10% carbon dioxide. When confluent, PC 12 cells were
passaged at a ratio of one dish to three or one dish to two, and did not need re-passaging
for four to five days subsequently. Cells were fed every alternate day by replacing half
the existing medium with pre-warmed, fresh growth medium.

To passage PC 12 cells, growth medium was removed and the cells were rinsed in a
prewarmed trypsin/ethylenediaminetetracetic acid (EOTA) solution in phosphate buffered
saline (PBS: 0.25% trypsin, 0.02% EOTA in 0.17mM sodium dihydrogen
orthophosphate, 1.76mM disodium hydrogen orthophosphate, 150mM sodium chloride,
2.6mM potassium chloride, pH 7.4). 1ml of trypsin/EDTA was then added per 10cm
dish of cells, resulting in detachment of cells from the plastic dish after about two to five
minutes. Prewarmed growth medium was then added to dilute and neutralise the trypsin,
followed by careful pipetting the cell suspension up and down to dissociate any large cell
aggregates. The suspension was centrifuged at 1 OOOrpm for four minutes and the
supernatant discarded. Cells were resuspended in prewarmed growth medium and
aliquoted into new dishes. Fresh growth medium was added to a final volume of 2ml per
3cm dish, 4ml per 6cm dish, 8ml per 10cm dish. Except for electroporation purposes,
cells were allowed to recover for 48 hours before being used for experimentation.
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Cells to be used for immunofluorescence microscopy experiments were plated onto glass
coverslips, coated with 0.5mg/ml poly-L-lysine (Sigma Chemical Co.). Poly-L-lysine
coating was achieved by adding a drop of the polypeptide solution to a covershp for a few
seconds, removing the solution for reuse and allowing the coverslip to air dry.

For freezing purposes, PC 12 cells were pelleted following trypsinisation and
resuspended in 1ml per 10cm dish of a 90% FCS/10% dimethylsulphoxide (DMSO)
solution. The cell suspension was rapidly transferred to a freezing vial, wrapped in
cotton wool, placed in a polystyrene box and stored at -70°C for a minimum of 48 hours
and up to a maximum of 1 month. For long term storage, cells were subsequently
transferred from -70°C into liquid nitrogen. Frozen cells were rapidly thawed for use in a
37°C waterbath and washed by dilution and pelleting in 10ml of prewarmed growth
medium.

2.1.2.

H.Ep.2 cells.

H.Ep.2 cells were maintained in growth medium consisting of DMEM supplemented with
10% FCS. H.Ep.2 cells have a cell cycle time of approximately eighteen hours and can
be passaged to a much greater dilution than PC 12 cells. Typically, H.Ep.2 cells were
passaged at a dilution of one dish to ten dishes every three days and fed the day after
passaging. Standard trypsin/EDTA solution (0.25% trypsin, 0.02% EDTA in 0.17mM
sodium dihydrogen orthophosphate, 1.76mM disodium hydrogen orthophosphate,
150mM sodium chloride, 2.6mM potassium chloride, pH 7.4) was used to passage
H.Ep.2 cells, which were maintained on Falcon plasticware at 37°C in an atmosphere of
5% carbon dioxide. H.Ep.2 cells do not show a tendency to aggregate on detaching from
the dish and harsh treatment with vigorous pipetting up and down was detrimental. Cells
were thus pelleted immediately after detaching from the dish.

H.Ep.2 cells to be used for immunofluorescence microscopy were plated directly onto
glass coverslips. No poly-L-lysine treatment was required to encourage cell adhesion to
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the substratum. Freezing of H.Ep.2 cells was done according to the method described
for PC 12 cell freezing.

2.1,3.

CHO-38 cells.

CHO-38 cells were obtained from Kathleen Buckley (Department of Neurobiology,
Harvard Medical School, Boston) and maintained in 10% Glasgow Modified Eagle
Medium (GMEM), (Gibco UK, Paisley, Scotland), supplemented with 10% FCS and
25|xM methionine sulphoximine (L-MSX), (Sigma Chemical Co.) within a humidified
atmosphere at 37°C, 5% carbon dioxide. The medium was supplemented with the LMSX in order to maintain stable transformants expressing synaptophysin from vector
pEE14 (as described in Feany et al., 1993b). Cells were passaged at a dilution of one
dish to five dishes every three days with standard trypsin/EDTA solution as above.
When CHO-38 cells were plated onto glass coverslips, no poly-L-lysine treatment was
required for adhesion. Freezing the CHO-38 cells was done as for H.Ep.2 cells and
PC12 cells.

2.2. RADIOLABELLING.

2.2.1.

^H-dopamine

labelling.

PC 12 cells possess an active uptake mechanism for catecholamines (Greene and Rein,
1977), which was exploited for the purposes of radiolabelling dense core granules.
PC 12 cells were labelled with tritiated dopamine by removing the growth medium from a
6cm dish of cells and adding 1ml of fresh, pre-warmed medium containing l|iC i ^HDopamine (Amersham International, Amersham, UK) and incubating the cells at 37°C in
an atmosphere of 10% carbon dioxide for three hours. Medium and cell samples were
added to aquasol-2 scintillation fluid (Biotechnology Systems) and ^H-dopamine counts
measured in an LKB 1214 Rackbeta scintillation counter.
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2.2,2.

Trans^^S-Label .

Trans^^S-Label (IC Biomedical IC) contains approximately 70% ^^S-L-methionine and
15% 3^S-L-cysteine. PC 12 cells were labelled to steady state with Trans^^S-Label by
removing growth medium and rinsing the cells in labelling medium (50% methionine and
cysteine-free Minimal Essential Medium (MEM, Gibco, UK)/ 50% growth medium).
1ml of labelling medium was added to a 3cm dish of cells, together with O.lmCi
Trans^^S-Label, and the cells incubated at 37°C in an atmosphere of 10% carbon dioxide
for 16 hours.

For pulse labelling, cells were incubated in methionine and cysteine-free medium at 37°C
for thirty minutes and labelled with O.lmCi Trans^^S-Label for twenty minutes in 1ml per
3cm dish. Cells were then gently washed once in growth medium to remove excess
label.

2.3. 2 0 C BLOCKS.

For biotinylation experiments (section 3.3.), cells radiolabelled with Trans^^S label were
put in growth medium containing 20mM Hepes and placed in a 20°C water bath (Gilson
Differential Respirometer) for one hour.

For electron microscopy (section 4.3.2.2.) and immunofluorescence (sections 4.2.2.2.
and 4.2.2.5.), cells were placed in growth medium and put at 20°C for four hours in the
Gilson Differential Respirometer.

2.4. BIOTINYLATION.

Cells were cooled to 4°C on ice and washed three times with biotinylation buffer (BB:
250mM sucrose, lOmM triethanolamine, 2mM calcium chloride, pH 9.9). This step is
important for removal of all serum proteins before biotinylation, as any free primary
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amine groups will quench the biotin. 3cm dishes of cells were biotinylated using 1ml of
an 8mM solution of sulphosuccinimidyl-2 (biotinamido) ethyl-1,3-dithiopropionate
(NHS-SS-Biotin), (Pierce and Warriner, Chester, Cheshire), in BB at 4°C for one hour.
Free biotin was quenched and washed away with three five-minute growth medium
washes.

Biotinylated proteins were purified using a 50% aqueous slurry of avidin bound to
agarose beads (l-2mg protein/ml beads), (Pierce and Warriner, Chester, Cheshire). 50|il
avidin-agarose was pretreated with 300|il imbiotinylated cell lysate (approximately one
6cm dish) for twenty minutes at 4°C, spun at 14 OOOrpm for two minutes and the
supernatant discarded. This provided an excess of free protein that ensured specific
extraction of biotinylated proteins. 50pl of a 300ql cell lysate was incubated with this
50|il of p re treated slurry for 20-25 minutes at 4‘>C and the agarose was removed from
suspension by a two minute centrifugation step at 14 OOOrpm.

In control experiments (section 3.3.) Trans^^S-labelled cells were incubated with BB
containing and lacking 8mM NHS-SS-Biotin (as above). After cell lysis (section 2.6.1.),
postnuclear supematftits were incubated with immobilised avidin (as above) and the
avidin-agarose pellets were washed five times in 0.5mls NDET/0.3%SDS (section
2.6.1.) with thirty second centrifugations at 14 OOOrpm. Proteins were removed from the
immobilised avidin with 50|il two times concentrated reducing sample buffer (124mM
Tris pH 6.8, 4% SDS, 4% glycerol, 0.004% bromophenol blue and 20% 2mercaptoethanol) during a ten minute vibrax (6(X)) at room temperature. After a one
minute centrifugation at 14 0(X)rpm samples from the sample buffer, the washes and the
slurry were added to 2mls aquasol-2 scintillation fluid and subject to scintillation
counting.

In pulse-chase experiments (section 3.3.) the avidin-agarose was discarded and the
supematent subject to immunoprécipitation alongside 50|il of lysate. This procedure
therefore measures unbiotinylated proteins as a proportion of the total.
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2.5. HRP REACTIONS.

2.5.1.

DAB reactions fo r biochemical knockout.

Cells were put on ice and gently washed three times with 50mM Tris.Cl (pH7.5). Cells
were then "DAB reacted" in 0.01% diaminobenzidine (DAB), with and without 0.02%
hydrogen peroxide, for one hour in the dark. They were then washed three times with
Tris.Cl (to remove excess DAB and hydrogen peroxide) and the reaction was quenched
on ice for five minutes with the HRP inhibitor, sodium azide (5mg/ml BSA, 5mM
sodium azide, in PBS). Cells were then lysed for immunoprécipitation (section 2.7.).

2.5.2.

DAB

reactions fo r immunofluorescence knockout.

For knockout of immunofluorescence, cells were subject to DAB reaction within the
immunofluorescence protocol (section 2.13.): At room temperature, cells that had
previously been grown on coverslips were washed with PBS, fixed with
paraformaldehyde, washed with PBS, quenched with glycine and then washed three
times with PBS again. Cells were then washed three times with 50mM Tris.Cl (pH 7.5)
and DAB reacted with 0.075% DAB in the absence or presence of 0.02% hydrogen
peroxide for ten minutes at 37‘C in the dark. Cells were then washed at room
temperature three times with PBS, permeabilised with saponin and then exposed to
primary and secondary antibodies (as in sections 2.13. and 2.15.).

2.5.3.

DAB reactions fo r electron microscopy (performed by Luzchen

X u e ).

Cells were fixed in 2% paraformaldehyde, 1.5% glutamataldehyde and O.IM sodium
cacodylate for fifteen minutes at room temperature. They were then washed in O.IM
sodium cacodylate and incubated in 50mM Tris.Cl three times within fifteen minutes.
The cells were then DAB reacted at room temperature with two fifteen-minute incubations
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with 0.075% DAB and 0.02% hydrogen peroxide. The DAB and hydrogen peroxide
were then washed away with three five-minute washes in Tris.Cl and one wash with
O.IM sodium cacodylate. Cells were then osmicated for one hour at 4°C (with a solution
of 1% osmium in O.IM sodium cacodylate) before being dehydrated and embedded.

2.5.4.

O-phenylene diamine (OPD) assay.

For OPD assay of Tfn-HRP activity (section 3.4.), samples were diluted 1:10 in 50mM
Tris.Cl (pH 2.5) and OPD (Sigma Chemical Co.) added to 0.13%. Hydrogen peroxide
(Sigma Chemical Co.) was then added to a final concentration of 0.2% and the reaction
allowed to proceed at room temperature for thirty minutes in the dark.

For OPD assay of HRP activity after TX-114 extraction of p-selectinHRP (section
4.3.2.2.), samples were added to 2.5% OPD and 0.02% hydrogen peroxide in 50mM
Tris.Cl (pH 2.5) at a of ratio of 1:1. Samples were then reacted one ice for one hour in
the dark.

OPD reactions were quenched with sulphuric acid at a final concentration of 0.3M and the
OD measured on a Biorad Microplate Reader (3550) spectophotometer at 565nm.

2.6. CELL LYSIS.

2.6.1.

*^NDET” solubilisation.

Cells were solubilised in the detergent solution NDET (1% N P40,0.4% deoxycholate,
66mM EDTA, lOmM Tris, pH 7.4) with protease inhibitors (2|ig/ml antipain, Ipg/ml
aprotinin, l|ig/m l leupeptin, Ipg/ml pepstatin A, 0.1 mM|phenyImethyIsulfony 1 fluoride).
Typically, 1ml of ice cold NDET was added to one 10cm dish of cells (or 3(X)|il added to
a 3cm dish) for thirty minutes. NDET quickly solubilises most subcellular membrane
bound structures, but leaves cell nuclei intact. NDET lysates were therefore subjected to
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a 14 000 rpm (lOOOg) centrifugation step for five minutes in a microfuge to remove
nuclei, and the PNS harvested. To ensure complete solubilisation of membrane systems,
SDS was added to the PNS to a final concentration of 0.3%.

2.6.2.

**TDT** solubilisation.

For p-selectin western blot s (sections 4.2.2.6. and 4.3.2.2.) cells were solubilised in
TDT (2% triton X-100,0.5% deoxycholate, 50mM Tris.HCl, pH 7.4) with protease
inhibitors (as above). In this case, 600^1 of TDT was added to a 10cm dish of cells and
left for thirty minutes at 4°C. The cell lysate was then taken up with an extra 300|il of
TDT, vortexed and the nuclei removed with a fifteen minute 3 500rpm centrifugation.
This low speed centrifugation was employed to avoid removal of any dense core granule
or lysosomal aggregates (Emmanuel Papini, MRC LMCB, UCL, London, personal
communication).

2.6.3.

*^RIPA” solubilisation.

For p-selectin western blotts (section 4.2.2.6.), cells were solubilised in RIPA (50mM
Tris.Cl (pH 7.5), 150mM NaCl, 1% nonidet p-40 (NP-40), 0.5% sodium deoxycholate,
0.1% SDS) with protease inhibitors (as above): 600|il of RIPA was added to a 10cm
dish of cells and left for thirty minutes at 4°C. The ceU lysate was then taken up with an
extra 300|il of TDT, vortexed and the nuclei removed with a fifteen minute 3 500rpm
centrifugation.

2.7. IMMUNOPRECIPITATION.

A 50fil suspension of pansorbin cells {Staphylococcus aureus) standardised to bind 2.0^/0.1 mg human IgG/ml (Calbiochem-Boehringer Corp., USA) was washed in 1ml
NDET/ImM PMSF/0.3% SDS (section 2.4.1.) and pelleted with a two minute 1 OOOrpm
spin. Either 50pl of a 300|il PNS, or samples from the biotinylation extraction
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experiments (section 2.4.) were added to the pansorbin pellet This was resuspended,
rotated for thirty minutes, subject to centrifugation for fifteen minutes at 14 OOOrpm and
5|l i 1 of synaptophysin antiserum added to the supernatant. This “presaccing” step was
aimed at eliminitating any non-specific binding of antigen to pansorbin in the absence of
antibody. Phenylmethylsulfonyl fluoride (PMSF) was added to ImM and the samples
were vortexed before incubation with antibody at 4°C overnight on a rotator.

The subsequent morning, antigen/antibody complexes were rotated with pansorbin for
one hour at 4°C, arising immunoprecipitates were harvested by centrifugation at 14000
rpm for two minutes in a microfuge. The immunoprecipitates were then washed by a
resuspension and centrifugation in 1ml of NDET/0.3% SDS and a final 500|il
resuspension layered over 500 / i of 30% sucrose cushion (60% sucrose in an equal
volume of NDET/ 0.3% SDS). This was centrifuged for two minutes at 14000 rpm and
pansorbin pellets were resuspended in 1ml of NDET/0.3% SDS for a wash as above.
50|xl of reducing sample buffer (124mM Tris pH 6.8, 4% SDS, 4% glycerol, 0.004%
bromophenol blue and 20% 2-mercaptoethanol) was added to the pansorbin pellet and
immunoprecipitated synaptophysin was released for analysis by SDS-PAGE by boiling
for ten minutes in a waterbath. Pansorbin debris was removed by centrifugation (at
14000rpm for five minutes) before analysing samples by SDS-PAGE. It should be noted
that the centrifugation of pansorbin in a microfuge at 14 000 rpm for longer than one to
two minutes resulted in a tightly packed pellet which was extremely difficult to
resuspend.

2.8. ENDOH DIGESTION.

Post nuclear supernatants were subject to immuoprecipitadon (section 2.7.) and the
pansorbin samples were washed in lOmM Tris.Cl (pH7.4), split in half and the
pansorbin pellet taken up in 25mM sodium citrate (pH 5.5). Endo p-Nacetylglucosaminidase H (Endo H: Boehringer Mannheim, UK) was added to one half of
each sample to a final concentration of lOmU/ml and deglycosylation was carried out at
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37°C for 18 hours. Samples were then washed with Tris and taken up into sample buffer
for SDS-PAGE (section 2.9.).

2.9. POLYACRLYAMIPE GEL ELECTROPHORESIS.

Proteins were analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a
modification of the method of Laemmli (1970). Samples to be analysed were made up in
two times reducing sample buffer or non-reducing sample buffer (124mM Tris pH 6.8,
4% SDS, 4% glycerol, 0.004% bromophenol blue). Samples were boiled for five
minutes in a water bath (to fully denature proteins) and then loaded onto vertical Protean
n slab gels (BioRad UK, Hemel Hempstead).

Both large format and Protean B mini slab gel systems were routinely used for the
analysis of proteins, both comprising a 10% resolving gel [10% acrylamide, 0.27%
bisacrylamide, 375mM Tris pH 8.8, 0.044% SDS, 0.077% NNN’N ’tetramethylethylenediamine (TEMED), 0.1% ammonium persulphate (APS)] and a 2%
acrylamide stacking (loading) gel (2% acrylamide, 0.08% bis acrylamide, 125mM Tris
pH 6.8, 0.1% SDS, 0.1% TEMED, 0.05% APS). Resolving gels were mixed prior to
the addition of the APS and poured immediately. A small quantity of distilled water was
layered onto the freshly poured resolving gel to facilitate the formation of a smooth
resolving/stacking gel interface and to aid the removal of air bubbles, which tend to
aggregate at the surface of the more viscous acrylamide solution. Once set, the water was
poured off the resolving gel prior to the addition of the stacking gel. Large format
Protean II slab gels were run between an SDS containing electrolyte solution (running
buffer; 384mM glycine, 49.5mM Tris, 0.1% SDS) at a constant current of 6mA per gel
for overnight electrolysis and 42mA for a routine three hour run. Mini Protean II slab
gels were also electrolysed between standard running buffer, but in this case at a constant
voltage of 30V for two hours and then 3(X)V, irrespective of the number of gels.
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After electrophoresis, gels destined for processing by exposure to X-ray film to generate
an autoradiograph were firstly fixed in a solution of 45% methanol/10% acetic acid for a
minimum of thirty minutes (fifteen minutes for mini gels). Fixed gels were rinsed three
times in water and then enhanced in IM sodium salicylate for thirty minutes (fifteen
minutes for mini gels). Enhanced gels were dried on a slab gel drier (BioRad, UK) on
filter paper and covered with a layer of polyethene film, for one hour at 70°C (mini gels
were dry after 35 minutes). Dry gels were exposed to RX NIP X-Ray film (Fuji UK,
Swindon) at -70°C (to enhance the efficiency of the deposition of silver grains on the
film) for one day to two weeks depending on the amount of labelled protein present.
Gels resulting from the electrophoresis of Tran^^S-Labelled proteins were calibrated by
simultaneously running a mixture of ‘“KT-methylated marker proteins of molecular weights
200, 92.5, 69,46, 30 and 14.3kD (Amersham UK, Amersham International Corp.).
Quantitation was carried out by Optilab 24 version 2.4 (Graftek) electrophoresis of
autoradiograph images.

2.10. WESTERN BLOTTING.

Samples to be analysed by Western blotting were prepared for electrophoresis in the
standard way (methods 2.9.) and run on a 10% polyacrylamide large format or mini gel
apparatus. Gels were calibrated using prestained molecular weight marker proteins
corresponding to 180, 116, 84, 58,48.5 and 26.6kD (Sigma Chemical Co.) and rainbow
coloured molecular weight marker proteins corresponding to 220,97.4, 66, 46, 30, 21.5
and 14.3kD (Amersham UK, Amersham International Corp.).

Following electrophoresis, gels were rinsed in blotting buffer (24.8mM Tris, 192mM
glycine, 20% methanol) and proteins transferred to nitrocellulose using the large format
or mini Protean II transfer apparatus (BioRad UK). Large format western blots were
transferred for 1 6(X)mA hours and mini blots for 1(X)V constant voltage for one hour.
Following transfer, nitrocellulose filters were incubated in blocking buffer [3% powdered
skimmed milk, 0.05% polyoxyethylene-sorbitan monolaurate (TWEEN 20), in PBS pH
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7.4] for one hour to saturate protein binding sites. The first layer antibody (section
2.15.) was then added at a dilution described below for one hour and unbound
immunoglobulin was removed by repeated washing with blocking buffer (six periods of
ten minutes). Second layer antibodies conjugated to HRP (section 2.15.11.) were added
for one hour and removed by repeated washing in blocking buffer (six periods of ten
minutes) followed by extensive washes in PBS pH 7.4 (three periods of ten minutes and
one period of one hour). Nitrocellulose filters were handled with care at all times to
prevent staining of blots with proteinatious finger prints.

Western blots were developed using the Enhanced Chemiluminescence reaction kit (ECL:
Amersham UK, Amersham International Corp.). Luminescent blots were mounted on
filter paper, wrapped in polyethene film and exposed to RX NIP X-ray film (Fuji UK)
for one second to twelve hours, depending on the level of signal produced on an initial
thirty second exposure.

2.11. MAMMALIAN CELL TRANSFECTION.

2.11,1.

Plasm id construction and maintenance.

The plasmids used in this study for the expression of p-selectin, p-selectin mutants and
the p-selectin horseradish peroxidase chimaera were constructed by Roberto Solari at
Glaxo Pharmaceuticals, Greenford, UK. P-selectin cDNA was obtained from Rodger
McEver (University of California, San Franscisco, California) in pGEM vector and
moved by Sal 1 digestion and insertion into pcDNA/neo. P-selectin 775 and 730 deletion
mutants were then generated by the insertion of stop codons using the polymerase chain
reaction (PCR).

The p-selectin horseradish peroxidase chimaera (ssHRPp-selectin) was made by reverse
transcriptase PCR, producing signal sequence and transmembrane/cytplasmic tail
sequence fragments from human umbillical vein endothelial p-selectin mRNA.
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The transmembrane/cytoplasmic tail fragment was then ligated to HRP cDNA (obtained
from British Biotechnology in BBGIO), the p-selectin signal sequence cloned in and the
whole reading frame (p-selectin signal sequence-HRP-p-selectin
transmembrane/cytoplasmic tail) inserted into pcDNA/neo using Bam HI and Hind m
digestion.

These constructs were sequenced and large scale preparation of plasmid DNAs were
made by alkaline lysis and purified using caesin chloride gradients. This was performed
by John Norcott (MRC LMCB, UCL, London) according to the method described in
Sambrook et al. (1989).

2.11,2.

Transfection.

Cells to be electroporated were passaged (section 2.1.) twenty four hours prior to
transfection so as to be 70% confluent on the day of use. All solutions used to
electroporate cells were firstly sterilised according to tissue culture standard procedure.

Several 10cm dishes of cells were trypsinised according to methods 2.1 (using 1ml
trypsin solution each) pooled into a 15ml tube and diluted to 15mls with HeBs
electroporation buffer (20mM Hepes pH 7 .0 5 ,137mM NaCl, 5mM KCl, 0.7mM
N a2H P04, 6 mM D-Glucose in distilled water). Cells were centrifuged for three minutes
at 1 000 rpm in a bench top centrifuge, the pellet resuspended in 15mls HeBs and then
rewashed as above to remove all trypsin. The pellet was again resuspended in HeBs
solution; 250|il of HeBs for every 10cm dish of cells used. 250|il of HeBs/cell
suspension was then placed in each cuvette and mixed with 10p.g of DNA. Cells were
quickly electroporated (for just a few seconds) three times at room temperature using the
BioRad Gene Puiser apparatus at ooA, 125p.F and 450V. After electroporation, cells
were left for five minutes at room temperature in the cuvettes and then plated onto tissue
culture dishes (with coverslips, when required for immunofluorescence). Cuvettes were
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washed with growth medium, which was added to these dishes along with lOmls of
growth medium to dilute the HeBs.

The cuvettes used were 0.4cm electroporation cuvettes (BioRad UK) that were washed
twice with HeBs prior to use, three times with 99.7% ethanol after use and stored within
99.7% ethanol until reused.

Approximately 20% of H.Ep.2 cells and 5% of PC 12 cells became transfected, as
visualised by confocal light microscopy.

2.12. STIMULATION OF REGULATED SECRETION.

PC 12 cell dense core granules were stimulated to fuse with the plasma membrane by
treating the cells with depolarising quantities of potassium ions: To remove any free
radioisotope, 6cm dishes of PC 12 cells were washed five times with growth medium
prewarmed to 37°C. Cells were then challenged with 2ml of either growth medium alone
or growth medium containing 55mM potassium chloride (prewarmed to 37°C). Cells
were stimulated for ten minutes at 37°C, after which medium was harvested.

2.13. IMMUNOFLUORESCENCE MICROSCOPY.

Cells were grown on glass coverslips, coated in poly-L-lysine for PC 12 cells and
uncoated for H.Ep.2 cells (section 2.1.). Coverslips were briefly dipped in a large
volume of PBS (at room temperature) to remove serum proteins and then fixed by adding
3% paraformaldehyde (in PBS) for twenty minutes at room temperature. Excess
paraformaldehyde was removed by washing three times with PBS and quenching for two
periods of ten minutes with lOmM glycine in PBS. Quenching solution was removed by
washing three times with PBS and the cells were then permeabilized by treatment for
fifteen minutes with the detergent saponin (0.2% saponin, 0.5% BSA in PBS).
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Permeabilized cells were then incubated with first layer antibody solution (methods 2.15.)
by inverting the coverslip onto 50-200pl of antibody placed on a length of parafilm. All
antibody incubations were carried out for a minimum of one hour at room temperature
and in a water saturated environment (to prevent evaporation of antibody solution).
Excess antibody was removed by repeated washing (six periods of five minutes) with
0.2% saponin/0.5% BSA in PBS and the second layer antibody conjugated to a
fluorescent marker was added in the same maimer as the first Once again, excess
antibody was removed by copious washing with saponin solution (six periods of ten
minutes) followed by rinsing three times with PBS and briefly dipping the coverslip in
100ml of distilled water. Coverslips were drained of excess water and inverted onto
glass microscope slides, using mounting medium (90% glycerol, 3% N-propylgallate,
0.1% sodium azide in PBS). Minimum quantities of mounting medium were used and
the mounted coverslips were sealed and fixed to the slide with solvent based nail varnish.

In antibody feeding experiments (section 4.3.2.1.), coverslips were placed on 50|xl of
growth medium plus/minus primary antibody and left for one hour at 37°C in a 10%
carbon dioxide atmosphere. Coverslips were then dipped in lOOmls PBS and fixed in
paraformaldehyde. The above immunofluorescence procedure was then followed, except
that coverslips exposed to antibody at 37°C were incubated in saponin without primary
antibody for one hour and coverslips incubated without antibody at 37°C were incubated
with primary antibody at the later stage.

In double label experiments, primary antibodies were added simultaneously for one hour,
followed by a cocktail of appropriate second layer antibodies (methods 2.15.10.). In
experiments where cell surface antigen immunofluorescence was identified (sections
4.2.2.1. and 4.3.2.2.) the above immunofluorescence procedure was carried out in the
absence of saponin.

Cells were visualised using a Nikon Optifot microscope (1.4NA, x60 lens) linked to a
BioRad MRC 1000 Laser Scanning Confocal Microscope, with an argon/krypton laser.
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2.14. TRITON X-114 DETERGENT EXTRACTION.

10cm dishes of cells were solubilised in a 1ml ice cold solution of triton X-114 detergent
(1% TX-114, lOmM Tris, 0.15M sodium chloride,ImM EDTA, pH 7.4) with protease
inhibitors (section 2.6.1.) for thirty minutes on ice. Solubilised cells were centrifuged at
3 500rpm (1 GOOg) for fifteen minutes in a microfuge at 4°C (to remove intact nuclei) and
the PNS was harvested and chilled on ice for a further five minutes.

The PNS was then warmed to 37°C in a waterbath for three minutes. At 30°C, TX-114
reaches its cloud point and comes out of aqueous solution forming an emulsion (Pryde
and Phillips, 1986). Hydrophobic molecules remain associated with the TX-114
emulsion and hydrophilic molecules with the aqueous emulsion base. The precipitated,
TX-114-associated material was separated from the aqueous phase by centrifugation at
10 GOOrpm for one minute at room temperature. The upper, aqueous phase was separated
from the detergent phase and added to lOOjil 10% TX-114. The lower detergent phase
was then chilled on ice for three minutes with 900|il 0.06p,l TX-114. The aqueous and
detergent phases were then washed twice by repeating the phase separation (Conzelmann
etaL, 1986).

2.15. ANTIBODIES.

2.15.1.

Synaptophysin.

A rabbit anti-rat brain synaptic vesicle polyclonal antibody was used to immunoprecipitate
synaptophysin (provided by Dr. Dan Cutler). 5pl of antibody was added to 50pl of a
300p.l lysate from a 3cm dish of PC I2 cells or CHO-38 cells.
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2.15.2.

Transferrin receptor.

The antibody used to immunoprecipitate and western blott the transferrrin receptor (TR)
in sections 3.3. and sections 3.4. was H68.4 from Dr. I. S. Trowbridge (Salk Institute,
California). This is a mouse monoclonal antibody that recognises the cytoplasmic tail of
rat, hamster and human TR. H68.4 was diluted 1:2000 in blocking buffer for western
blotting (section 2.10.) and for immunoprécipitation, lp,l of H68.4 was added to two
thirds of a 3cm dish-lysate.

The anti-TR antibody used in immunofluorescence studies was BV2 5 , a mouse
monoclonal antibody that recognises the lumenal/extracellular domain of the human TR
(also from Dr. I. S. Trowbridge). For immunofluorescence, BV2 5 was diluted 1:5(X) (or
1:200 for antibody feeding; section 4.3.2.1.) in saponin detergent (section 2.13.).

BV2 5 was also used in electron microscopy experiments (section 4.3.2.1.) conjugated to
gold. BV2 5 -gold was made by Clare Putter (MRC LMCB, UCL, London) according to
methods described in Slot and Geuze (1985) and diluted 1:50 in 1ml 0.5%BSA in serumfree growth medium. This was then spun (45 (XK)rpm at 4°C for fifteen minutes), the
BV2 5 -gold resuspended in 1ml BSA/growth medium and added to cells (that had
previously been washed three times with BSA/growth medium) for fifty minutes at 37°C.
Cells were then fixed and processed for electron microscopy.

2.15.3.

P-selectin.

Anti-p-selectin antibodies were mouse monoclonals obtained from the Central Laboratory
of the Netherlands Red Cross Blood Transfusion Service. For immunofluorescence, crc
81 was used at a dilution of 1:4(X). Other antibodies were tested for immuno
fluorescence, immunoprécipitation and western blotting, namely AK 6 , thromb/5 and
thromb/6 , but these experiments were unsuccessful (section 4.2.2.Ô.). The crc 81
antibody was used at 1: KXX) for western blotting.
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2.15.4.

Secretogranin I.

The mouse monoclonal anti-secretogranin I antibody, 8.24, was used at a dilution of
1:1000 in blocking buffer for western blots (section 4.3.2.2.) and 1:4(X) in saponin for
immunofluorescence (section 2.13.).

2.15.5.

Secretogranin 11.

The antibody used to detect secretogranin II (246) was a rabbit polyclonal antibody raised
against secreted protein from PC 12 cells (Cutler and Cramer, 1990). For
immunofluorescence purposes, the antibody was used at a dilution of 1:200 in saponin
solution (section 2.13.).

2.15.6.

Horseradish peroxidase (HRP).

For westerm blotting and immunofluorescence, a rabbit polyclonal anti-HRP antibody
was used at a dilution of 1:1000 in blocking buffer and 1:400 in saponin, respectively.
This antibody was obtained from DAKO (DAKO A/S, produktionsvej 42, DK-2600
Blostrup, Denmark). For antibody feeding experiments (section 4.3.2.1.), this antibody
was used at a dilution of 1:200.

2.15.7.

Cathepsin D.

The anti-cathepsin D antibody used for immunofluorescence (sections 4.2. and 4.3.2.1.)
is a rat polyclonal antibody used at a dilution of 1:500 in saponin. This antibody was
obtained from Prof. A. Hasilik (Institut fur Physiologische Chemie and Pathobiochemie,
Munster).
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2.15.8.

G alactosyl transferase (GT).

The polyclonal anti-galactosyl transferase antibody was used at a dilution of 1:500 for
immunofluorescence (section 4.3.2.1.).

2.15.9.

Ly so some.

The anti-lysosomal antigen antibody used in immunofluorescenc (section 4.3.2.1.) is a
monoclonal antibody used at a dilution of 1:500. This antibody was a kind gift from
Mark Marsh (MRC LMCB, UCL, London).

2.15.10.

Secondary antibodies f o r immunofluorescence.

All second layer fluorescent antibodies for use in immunofluorescence experiments were
supplied by Jackson Immunochemicals Research Laboratories. Goat anti-rabbit IgG
conjugated to rhodamine or texas red was used at a dilution of 1:150 in saponin solution
to detect polyclonal immune complexes, and sheep anti-mouse IgG conjugated to
fluorescein was used at a dilution of 1:150 in saponin solution to detect monoclonal
immune complexes (section 2.13.).

2.15.11.

Secondary antibodies f o r western blotting.

All second layer horseradish peroxidase (HRP) conjugated antibodies used in western
blotting were obtained from Jackson Immunochemicals Research Laboratories. Goat
anti-rabbit-HRP antibody was diluted in blocking buffer (section 2.10.) at a dilution of
1: KXX) to detect polyclonal immune complexes on nitrocellulose blots, and sheep antimouse-HRP antibody was diluted in the same way to detect monoclonal immune
complexes.
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2,15.12.

Secondary antibodies fo r immunoprécipitations.

To immunoprecipitate mouse monoclonal antibodies with pansorbin membranes a
“bridging antibody” has to be used (obtained from DAKO A/S, produktionsvej 42, DK26CX) Blostrup, Denmark). When immunoprecipitating the TR with H68.4, 5p,l of rabbit
anti-mouse antibody was used for every l^il H68.4 and added with the pansorbin after
overnight incubation of lysates with H68.4. For attempts at p-selectin immuno
précipitation, the same amount of bridging antibody was used.

2.16. MAKING THE TRANSFERRIN-HORSERAPISH PEROXIDASE
CONJUGATE (TfnHRP).

SPDP linker was added to a final concentration of 1.5mM to a 62.5mM solution of
human iron saturated transferrin (Sigma Chemical Co.) in a phosphate buffer (O.IM
disodium hydrogen phosphate, O.IM sodium dihydrogen phosphate, O.IM sodium
chloride, pH 7.5). SPDP linker was also added to a final concentration of 2.8mM to a
250mM solution of HRP (type II, essentially salt-free enzyme of 150-200 units activity;
Sigma Chemical Co.) in phosphate buffer. The solutions were each rotated for two hours
at room temperature to enable covalent binding of SPDP to the transferrin or the HRP.

Unbound SPDP linker was removed from the SPDP-transferrin and the SPDP-HRP on a
Biogel plO premade column. Dithreothitol (DTT; Sigma Chemical Co.) was then added
to a final concentration of 50mM to the SPDP-HRP and rotated at room temperature for
twenty minutes to activate the SPDP. Unboimd DTT was removed from the SPDP-HRP
on a p 10 remade Biogel column. The SPDP-transferrin and the activated SPDP-HRP
were then mixed and stored at 4°C overnight

In order to asses TfnHRP specificity and activity, TfnHRP uptake into H.EP.2 cells was
titrated in the presence and absence of competing transferrin and intracellular HRP activity
analysed (figure 2.1.). TfnHRP uptake was found to be specific in H.Ep.2 cells.
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Figure 2.1. Specificity o f TfnHRP uptake in H.Ep.2 cells.
Twenty four 3cm dishes of H.Ep.2 cells were washed twice in serum-free growth
medium and then twice in growth medium plus or minus 12.5mM transferrin. Cells were
then exposed to serum-free growth medium containing from 8|iM to 32|iM TfnHRP in
the presence and absence of 12.5mM transferrin for 30 minutes at 37°C. Cells were
washed three times with serum-free growth medium (to remove excess peroxidase) and
the PNS subject to OPD assay (section 2.5.4.).

2.17. BCA protein assay.

BCA protein assay kit was obtained from Pierce (Rochfor, Illinois 61105 U.S.A.) used
according to manufacture’s specifications: Reagents A, B and C were mixed in a ratio of
50:48:2 and the mix added to sample or bovine serum albumin (BSA) standards in the
ratio of 1:1. Samples were incubated at 60°C for one hour and cooled to room
temperature. The absorbance of each sample was then measured at 565nm on a Biorad
Microplate Reader (3550) spectophotometer.
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CHAPTER THREE:

SYNAPTOPHYSIN.

3.1. ABSTRACT.

A direct comparison between the trafficking of newly synthesised synaptophysin in PC 12
cells and CHO-38 cells was made in order to compare synaptophysin trafficking in cells
that do and do not contain synaptic-like microvesicles (SLMVs).

The movement of newly synthesised synaptophysin was analysed in PC 12 cells and
CHO-38 cells using a series of pulse-chase immunoprécipitation experiments: The
kinetics of synaptophysin transport through the secretory pathway of CHO-38 cells were
determined using the bacterial enzyme Endo H. Passage of synaptophysin over the cell
surface of CHO-38 cells and PC 12 cells was analysed using the small lipid impermeable
labelling molecule, biotin and newly synthesised synaptophysin found to pass over the
cell surface and recycle between an intracellular compartment and the cell surface in both
PC 12 cells and CHO-38 cells. Synaptophysin localisation in the early endosome of
CHO-38 cells and PC 12 cells was also addressed, using a transferrin horseradish
peroxidase conjugate, and found to be in a TR-containing compartment one hour after
labelhng.

3.2. KINETICS OF TRANSPORT OF NEWLY SYNTHESISED SYNAPTOPHYSIN
THROUGH THE SECRETORY PATHWAY OF CHO-38 CELLS.

3.2.1.

Introduction.

When the CHO-38 cell line was made, only the steady state distribution of synaptophysin
was studied (Feany and Buckley, 1993a; Feany et al., 1993b) and the transport of newly
synthesised synaptophysin was not considered. As synaptophysin was thought to
associate with other synaptic vesicle membrane proteins (section 1.4.3.8.), assessment of
synaptophysin processing and transport through the secretory pathway of CHO-38 cells
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in the absence of these other proteins was important for further studies with the CHO-38
cells.

To do this the bacterial enzyme endo p-N-acetylglucosaminidase H (endo H) was used.
As N-glycosylated proteins pass through the medial Golgi, N-acetylglucosamine
transferase 1 (GlcNAc transferase I) adds an N-acetylglucosamine (GlcNAc) residue to
the high mannose structure and then Golgi mannosidase II removes two mannose
residues (figure 1.2.). At this point, the glycoprotein becomes resistant to removal of its
oligosaccharide structures by the bacterial enzyme Endo H (Balch et al., 1984) and no
shift in molecular weight is seen by SDS-PAGE. The time taken for a newly synthesised
glycoprotein to become endo H resistant is therefore an indication of the time taken to
reach the medial Golgi. Such an experimental protocol was exploited for measuring the
kinetics of newly synthesised synaptophysin transport through the secretory pathway of
CHO-38 cells.

3.2.2.

Results and discussion.

Newly synthesised proteins were pulse labelled with ^^S-methionine at the ER, chased for
various periods of time (in the absence of ^^S-methionine), synaptophysin
immunoprecipitated and half the sample subject to endo H digestion (Cutler and Cramer,
1990). The endo H resistant synaptophysin was then analysed by SDS-PAGE and
quantitated as the percentage endo H resistant synaptophysin at each time point

Figure 3.1.A. shows that after a ten minute pulse (with no chase) essentially all the newly
synthesised synaptophysin in CHO-38 cells is found as a single band of approximately
38kD. This band of synaptophysin is sensitive to Endo H digestion, producing a single
band of approximately 35kD. Within two hours, 96% of this is modified to a higher
molecular weight form of synaptophysin which is Endo H resistant (figure 3.I.C.). It
may be that four percent of the synaptophysin remains incorrectly processed in the ER
and degraded, or that it is incorrectly glycosylated in the Golgi but essentially transported
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Figure 3.1. Kinetics o f acquisition of synaptophysin Endo H resistance in CHO-38
cells.
A: Five 3cm dishes of CHO-38 cells were incubated with methionine/cyteine-free
medium for 30 minutes, pulse labelled with Trans^^S-Label for 20 minutes (section
2.2.2.) and chased in growth medium for 0,15 ,3 0 ,4 5 and 60 minutes at 37“C. Cells
were then placed on ice, lysed (section 2.6.1.) and the PNS subject to synaptophysin
immunoprécipitation for 2 hours (section 2.7.). Half of each sample was then subject to
deglycosylation with lOpU Endo H for 18 hours (section 2.8.) and samples Were
analysed by 10% SDS-PAGE (section 2.9.).

B: Quantitation of bands in A. Endo H resistant synaptophysin expressed as a
percentage of total synaptophysin in endo H treated samples.
C: Eleven 3cm dishes of CHO-38 cells were subject to the same procedure with chase
times of 0, 10, 20, 30, 40, 50 minutes and for 1, 2, 3, 4, 12 hours.

D: The plot of figure 3.1C for up to 3 hours only. The im for acquisition of Endo H
resistance is taken as the time taken for half the correctly glycosylated synaptophysin to
become Endo H resistant, i.e. 48% becomes Endo H resistant at 30 minutes.

E : SDS-PAGE analysis of synaptophysin quantitated in C.
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correctly. The time taken for half the correctly glycosylated population of newly
synthesised synaptophysin to become Endo H resistant is thirty minutes with maximal
resistance achieved within two hours (figure 3.I.D.). This is comparable with
synaptophysin passage through the secretory pathway in PC 12 cells, which is achieved
with a half time of 25 minutes and is complete within one hour (Cutler and Cramer,
1990). The aquisition of maximal endo H resistance may take longer in CHO-38 cells
relative to PC 12 cells (two hours versus one hour respectively). This could indicate that
there are two populations of correctly glycosylated synaptophysin passing through CHO38 Golgi; one fast moving and one lagging behind to some extent

3.2.3.

Conclusion.

These experiments indicate that the majority of synaptophysin is rapidly transported
though the secretory pathway of CHO-38 cells, such that biochemical analyses and
comparisons with endogenous synaptophysin in PC 12 cells are feasible.

3.3. APPEARANCE OF NEWLY SYNTHESISED SYNAPTOPHYSIN ON THE

CELL SURFACE OF CHO-38 CELLS. AHD.EC12 CELLS.

3.3.1.

Introduction.

A cell surface assay was developed to investigate the ceU surface appearance of newly
synthesised synaptophysin in cells that do (PC 12 cells) and do not contain SLMVs
(CHO-38 cells). This assay exploited the small, lipid impermeable labelling molecule,
biotin and the biotin-binding protein, avidin:

Biotin is a small vitamin of simple structure and ubiquitous distribution in living
organisms that interacts with avidin, a basic glycoprotein found in the egg white and
tissues of birds, reptiles and amphibia. Avidin consists of four identical subunits, each
composed of a single polypeptide chain of 128 amino acids, giving a total combined
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relative molecular mass of 67kD. The avidin-biotin interaction is one of the strongest
non-covalent bonds known (K^ ;1D-^^M) and once formed is unaffected by extremes of
pH, organic solvents and other denaturing agents (Gitlin et al., 1987). The tertiary
structure of avidin is such that the biotin binding site lies 9Â below the surface of the
protein and the use of biotin derivatives has shown the site to be restricted in accessabUity
when the vitamin is surrounded by glycosylated amino acids (Green et al., 1971).

The avidin-biotin system has many experimental applications. The introduction of a small
biotin moiety onto a protein should have little effect on the biological behaviour of the
protein (due to its small size) and would allow the protein to bind strongly to avidin.
Moreover, if avidin is conjugated to an immobilized support, such as agarose beads, then
biotin conjugated proteins can be specifically removed from a complex mixture of
molecules by allowing the rapid binding of immobilized avidin to biotinylated protein and
centrifuging the suspension of agarose beads. In this way biotinylated cell surface
proteins can be purified away from other non-biotinylated proteins.

The commercially available biotin derivative N-Hydroxysuccinimide-S-S-Biotin (NHSSS-Biotin) contains an ester linkage which becomes vulnerable to nucleophilic attack by
deprotonated primary amines at pH values of greater than 7. Such primary amines occur
on the amino acid side chain of lysine residues, making possible the labelling of lysine
containing polypeptides with biotin (figure 3.2.). The major competing reaction in the
system is that of hydrolysis of the ester in aqueous solution, a reaction which becomes
more significant with increasing pH. As a consequence, biotin reagents are dissolved
immediately prior to use.

An important feature of the NHS-SS-Biotin is the 24.3Â spacer arm between the biotin
group and a prospective polypeptide chain. When the biotin moiety is conjugated to a
large macromolecule, such as a protein, the long spacer arm minimises the steric
hinderance to the approach of the biotin to its binding site, 9Â within the structure of
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Figure 3.2. The reaction of N-hydroxysuccinimide-SS-biotin with protein primary
amines.

avidin. Another feature of NHS-SS-Biotin is the presence, within the spacer arm, of a
disulphide linkage which can be reduced, using appropriate reagents, to liberate a protein
attached to avidin via its biotin group.

3.3.2.

Results and discussion.

To ensure that anti-synaptophysin antibody would not be limiting during biotinylation
experiments, a titration of anti-synaptophysin immunoprecipitability was performed:
PC 12 cells were pulse labelled with ^^S-methionine/cysteine at 37°C for twenty minutes
and chased in full growth medium for one hour at 37°C. Cells were then lysed and
synaptophysin immunoprecipitated with increasing amounts of polyclonal antisynaptophysin antibody for two hours (figure 3.3.). With Ipl, 2|il and 3|il of antibody,
increasing amounts of synaptophysin were immunoprecipitated, whereas 5pl of antibody
immunoprecipitated approximately the same amount of synaptophysin as 3|il. To ensure
that all newly synthesised synaptophysin was immunoprecipitated during the cell surface
assay, this excess of 5|il polyclonal anti-synaptophysin was used in these experiments.
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Figure 3.3. Synaptophysin immunoprécipitation.
Four 3cm dishes of PCI2 cells were incubated with methionine/cyteine-free medium for
30 minutes, pulse labelled with Trans^^S-Label for 20 minutes (section 2.2.2.) and
chased in growth medium for 60 minutes. Cells were then placed on ice and lysed in
300|il of NDET (section 2.6.1.). 50pl of the PNS was subject to synaptophysin
immunoprécipitation for two hours using 1,2, 3, 5|il Joe bleed 4 anti-synaptophysin
antibody (section 2.7.) and samples were analysed by 10% SDS-PAGE (section 2.9.).
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Furthermore, the biotinylation conditions for the pulse-chase experiments were tested:
PC 12 cells were labelled with ^^S-methionine/cysteine twenty minutes and chased in
growth medium for one hour. Cells were then biotinylated on ice for one hour and the
PNS subject to avidin extraction. The avidin-agarose pellets were washed five times and
the NHS-SS-Biotin disulphide bond was reduced to cleave proteins from the biotinavidin-agarose interaction. ^^S counts were then measured from the washes, the pellet
and the material released from the pellet by the P-mercaptoethanol reduction.

In the case of biotinylated cells, 25 times more protein bound the avidin-agarose pellet
than protein from :non-biotinylated cells,with only 3.8% background (table 3.1.). This
indicates that specific avidin extraction of biotinylated proteins occurs under these
conditions.

Appearance of newly synthesised synaptophysin on the surface of CHO-38 cells and
PC 12 cells was then analysed: Cells were pulse labelled with ^^S-methionine/cysteine at
37°C for twenty minutes and then put at 20C for one hour. This "20C block" was
aimed at allowing transport of protein through the Golgi stacks to the TON but preventing
any further movement, such that newly synthesised protein accumulated at the TON
(Griffiths etaL, 1985; Griffiths and Simons, 1986). A synchronous wave of protein
would then move out of the TGN when the cells were chased for various times at 37°C.
Cells were then biotinylated on ice (to stop all membrane traffic) and biotinylated proteins
were removed from cell lysates with immobilised avidin. Synaptophysin was then
immunoprecipitated from the remaining, unbiotinylated proteins and from the lysate for
control. Once quantitated, imbiotinylated (internal) synaptophysin was normalised
(relative to the amount of synaptophysin immunoprecipitated from the lysate at each time
point) and then taken as a percentage of the internal synaptophysin with no 37°C chase
(time 0 minutes).

Figure 3.4. consists of four experiments determining cell surface appearance of newly
synthesised synaptophysin in CHO-38 cells. As the passage of synaptophysin over the
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Av-ag releasable

total count X10^

% releasa )le

biotin

biotin

biotin

877

control
363

1.23

control
1.28

0.72

control
.028

times

%

control

b/ground

25

3.8

Table 3.1. Avidin extraction of biotinylated proteins.
Two 3cm dishes of PC 12 cells were incubated in methionine/cysteine-free medium for 30
minutes, pulse-labelled with Trans^^S-Label for 20 minutes (section 2.2.2.) and
incubated for 60 minutes at 37°C in growth medium. Cells were biotinylated on ice for
1 hour (section 2.4.) and the PNS was subject to avidin-agarose extraction (section 2.4.).
The supematent was removed and added to scintillant. The avidin-agarose beads were
then subject to five washes with NDET/SDS (section 2.6.1.) and a fraction of each added
to scintillatant. Finally, the pellet was incubated with reducing sample buffer (which
contains the reducing agent, p-mercaptoethanol) and vibraxed for 10 minutes room
temperature. The resulting supematent was also added to scintillant and

counts were

measured in all samples. Calculations took account of dilutions of the washes when
added to scintillant.
biotin: Cells biotinylated in biotinylation buffer.
control: Cells not biotinylated but incubated with biotinylation buffer.
Av-ag releasable: Counts released into the sample buffer.
total count: Counts in the sample buffer, the washes and the bead.
% releasable: Counts in the sample buffer as a proportion of counts from the bead, the
washes and the sample buffer.
times control: Value taken as the % releasable with biotinylated cells divided by %
releasable from control cells.

,

% b/ground: % releasable from control cells as a proportion of % releasable from
biotinylated cells.
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Figure 3.4. The passage o f newly synthesised synaptophysin over the cell surface o f
CHO-38 cells.
Nine 3cm dishes of CHO-38 cells were incubated in methionine/cysteine-free medium for
30 minutes, pulse-labelled with Trans^^S-Label for 20 minutes (section 2.2.2.) and
subject to a 2 0 C block for one hour (section 2.3.). Cells were then warmed for 0, 5,10,
15,20, 25, 30,40 and 50 minutes at 37°C and biotinylated on ice for one hour (section
2.4.). The PNS was subject to avidin-agarose extraction (section 2.4.) and
synaptophysin immunoprécipitation overnight (section 2.7.). Samples were analysed by
SDS-PAGE quantitated (section 2.9.), normalised for the amount of synaptophysin
immunoprecipitated at each time point and intracellular synaptophysin expressed as the
percentage of that at time zero.
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cell surface of PC12 cells had already been considered (Régnier-Vigouroux et al., 1991)
it was felt that not such extensive experimentation was necessary and figure 3.5. shows
only two of these experiments in PC 12 cells. Waves of newly synthesised
synaptophysin clearly arrive at the cell surface of both PC12 and C H 0 3 8 cells within
twenty minutes of leaving the TGN, reintemalise back into the cell and then undergo a
second round of endocytosis and exocytosis.

The multiple cycles of exocytosis and endocytosis of newly synthesised synaptophysin
are characteristic of early endosomal recycling proteins such as the transferrin receptor
(TR). This receptor mediates uptake of iron-saturated transferrin (Tfn) from the cell
surface into recycling and sorting endosomes (sections 1.2.2. and 1.2.3.). The acidic pH
of the early endosome induces release of the iron from the transferrin (Dautry-Varsat et
al., 1983; Hopkins and Trowbridge, 1983; Klausner, 1989) while iron-deficient
"apotransferrin" remains bound to the transferrin receptor and is recycled back to the cell
surface (Ciechanover et al., 1983a; Ciechanover et al., 1983b; Ciechanover et a l, 1983c;
Dautry-Varsat et al., 1983; Yamashiro et al., 1984). Thus, less than one third of a
population of TRs are thought to be at the cell surface at any one time in most cell types.
Figure 3.5.C. shows a western blot of the TR with PC 12 samples from the biotinylation
experiment in figure 3.5.B. Less than one third of the TR is found at the cell surface at
steady state. The amount of TR extracted by the avidin doesn't significantly vary,
indicating that no mass protein degradation or steady state redistribution of protein to or
from the cell surface has occurred over this time course.

However, if cell surface biotinylation of newly synthesised TR is performed in the same
manner as biotinylation of synaptophysin in CHO-38 cells (figure 3.6.), rounds of newly
synthesised TR exocytosis and endocytosis can be observed. Newly synthesised TR
arrives at the cell surface ten minutes after leaving the TGN and then reintemalises into
the cell. It then reappears at the cell surface and re-endocytoses a second time within a
thirty minute period. This pattern of recycling is similar to that of newly synthesised
synaptophysin (table 3.2.) and is indirect evidence that synaptophysin may be recycling

144

Figure 3.5. The passage o f newly synthesised synaptophysin over the cell surface o f PCI 2 cells.
A and B: Nine 3cm dishes of PC 12 ceUs were incubated in methionine/cysteine-free medium for 30 minutes, pulse-labelled with
Trans^^S-Label for 20 minutes (section 2.2.2.) and subject to a 2 0C block for one hour (section 2.3.). Cells were then warmed
for 0 ,5 , 10, 15, 20, 25, 30, 40 and 50 minutes at 37°C and biotinylated on ice for one hour (section 2.4.). The PNS was subject
to avidin-agarose extraction (section 2.4.) and synaptophysin immunoprécipitation overnight (section 2.7.). Samples were
analysed by SDS-PAGE, quantitated(section 2.9.), normalised for the amount of synaptophysin immunoprecipitated at each time
point and intracellular synaptophysin expressed as the percentage of that at time zero.
C; 5|il from samples B were removed after avidin extraction (before synaptophysin immunoprécipitation), added to 5p i of
sample buffer and loaded onto 10% minigel SDS-PAGE (section 2.9.). After transfer to nitrocellulose, the TR was identified
by western blot analysis (section 2.10.) using H68.4 at a dilution of 1:2000 (section 2.15.2.).
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Figure 3.6. The passage o f newly synthesised TR over the cell surface o f CHO-38
cells.
Nine 3cm dishes of CHO-38 cells were incubated in methionine/cysteine-free medium for
30 minutes, pulse-labelled with Trans^^S-Label for 20 minutes (section 2.2.2.) and
subject to a 20°C block for one hour (section 2.3.). Cells were then warmed for 0, 5, 10,
15, 20, 25, 30, 40 and 50 minutes at 37°C and biotinylated on ice (section 2.4.). The
PNS was subject to avidin-agarose extraction (section 2.4.) and TR immunoprécipitation
overnight (section 2.7.). Samples were analysed by SDS-PAGE, quantited (section
2.9.), normalised for the amount of TR immunoprecipitated at each time point and the
intracellular TR expressed as the percentage of that at time zero.
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in and out of the early endosome of both PC12 cells and CHO-38 cells.

The amount of synaptophysin and time of arrival at the cell surface varies quite
considerably from experiment to experiment (table 3.2.). This may be due to both
biological and experimental variation. For example, the time at which the initial wave of
newly synthesised synaptophysin arrives at the cell surface varies from five to twenty
minutes and is probably due to biological variation between the cells from day to day.
Alternatively, a sharp peak of synaptophysin may arrive at the cell surface and go
undetected due to no measurement at time intervals smaller than five minutes.
Measurements at intervals of thirty seconds were attempted and proved impractical under
this protocol, but smaller intervals of, for example, three minutes could be considered for
similar experiments in the future. The 20C block employed to synchronise cell surface
appearance of synaptophysin was lengthened in an attempt to reduce this variation, but
these experiments proved unsuccessful.

The variation between the amount of synaptophysin arriving at the surface from
experiment to experiment may be due to the use of biotin as a labelling molecule. The
efficiency of biotinylation has been known to vary between individual proteins within
same population (Annegret Pelchen-Matthews, MRC LMCB, UCL, London, personal
communication) with the degree of biotinylation presumably depending on the
microenvironment of each individual protein. Biotin covalently binds positively charged
amine groups (f.g., lysine residues) and although synaptophysin has seven lysine groups
within its predicted extracellular domain (Siidhof et al., 1987a; Südhof et al., 1987b),
whether these would be protonated and accessible to the biotin within the
microenvironment of each synaptophysin molecule at all times remains unknown. Biotin
is useful in that it binds all proteins with exposed lysine groups (obviating the need for
specific antibodies) and the chemistry of the biotin-avidin interaction is well characterised
(section 3.3.1.). Other nonspecific labelling molecules, such as the steroid hapten
digoxigenin, could be tested, but if inaccessiblity of synaptophysin extracellular domains
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physin
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CHO-38 cells

first wave

second wave first wave

second wave

13

30

14

28

38

35

62

52

10

30

35

20

% at the cell
surface
TR

time
(minutes)
% at the cell
surface

Table 3.2. Appearance of synaptophysin and the TR at the cell surface of CHO-38
cells and PC12 cells.
time (minutes): The time at which there is a trough in intracellular synaptophysin or TR.
% at the cell surface: The amount of cell surface synaptophysin or TR at that time (the
difference between the lowest point of the trough and the average of the two peaks either
side of the trough).
first wave: The first trough in intracellular synaptophysin or TR.
second wave: The second trough in intracellular synaptophysin or TR.
Measurements were made from figures 3.4. (n=4), 3.5. (n=2) and 3.6. (n=l) and
averaged
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to biotin causes variability within this assay, then it is unlikely that other labelling
molecules will be more reliable.

Table 3.2. shows average times of arrival and average amounts of synaptophysin at the
cell surface. The first and second wave of synaptophysin at the cell surface occur at
similar times in both CHO-38 and PC I2 cells, but slightly smaller amounts of
synaptophysin appear at the cell surface of PC I2 cells. However, due to the level of
variation between these experiments, extreme caution should be used when literally
interpreting these numbers.

3.3.3.

Conclusion.

Newly synthesised synaptophysin appears at the cell surface of both PC 12 and CHO-38
cells shortly after leaving the TGN. It then undergoes multiple rounds of endocytosis and
exocytosis in a similar manner to newly synthesised TR and may be recycling in and out
of the early endosome.

3.4. SYNAPTOPHYSIN IN THE EARLY ENDOSOME.

3.4.1.

Introduction.

In order to determine whether newly synthesised synaptophysin was passing through the
early endosome in both PC 12 and CHO-38 cells a transferrin horseradish peroxidase
(TfnHRP) conjugate was made. Peroxidases are abundant enzymes with a variety of
functional roles in both animal and plant cells but are of particular importance in the crosslinking and lignification of the plant cell walls (Galston and Davies, 1969). The
horseradish peroxidase (EC 1.11.1.7.) isoenzyme c is a 44kD peroxidase (Welinder,
1979) that has been found to react with both diaminobenzidine (to form an insoluble
precipitate) and O-phenyldiamine (to produce a soluble coloured product). Due to these
sensitive methods of detection and HRPs resistance to degradation, it has been
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extensively exploited as an endocytic fluid phase marker for electron microscopy
(Graham and Kamovsky, 1966) and as a means of cytochemical detection when
conjugated to specific antibodies (Leduc et al., 1968). It has also been used as an
endocytic reporter molecule when conjugated to bioactive ligands (Geuze et al., 1988;
Rijnboutt et al., 1992; Stoorvogel et al., 1989; Stoorvogel et al., 1988; Stoorvogel et al.,
1991; Hughson and Hopkins, 1990) and more recently as an enzymatic probe for the
exocytic pathway (Connolly et al., 1994; section 4.3.).

By conjugating the bioactive ligand transferrin to HRP, the enzyme would be specifically
taken into the early endosome by transferrin association with the TR. On reaction of the
cells with the membrane permeable substrate diaminobenzidine (DAB) and hydrogen
peroxide, the horseradish peroxidase enzyme (HRP) would react within a membrane
bound compartment {i.e., recycling and sorting endosomes) to give an insoluble,
membrane impermeable precipitate (Stoorvogel et al., 1988). Any protein within the
early endosome would then be rendered insoluble and inaccessible to immuno
précipitation. If newly synthesised synaptophysin was pulse labelled, chased for various
time points while TfnHRP was fed to the cell and the cells subject to DAB reaction, any
synaptophysin passing through the early endosome would no longer be immunoprecipitable. This assay would therefore detect waves of newly synthesised
synaptophysin passing through the TR-containing endosome in temporal alternation with
waves passing over the cell surface.

3.4.2.

Results and discussion.

Figure 3.7. shows an initial experiment performed to test the viability of the above
experimental protocol by removal, or "knockout" of TR and synaptophysin
immunoprecipitability. In this experiment, cells were ^^S-methionine/cysteine labelled
for twenty minutes and chased for one hour with the TfnHRP before treatment with DAB
in the presence or absence of hydrogen peroxide. In CHO-38 cells approximately 43%
TfnHRP knockout of both TR and synaptophysin is observed, i.e., the same proportion

150

B
f

3
£

CL

Q.

9.

tn
<

40

o

3)
</)

30

20

0)

50
40 CD

u
3
■o 3 0
g
O.
h- (n 20
<
&€ Q
10
^

0

mT
2.5mM
HRP

0.9mM
TfnHRP

PC 12 c e l l s

2.5mM 0.9mM
HRP
TfnHRP
CHO-38 c e l l s

Figure 3.7. Synaptophysin localisation in the TR-containing endosome o f PCI 2 cells
and CHO-38 cells.
Four 3cm dishes of PC 12 cells and CHO-38 cells were incubated in methionine/cysteinefree medium for 30 minutes, pulse-labeUed with Trans^^S-Label for 20 minutes (section
2.2.2.) and chased for one hour at 37°C, for labelled synaptophysin to reach its steady
state distribution. During this chase, some cells were incubated with 2.5mM fluid phase
HRP and some with 0.9mM TfnHRP in serum-free growth medium. Cells were then
DAB reacted on ice for one hour in the dark in the presence and absence ofiH202 (section
2.5.1.). PNS was subject to synaptophysin and TR immunoprécipitation overnight
(section 2.7.) and samples were analysed by minigel SDS-PAGE and quantitated (section
2.9.). Percentages were calculated from immunoprecipitates from cells DAB reacted in
the presence of|H202 as a proportion of immunoprecipitates from cells DAB reacted in the
absence of IH2 O2 .
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of synaptophysin is in the early endosome as the TR. In PC I2 cells, however, much less
synaptophysin is in early endosomes relative to the TR. This indicates that at steady state
much less synaptophysin is in the early endosome in PCI2 cells than in CHO-38 cells
and is consistent with the majority of the PC I2 synaptophysin being stored in synapticlike microvesicles (Clift-O'Grady et a/., 1990).

In this experiment two faults are apparent: Firstly, only 43% of the TR is removed by
TfnHRP DAB knockout. Reports in the literature (Ciechanover et al., 1983a;
Ciechanover er a/., 1983b; Ciechanover er a/., 1983c; Dautry-Varsat er a/., 1983;
Hopkins and Trowbridge, 1983; Südhof et at., 1987a; Südhof et at., 1987b; Yamashiro
et al., 1984) and figure 3.5C (section 3.3.2.) suggest that the vast majority of the TR
exists inside the cell at steady state. Secondly, the synaptophysin knockout relative to the
TR knockout is the same regardless of whether TfnHRP or fluid phase HRP is used.
Both these factors suggest that TfnHRP uptake may occur by fluid phase uptake rather
than specific TR uptake. To test this, TfnHRP uptake was titrated in CHO-38 cells in the
presence and absence of competing transferrin (figure 3.8.) and was found to be
completely non-specific. This may be due to the alteration of the affinity of the transferrin
for the TR by the conjugated HRP (perhaps due to a loss of iron from the transferrin
during conjugation). Alternatively, it may be that the human transferrin used to make the
conjugate has a low affinity for the hamster and rat TR of CHO-38 and PC 12 cells
respectively.

3.4.3.

Conclusion.

In CHO-38 cells the same amount of synaptophysin is accessible to a fluid phase marker
as the TR, indicating synaptophysin to have a very similar distribution to the TR at steady
state. In PC 12 cells, however, only a small proportion of the synaptophysin is as
accessible to a fluid phase marker as the TR, consistent with the majority of the
synaptophysin being sorted out of the early endosome to synaptic-like microvesicles.
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Figure 3.8. Specificity o f TfnHRP uptake in CHO-38 cells.
Forty two 3cm dishes of CHO-38 cells were washed twice in serum-free growth medium
and then twice in growth medium plus or minus 12.5mM transferrin. Cells were then
exposed to serum-free growth medium containing from 8.3|iM to 83|iM TfnHRP in the
presence and absence of 12.5mM transferrin for 30 minutes at 37°C. Cells were washed
three times with serum-free growth medium (to remove excess peroxidase) and the PNS
subject to OPD assay (section 2.5.4.).
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3.5. DISCUSSION.

The work described in this chapter was aimed at establishing methodology suitable for
investigating membrane traffic of newly synthesised regulated secretory organelle
proteins. Empirically the biotinylation reaction described in section 3.3.1. would appear
to be simple and easy to perform on PC I2 cells (table 3.1.) and the application to specific
analysis of newly synthesised synaptophysin at the surface of PC I2 cells and CHO-38
cells has provided qualitative information (figures 3.4., 3.5. and 3.6.): Newly
synthesised synaptophysin arrives at the cell surface of both these cell types, internalises
and undergoes further rounds of recycling in a manner similar to newly synthesised TR.
These experiments also indicate that Trans^^S labelled synaptophysin is essentially
behaving in the same manner as the [^^SJsulphate labelled synaptophysin in the initial
study on constitutive appearance at the PC 12 cell surface by Régnier-Vigoroux et al.
(figure 4; 1991). Synaptophysin that has been labelled at the TGN is therefore behaving
in essentially the same manner as that labelled at the HR, accumulated in the TGN during
a 20°C incubation and able to leave the TGN at 37°C. This was important to establish, as
studies on the sulphation of D^H have revealed that six percent of the D fH in PC 12 is
suphated and constitutively secreted, whereas D fH stored intracellularly remains
unsulphated (McHugh et at., 1985).

The large variation observed between synaptophysin time of arrival at the cell surface and
the percentage of labelled molecules at the cell surface at any one time (figures 3.4. and
3.5.), indicate that the biotinylation procedure is extrememly limited in providing
quantitative information on synaptophysin trafficking. Analysis of the cell surface
appearance of other newly synthesised regulated secretory organelle proteins was
therefore not pursued.

Rather, an examination of newly synthesised synaptophysin passage through the early
endosome was undertaken using a transferrin horseradish peroxidase conjugate. This
revealed that newly synthesised synaptophysin in CHO-38 cells is in the same
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compartment as newly synthesised TR one hour after labelling, while only a proportion
of that in PCI2 cells is in a compartment accessible to newly synthesised TR (figure
3.7.). This initial experiment was performed in preparation for pulse-chase experiments
to look at the passage of newly synthesised synaptophysin through early endosomal
compartments of both PC I2 cells and CHO-38 cells. During this work, a report in the
literature emerged that showed the fate of fluid phase HRP upon chase from early
endosomes, compared with the traffic route of newly synthesised [^^S]sulphate-labelled
synaptophysin (Bauerfeind et al., 1993): Synaptophysin that was pulse labelled with
[^^SJsulphate and chased for thirty minutes comigrated on equilibrium gradients with
HRP internalised into early endosomes for five minutes, followed by a seven minute
chase. HRP internalised to the early endosomes could be chased, like synaptophysin, to
SLMVs after 180 minutes. Although this is a long chase period (where the fluid phase
HRP and synaptophysin would have had time to recycle back to the TGN and perhaps
become integrated into synaptic vesicles from this organelle) this study clearly
demonstrates the accessibility of SLMVs to content and membrane from early
endosomes. The planned pulse-chase experiments with TfnHRP or fluid phase HRP
were aimed at resolving this question and were consequently not undertaken. However,
this methodolgy (with fluid phase HRP or TfnHRP) could be refined and exploited for
analysis of protein transport through fluid phase marker-accessible compartments, such
as early endosomal compartments.

The above study by Bauerfeind et at. supports the earlier finding that PC 12 SLMVs are
accessible to fluid phase HRP after two hours (Clift-O'Grady et at., 1990). In addition,
electron microscopy studies have revealed that fluid phase HRP fed to PC 12 cells for
five minutes is found in small synaptophysin-containing vesicles which could be SLMVs,
although these structures could be recycling endosomal vesicles (Lah and Burry, 1993a).
It is somewhat surprising that SLMVs are accessible to a content marker such as HRP, as
passage of SLMV proteins through the early endosome would presumably function to
sort content and membrane proteins from one another for SLMV biogenesis. However,
since the studies described in this thesis were undertaken, several other reports in the
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literature have revealed a relationship between synaptophysin and early endosomal
structures of both neuroendocrine and nonneuroendocrine cells. Reports on the
trafficking of other synaptic vesicle membrane proteins (section 1.4.3.) have also shed
light on synaptic vesicle biogenesis:

Lah and Burry (1993a) immunoisolated synaptophysin-containing structures from PC 12
cells and recovered fluid phase HRP that had been fed to PC I2 cells for five minutes and
chased in the absence of HRP for up to fifteen minutes (but not for longer chase periods).
This confirms the prescence of synaptophysin in the early endosomal structures of PC 12
cells and provides indirect evidence for the absence of synaptophysin from prelysosomal
structures.

When synaptic vesicle membrane proteins were expressed in CHO fibroblasts,
synaptophysin colocalised with endosomal markers, synaptotagmin accumulated at the
cell surface, and SV2 was targeted to small vesicles lacking endosomal markers. In
addition, when coexpressed in CHO cells, these proteins maintained their distinct
compartments and did not colocalise in any one organelle (Feany et. a l, 1993b).

However, synaptophysin expression in nonneuroendocrine hepatocellular and vulvar
carcinoma cell lines has led to the discovery of a subpopulation of synaptophysin in small
electron translucent vesicles of 30-90nm that lack constitutively secreted proteins, TR and
fluid phase HRP (fed to cells at intervals from five minutes to two hours) (Leube et. a l,
1994). This is inconsistent with the above reports, where HRP fed to PC 12 cells was
incoportated into SLMVs, and is in contradiction with studies on synaptophysin
expression in CHO and 3T3 fibroblasts and epithelial MDCK cells, where synaptophysin
was in compartments indistinguishable from endosomal organelles (Cameron et al., 1991;
Johnston et a l, 1989; Linstedt and Kelly, 1991a). Perhaps these hepatocellular and
vulvar carcinoma cell lines contain sorting components necessary for synaptophysin
segregation from early endosomal compartments, components that are present in
neuroendocrine and neuronal cells but not within CHO, 3T3 and MDCK cells.
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Finally, a morphological analysis of synaptic vesicle protein distributions in cultured
hippocampal neurons was undertaken by (Mundigl et. a l, 1993), where these neurones
had gained axonal and dendritic polarity but not yet formed synapses: Synaptophysin,
synaptotagmin, synaptobrevin, p29, SV2 and rabSa were found throughout the axonal
and dendritic areas of these cells while the TR was confined to dendrites and the cell
body. During treatment of these cells with the organelle-disrupting fungal metabolite,
brefeldin A (BFA) the distribution of synaptic vesicle proteins in the axon remained
unaffected. However, BFA treatment did result in the tubulation of TR-containing
structures, together with the cotubulation of synaptophysin structures in the cell body and
dendrites. Synaptotagmin, p29, synaptobrevin, SV2 and rabSa-containing structures in
these regions did not undergo this tubulation. These authors suggest that in these cells
synaptic vesicle proteins are differentially sorted at the TGN and are coassembled at the
cell periphery for transport to presynaptic nerve terminals.

The presence of synaptophysin in endosomes need not necessarily prove a role in
synaptic vesicle biogenesis and it may be that synaptophysin targeting to endosomes
simply reflects a default pathway in the absence of synaptic-like microvesicles.
However, we found that between ten and twenty percent of the newly synthesised
synaptophysin was accessible to fluid phase HRP one hour after labelling at the ER of
PC 12 cells (figure 3.7.) and Linstedt and Kelly (1991a) have estimated that
approximately one third of the synaptophysin present in PC I2 cells is in LDLRcontaining structures at steady state. This significant proportion of synaptophysin in the
early endosomes of PC 12 cells suggests that this protein localisation is not a result of
misstargeting. In addition, when synaptophysin missing its C-terminal cytoplasmic
domain is expressed in 3T3 fibroblasts, it is no longer targeted to | endosomes (Linstedt
and Kelly, 1991b). Conversly, if this cytoplasmic region replaces the cytoplasmic tail of
the LDL receptor, the chimaera efficiently recycles through early endosomes (Kelly and
Grote, 1993). Synaptophysin must therefore have information for the targeting to
endosomes in addition to targeting to synaptic vesicles. The fact that synaptophysin sorts
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away from other synaptic vesicle membrane proteins in the dendrites of BFA treated
cultured neurones
(Mundigl et. a l, 1993) indicates that synaptophysin has a functional role in the
endosomes of regulated secretory organelle-containing cells.

Full characterisation of the functional role of synaptophysin (section 1.4.3.1.) would
perhaps explain this association with TR-containing compartments that is not seen with
other synaptic vesicle membrane proteins (Feany et a l, 1993b; Mundigl et a l, 1993).
For example, synaptophysin could potentially act as a chaperone protein for the rapid
removal of other synaptic vesicle membrane proteins out of endosomal structures to
synaptic vesicles. Perhaps synaptophysin interactions ensure the correct size and
curvature of budding synaptic vesicles and synaptophysin is therefore in abundance in
sorting compartments such as endosomes. Maybe synaptophysin in synaptic vesiclecontaining cells is involved in the fusion of recycling vesicles or SLMVs with endosomal
membrane and the plasma membrane, respectively. In CHO cells, synaptotagmin
accumulates at the cell surface (Feany et. a l, 1993b). Perhaps in neurones and
neuroendocrine cells, synaptotagmin is transported to the cell surface and awaits
synaptophysin (and other elements absent from CHO cells) for removal to synaptic
vesicles. All these potential roles account for synaptophysin's recycling ability between
the cell surface and intracellular compartments (figures 3.4. and 3.5.).

The formation of synaptic vesicles is likely to involve the inherent tendency of synaptic
vesicle membrane proteins to form multi-protein complexes (section 1.4.3.8. and table
1.3.) and cellular sorting machinery that recognises these complexes. If this is the case,
targeting information for the incoporation of these complexes into synaptic vesicles need
only be contained in one constituent protein. Indeed, a signal within a predicted
amphipathic a-helix has recently been identified for the targeting of synaptobrevin to
SLMVs in PC 12 cells (Grote et a l, 1995). As other synaptic vesicles are not predicted to
contain such a-helices, these authors propose that synaptobrevin is targeted to SLMVs
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through interactions with other synaptic vesicle membrane proteins and disruption of the
amphipathic a-helix induces a conformational change that inhibits these interactions.

The above evidence suggests that the site of this synaptic vesicle formation involves
endosomal structures, a process that could potentially occur at the tips of endosomal
tubular extentions, as is the case for endosomal recycling vesicles (sections 1.2.2. and
1.2.3.). The evolution of synaptic vesicle formation could therefore have taken
advantage of a pre-existing pathway of membrane recycling by placing vesicular transfer
from endosomes to the cell surface under Ca^+ control.
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CH A PTER FOUR:

P-SELECTIN.

4.1. ABSTRACT.

A morphological analysis of the distribution of the secretory granule membrane protein pselectin and p-selectin deletion mutants was made in PC 12 cells in order to determine the
location of a “granule targeting signal” within the p-selectin cytoplasmic tail. The
p-selectin and p-selectin mutants were also transfected into H.Ep.2 cells to see where they
would be directed in the absence of secretory granules and to give an insight into the
relationship between secretory granules and other cellular organelles. In addition, a
p-selectin-horseradish peroxidase chimaera was transfected into PC 12 and H.Ep.2 cells
for a detailed morphological analysis of p-selectin targeting by electron microscopy.

4.2. P-SELECTIN AND P-SELECTIN DELETION MUTANTS.

4.2.1.

Introduction.

Dense core granules share many characteristics with lysosomes (section 1.6.3.). Green
et a l (1994) propose that the C l region of the p-selectin cytoplasmic tail contains a
targeting signal that directs p-sek ctin to lysosomes when expressed in fibroblasts. To
test whether this putative lysosomal targeting signal is merely a granule targeting signal
(directing the p-selectin to the most closely related organelle when granules are absent) we
expressed both wild type and mutant p-selectin constructs in PC 12 and H.Ep.2 cells.

These mutants included one which was deleted from residue 730 (which lacks the
transmembrane and cytoplasmic domains) and one deleted from residue 775 (which lacks
the terminal 14 amino acids from the cytoplasmic tail, i.e., most of the C2 region). These
were expressed in the CMV driven pRK5 vector (figure 4.1.) and the steady state
distribution of these proteins was analysed by double label immunofluorescence and
confocal light microscopy.
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Figure 4.1. Wild type p-selectin and p-selectin deletion mutants.

TM: Transmembrane domain.
ST: Stop-transfer sequences.
Cl: The C l region.
C2: The C2 region.
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Rather than producing stable cell hnes, these constructs were transiently expressed in
PC12 cells and H.Ep.2 cells for the following reasons: Morphological studies demand
that a spectrum of cells with a range of expression levels have to be analysed to gain an
insight to protein distribution in the overwhelming majority of cells; due to the fact that
p-selectin is a cell adhesion molecule, any potential cell surface p-selectin may cause cell
aggregation and/or substratum adhesion that could affect selection during the production
of stable lines (this would select for cells that disposed of p-selectin intracellularly); the
techniques utilised in the types of biochemical experiments that would necessitate
production of stable lines, such as immunoprecipitating and western blotting, proved
unsuccessful with p-selectin anyway (section 4.2.2.6.); and finally, PC 12 cells are a
plastic cell hne, where it is possible to select widely different variants by placing the cells
under the type of regimes that production of stable lines would demand.

4.2.2.

Results and discussion.

4.2.2.1. Wild type p-selectin expression in PCI2 cells.

Wild type p-selectin was transfected into PCI2 cells and the distribution analysed by
double label immunofluorescence and confocal light microscopy. Figure 4.2. shows pselectin distribution one day and three days after transfection. At both these times pselectin is concentrated in many of the structures containing the dense core granule
content protein secretogranin II (arrows). However, some secretogranin Il-containing
structures do not contain p-selectin (small arrow heads) and some p-selectin-containing
structures apparently lack secretogranin n while maintaining a granule-like size and
distribution (large arrow heads). These structures could be completely different
organelles but are more likely to be granules with a disproportionate ratio of p-selectin to
secretogranin H: If the ratio of p-selectin to secretogranin II varied across a population of
granules, the "average" granule would have an equal proportion of both, while some
granules would have an undetectable level of either protein. This may reflect the levels of
p-selectin expression when each individual granule was formed, i.e., p-selectin
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Figure 4.2. Immunofluorescence colocalisation of wild type p-selectin with
endogenous secretogranin II in PC12 cells.
PC 12 cells that had been passaged 24 hours previously were transfected with lOpig
pRK5.p-selectin (section 2.11.) and plated onto polylysine coated coverslips (section
2.1.1.). Twenty hours and 68 hours after transfection, cells were prepared for immuno
fluorescence microscopy (section 2.13.). Crc 81 anti-p-selectin was used at a dilution of
1:400 and 246 anti-secretogranin U was used at a dilution of 1:2(X) (section 2.15.).
A: Twenty hours after transfection.
B: 68 hours after transfection.
Left: Anti-p-selectin immunofluorescence.
Right: Anti-secretogranin II immunofluorescence.
Full arrows represent colocalised staining.
Small arrow heads represent structures containing secretogranin II but not p-selectin.
Large arrow heads represent structures containing p-selectin but not secretogranin n.
Bar = 10|Xm

expression would be high immediately after transient transfection and then decrease with
time. Granules formed before transfection would remain stored within the cell and appear
to have secretogranin II only, while some of the granules formed immediately after
transfection could potentially contain high levels of p-selectin but undetectable levels of
secretogranin n. This phenomenon has been found with immunofluoresence studies of
other transfected granule membrane proteins, such as DpH in PC12 cells (Pearse, 1993)
and PAM in AtT20 cells (Milgram et al., 1993).

To test whether the granule structures that contain p-selectin are fully functional dense
core granules, transfected PC 12 cells were stimulated and p-selectin appearance at the cell
surface was detected by immunofluorescence. When PC 12 cells are stimulated and dense
core granules fuse with the plasma membrane, the catecholamine content of the granule is
released into the medium as soluble molecules whereas the protein content of the granule
remains as an insoluble core structure (Gerdes et al, 1989). Therefore, insoluble
secretogranin II association with the plasma membrane was used as an immuno
fluorescence control for regulated granule fusion in PC 12 cells. For a more quantitative
assay of stimulation efficiency, catecholamine appearance in the medium was exploited:
PC 12 cell dense core granules actively accumulate dopamine for the subsequent synthesis
of adrenaline (Kirshner et a/., 1987). Incubation of PC 12 cells with ^H-dopamine
therefore leads to ^H-dopamine accumulation in granules (Greene and Rein, 1977) and
subsequent release of ^H-dopamine and its derivatives into the medium when the cells are
stimulated. This can be collected and the tritium quantitated by scintillation counting.

PCI2 ceUs that had been transfected with p-selectin were pooled and plated onto
coverslips for immunofluorescence and petri dishes for ^H-dopamine incubation. After
the ^H-dopamine incubation, both sets of cells were stimulated with depolarising amounts
of extracellular potassium ions (55mM; Cramer and Cutler, 1992), put on ice to arrest all
membrane traffic and processed either for immunofluorescence (section 2.13.) or for
tritium counting (section 2.2.1.). On cell stimulation, both p-selectin and secretogranin II
are visible at the cell surface of the PC 12 cells (most clearly seen in non-permeabilised

164

Figure 4.3. P-selectin appearance at the cell surface ofPC12 cells after cell
stimulation.
PC 12 cells that had been passaged 24 hours previously were transfected with lOpg
pRK5.p-selectin (section 2.1 L), pooled and either plated onto polylysine coated
coverslips (section 2.1.1.) or 6cm dishes. After three days, PCI2 cells in 6cm dishes
were loaded with IpiCi ^H-dopamine for three hours and washed five times with growth
medium (section 2.1.1.). Both cells plated onto coverslips and cells loaded with
dopamine were then stimulated in parallel with 55mM K+ for ten minutes at 37°C and put
on ice (section 2.12.). Coverslips were then rinsed in excess PBS and prepared for
immunofluorescence microscopy (section 2.13.) in solutions containing and lacking
saponin (for cell permeabilisation). Crc 81 anti-p-selectin was used at a dilution of 1:400
and 246 anti-secretogranin II was used at a dilution of 1:200 (section 2.15.). Medium
was removed from the 6cm dishes and added to scintillation fluid. Cells were then
washed in PBS for thirty minutes, lysed in NDET, added to scintillation fluid and ^Hdopamine counts of both medium and cells were measured (section 2.2.1.).
A: Unstimulated, permeabilised PC 12 cells.
B: Unstimulated, non permeabilised PC 12 cells.
C: Stimulated, permeabilised PC 12 cells.
D: Stimulated, non permeabilised PC12 cells.
E: ^H-dopamine counts in the medium.
Green fluorescence immunofluorescence of anti-p-selectin.
Red texas red immunofluorescence of anti-secretogranin II.
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cells; figure 4.3.D.). No cell surface appearance was visualised in the absence of
stimulation (figure 4.3. A .and B.). In accordance with the protein content of the granule
remaining associated with the plasma membrane as a granule core after stimulation,
secretogranin II appears to be in a discontinuous granular form at the cell surface (figure
4.3.D.). Concommitant with this cell surface appearance of p-selectin on cell stimulation,
approximately ten percent of the tritiated catecholamine was released from both mock
transfected and p-selectin transfected cells (figure 4.3.E.).

4.22.2 Wild type p-selectin expression in H.Ep.2 cells.

Immunofluorescence of transfected p-selectin in H.Ep.2 cells revealed it to be
concentrated in structures with a juxtanuclear distribution within the cell (figure 4.4.).
Many of these structures also contained the endogenous lysosomal hydrolase cathepsin D
(arrows), which is known to have a prelysosomal and lysosomal distribution (sections
1.2.4. and 1.2.5.). The p-selectin is also in structures devoid of cathepsin D (arrow
heads) and may therefore be present in other compartments such as the Golgi.

When the transfected H.Ep.2 cells were put at 20“C for three hours they underwent
cellular reorganisation such that the morphological distribution of the cathepsin D
appeared to change from a juxtanuclear localisation to a clustered pattern in the cytoplasm
(although the functional distribution may be unaltered; figure 4.5.). This was mirrored
by an apparent change in the morphological distribution of p-selectin (arrows), although
some structures still remain distinct from those with cathepsin D (arrow heads).

Cathepsin D passes from the TGN to prelysosomes for passage to the lysosome (sections
1.1.6. and 1.2.4.) and therefore partial colocalisation of p-selectin with cathepsin D
implies that p-selectin may have a prelysosomal or lysosomal distribution. To test this,
DAB knockout of p-selectin with lysosomally localised fluid phase HRP was performed
(see section 3.4.1.). Transfected H.Ep.2 cells were incubated with fluid phase HRP for
fifteen minutes and then chased with HRP-free medium for four hours to ensure that the
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Figure 4.4. Immunofluorescence colocalisation o f wild type p-selectin with
endogenous cathepsin D in H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with lOpg
pRK5.p-selectin (section 2.11.) and plated onto coverslips (section 2.1.1.). 44 hours
after transfection, cells were prepared for immunofluorescence microscopy (section
2.13.). Crc 81 anti-p-selectin was used at a dilution of 1:400 and anti-cathepsin D was
used at a dilution of 1:500 (section 2.15.).
Left: Anti-p-selectin immunofluorescence.
Right: Anti-cathepsin D immunofluorescence.
B: High magnfication image of A.
Full arrows represent colocalised staining.
Small arrow heads represent structures containing cathepsin D but not p-selectin.
Large arrow heads represent structures containing p-selectin but not cathepsin D.
Bar = 10|im
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Figure 4.5. Immunofluorescence colocalisation o f wild type p-selectin and
endogenous cathepsin D in H.Ep.2 cells at 20^C.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pRK5.p-selectin (section 2.11.) and plated onto coverslips (section 2.1.1.). 44 hours
after transfection, cells were placed at 20«C for four hours (section 2.3) and then prepared
for immunofluorescence microscopy (section 2.13.). Crc 81 anti-p-selectin was used at a
dilution of 1:400 and anti-cathepsin D was used at a dilution of 1:500 (section 2.15.).
Left: Anti-p-selectin immunofluorescence.
Right: Anti-cathepsin D immunofluorescence.
Full arrows represent colocalised staining.
Small arrow heads represent structures containing cathepsin D but not p-selectin.
Large arrow heads represent structures containing p-selectin but not cathepsin D.

Bar = 10p,m
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Figure 4.6. Colocalisation o f wild type p-selectin and lysosomal fluid phase HRP in
H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with lOjig
pRK5.p-selectin (section 2.11.) and plated onto coverslips (section 2.1.1.). 44 hours
after transfection, coverslips were placed in Hank's buffered saline solution (HBSS)
containing 50mM HRP for 15 minutes at 37°C. After being incubated in growth medium
(with no HRP) for 4 hours, cells were DAB reacted in the presence and absence of
hydrogen peroxide (section 2.5.2.) and processed for immunofluorescence (section
2.13.). Crc 81 anti-p-selectin was used at a dilution of 1:4(X) (section 2.15.).
A: Transmission image of cells DAB reacted in the presence of H2 O2 .
B: P-selectin immunofluorescence in cells DAB reacted in the presence of H2 O2 .
C: Transmission image of cells DAB reacted in the absence of H2 O2 .
D\ P-selectin immunofluorescence in cells DAB reacted in the absence of H2 O2 .
Bar = 10p,m
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internal HRP was in the lysosome (Lah and Burry, 1993a; Rijnboutt et al., 1992; Tooze
and Hollinshead, 1991; Clare Putter, LMCB, UCL, London, personal communication).
DAB reaction of the HRP then produced a dark precipitate which rendered the proteins in
the lysosomal compartment inaccessible to immunofluorescence antibodies. This "DAB
knockout" removed all the p-selectin immunofluorescence across a large number of cells
(over one million were visualised with appoximately 2 0 % expressing p-selectin, as
visualised by hght microscopy). P-selectin immunofluorescence in cells DAB reacted in
the absence of hydrogen peroxide was unaffected (figure 4.6.).

Therefore, in the absence of secretory granules p-selectin is targeted to the lysosome. It
may be that the p-selectin is directed to the lysosome as an undesirable foreign protein
subject to random missorting or that it is rapidly and efficiently targeted to the lysosome
by signal mediated delivery. Experiments done by Green et at. (1994) indicate that the
latter is the case in p-selectin-transfected, granule-deficient cells.

4.2.2.3. P-selectin 730 mutant expression in PC12 cells and H.Ep.2 cells.

To formally check that the extracellular domain of p-selectin contains no information for
packaging into dense core granules, a p-selectin mutant with the transmembrane and
cytoplasmic domains truncated from residue 730 was expressed in H.Ep.2 cells and
PC 12 cells. Confocal microscopy revealed no immunofluorescence of the 730 mutant in
either cell line (when over one million cells were observed on several occasions; figure
4.7.). This may be because the p-selectin 730 is rapidly degraded (in the lysosome
and/or the ER) or because it is secreted. PCI2 cells and H.Ep.2 cells transfected one day
previously were incubated with ^^S-methionine overnight and the medium analysed by
SDS-PAGE and autoradiography (figure 4.8.). Cells transfected with the 730 mutant
secrete a protein of lOOkD into the medium that is absent in mock transfected cells and
cells transfected with other forms of p-selectin. Assuming that this is the p-selectin 730
mutant (which has a predicted molecular weight of 133kD) these results suggest that in
both PC12 cells and H.Ep.2 cells, the majority of the 730 mutant protein is secreted into

171

Figure 4.7. P-selectin 730 mutant expression in PC12 cells and H.Ep.2 cells.
H.Ep.2 cells and PC 12 cells that had been passaged 24 hours previously were transfected
with lOjig pRK5.p-selectin 730 (section 2.11.) and plated onto covershps (section
2.1.1.). 44 hours after transfection, cells were prepared for immuno-fluorescence
microscopy (section 2.13.). Crc 81 anti-p-selectin was used at a dilution of 1:400,246
anti-secretogranin II was used at a dilution of 1:200 and anti-cathepsin D was used at a
dilution of 1:500 (section 2.15.).
Left: Anti-p-selectin immunofluorescence.
Right A: Anti-secretogranin II immunofluorescence.
Right B: Anti-cathespin D immunofluorescence.
A: PC12 cells.
B: H.Ep.2 cells.
Bar = 10|im
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Figure 4.8. Trans^^S-Labelled proteins secreted into the medium o fP C ll cells and
H.Ep.2 cells.
H.Ep.2 cells and PC 12 cells that had been passaged 24 hours previously were transfected
with 10|ig pRK5.p-selectin, pRK5.p-selectin 730 and pRK5.p-selectin 775 (section
2.11.). 24 hours after transfection, cells were labelled with 0.15mCi Trans^^S-Label for
fourteen hours (section 2.2.2.). Harvested medium samples were subject to BCA protein
assay and samples of equal protein content were added to one volume of sample buffer,
subject to 7% minigel SDS-PAGE and exposed to X-ray film (section 2.9.).
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the medium and none is included in dense core granules to detectable levels.

4.2.2A. P-selectin 115 mutant expression in PC12 cells.

If the lysosomal targeting signal identified in the C l region of p-selectin is the granule
targeting signal merely acting as a lysosomal targeting signal in the absence of secretory
granules, then this region should target the p-selectin to dense core granules in PCI2 cells
when the C2 region is removed. Therefore a p-selectin mutant in which the terminal
fourteen amino acids of the cytoplasmic domain (encoded by exon 15) were deleted was
expressed in PC 12 cells. Figure 4,9. shows that the p-selectin 775 mutant is not in dense
core granules but on the cell surface of PC 12 cells at one day after transfection. Three
days after transfection, p-selectin 775 is in a juxtanuclear position (arrow) and in
vesicular structures at the cell periphery (arrow heads) and is still absent from
secretogranin Il-containing structures. This would be consistent with an accumulation of
p-selectin 775 on the cell surface immediately after transfection and then gradual transport
to the lysosome. If this is the case, the accumulation of the 775 p-selectin protein at the
cell surface indicates that it is not very efficiently delivered to the lysosome. This could
be because the lysosomal sorting machinery is readily overloaded in PC 12 cells, or
because p-selectin sequences up to residue 775 do not act as a lysosomal targeting signal
in PC12 cells.

This result would indicate that the C l region alone cannot direct the p-selectin to dense
core granule without the presence of the C2 region and that the C l region does not simply
act as a lysosomal targeting signal in the absence of secretory granules. It instead
suggests that the C2 region plays the pivotal role in granule targeting, either completely
independently of other sequences or in conjunction with the rest of the cytoplasmic tail.
To determine which is the case, a chimaera with the luminal and transmembrane domains
of a reporter protein, such as the TR, and the terminal fourteen amino acids of p-selectin
could be expressed in PC 12 cells. In such a scenario, accumulation of this chimaera in
granules would positively identify the C2 region as containing a granule targeting signal.
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Figure 4.9. P-selectin 775 mutant localisation in PC12 cells.
PC 12 cells that had been passaged 24 hours previously were transfected with 10p,g
pRK5.p-selectin 775 (section 2.11.) and plated onto polylysine coated coverslips (section
2.1.1.). Twenty hours and 6 8 hours after transfection, cells were prepared for immuno
fluorescence microscopy (section 2.13.). Crc 81 anti-p-selectin was used at a dilution of
1:400 and 246 anti-secretogranin II was used at a dilution of 1:2(X) (section 2.15.).
A: Twenty hours after transfection.
B:

6 8

hours after transfection.

Left: Anti-p-selectin immunofluorescence.
Right: Anti-secretogranin II immunofluorescence.
Bar = lOjim
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4.2.2.5. P-selectin 775 mutant expression in H.Ep.2 cells.

The 775 mutant p-selectin was also expressed in H.Ep.2 cells, in order to see if the
deletion of the C-terminal fourteen amino acids that affected p-selectin localisation in
PC 12 cells also affects p-selectin localisation in a cell line lacking dense core secretory
granules.

P-selectin 775 expression lead to the concentration of this protein in juxtanuclear
structures that partially colocalise with cathepsin D (figure 4.10.) in the same manner as
the wild type p-selectin at 37°C (figure 4.5.), When the cells were incubated at 20°C for
three hours there was an apparent change in the distribution of the 775 mutant protein that
was similar, but not identical, to that of cathepsin D, as does the wild type p-selectin
(figure 4.11. and figure 4.5. respectively). P-selectin 775 immunofluorescence was also
knocked out by DAB reacted lysosomal fluid phase HRP in the same manner as the wild
type p-selectin (figure 4.12. and 4.6., respectively). The p-selectin 775 mutant
immunofluorescence distribution is therefore identical to the wild type p-selectin
distribution in H.Ep.2 cells, i.e., lysosomal.

These results may indicate that the p-selectin C2 region is not necessary for prelysosomal
or lysosomal targeting of p-selectin in H.Ep.2 cells. On the other hand, it may be that
this mutant is being directed to the lysosome because it is recognised by the cell as a non
functional foreign protein and sent to the lysosome for degradation. This is unlikely, as
evidence suggests that such proteins do not leave the ER (section 1.1.1.). The lack of
accumulation of this protein in other areas of the cell, such as the plasma membrane, also
indicates that this not the case. Experiments measuring the half life of this protein in the
cell relative to other proteins and to wild type p-selectin would give an indication as to
whether the p-selectin 775 protein is being rapidly and efficiently targeted to the lysosome
or merely slowly accumulating in the lysosome for degradation as a nonfunctional foreign
protein.
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Figure 4.10. Immunofluorescence colocalisation o f p-selectin 775 mutant with
endogenous cathepsin D in H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10p,g
pRK5.p-selectin 775 (section 2.11.) and plated onto coverslips (section 2.1.1.). 44
hours after transfection, cells were prepared for immunofluorescence microscopy (section
2.13.). Crc 81 anti-p-selectin was used at a dilution of 1:400 and anti-cathepsin D was
used at a dilution of 1:500 (section 2.15.).
Left: Anti-p-selectin immunofluorescence.
Right: Anti-cathepsin D immunofluorescence
i

B: High magnfication image.
Full arrows represent colocalised staining.
Small arrow heads represent structures containing cathepsin D but not p-selectin.
Large arrow heads represent structures containing p-selectin but not cathepsin D.
Bar = lOjim
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Figure 4.11. Immunofluorescence colocalisation o f the p-selectin 775 mutant and
endogenous cathepsin D in H.Ep.2 cells at 20°C.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pRK5.p-selectin 775 (section 2.11.) and plated onto coverslips (section 2.1.1.). 44
hours after transfection, cells were placed at 20“C for four hours (section 2.3) and then
prepared for immunofluorescence microscopy (section 2.13.). Crc 81 anti-p-selectin was
used at a dilution of 1:400 and anti-cathepsin D was used at a dilution of 1:500 (section
2.15.).
Left: Anti-p-selectin immunofluorescence.
Right: Anti-cathepsin D immunofluorescence
Full arrows represent colocalised staining.
Small arrow heads represent structures containing cathepsin D but not p-selectin.
Large arrow heads represent structures containing p-selectin but not cathepsin D.

Bar = 10|im
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F igure 4.12. Colocalisation o f the p-selectin 775 mutant and lysosomal fluid phase
HRP in H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with lOpig
pRKS.p-selectin 775 (section 2.11.) and plated onto coverslips (section 2.1.1.). 44
hours after transfection, coverslips were placed in Hank's buffered saline solution
(HBSS) containing 50mM HRP for 15 minutes at 37°C. After being incubated in growth
medium (with no HRP) for four hours, cells were DAB reacted in the presence and
absence of hydrogen peroxide (section 2.5.2.) and processed for immunofluorescence
(section 2.13.). Crc 81 anti-p-selectin was used at a dilution of 1:400 (section 2.15.).
A: Transmission image of cells DAB reacted in the presence of H 2 O2 .
B: P-selectin immunofluorescence in cells DAB reacted in the presence of H 2 O2 .
C: Transmission image of cells DAB reacted in the absence of H 2 O2 .
D: P-selectin immunofluorescence in cells DAB reacted in the absence of H 2 O2 .
Bar = 10|im
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42.2.6. Biochemical studies on p-selectin and p-selectin mutants.

Subcellular fractionation and western blotting of p-selectin and p-selectin mutants across
velocity gradients in transfected cells would provide a biochemical means to quantitate
proportions of transfected protein in dense core granules and other areas of the cell
(Cutler and Cramer, 1990; Cramer and Cutler, 1992). Western blots of p-selectin in both
H.Ep.2 and PC 12 cells were attempted for this purpose, but blots proved unreproducible,
with negligable signal and high backgroimd.

The large size (140kD) and extensive glycosylation of p-selectin (30% carbohydrate by
weight; Johnston et al.y 1989) may have hindered transfer of p-selectin from the SDSPAGE to nitrocellulose and resulted in inconsistent blotting. A range of conditions were
tested on transfected p-selectin in PC 12 and H.Ep.2 cells, as well as a platelet lysate
containing endogenous p-selectin (obtained from Jim Staddon, Esai London Research,
UCL, London) in order to overcome this (sections 2.9. and 2.10.). For example, 0.1%
SDS was added to the transfer buffer, proteins were subject to transfer from SDS-PAGE
to nitrocellulose for longer periods of time (two and three hours as opposed to one hour)
and lower percentage polyacrylamide gels were used (5%, 7% as well as 10%). AU these
attempts to ensure effective p-selectin transfer from SDS-PAGE to nitroceUulose were
unsucessful.

In addition, it was thought that blotting may be unsuccessful due to inadvertent
destruction of the antibody epitope. A variety of solublisation conditions were tried when
making lysates and a variety of antibodies were tested (section 2.14.3.), not only for
western blotting but for immunoprécipitation as weU. Unfortunately, none of these
conditions and antibodies resulted in reproducible western blots or immunoprécipitations
of p-selectin from transfected ceUs or platelet lysates.
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Figure 4.13. Western blot analysis o f wild type p-selectin, p-selectin 775 mutant and
p-selectin 730 mutant in H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pRK5.p-selectin, pRK5.p-selectin 775 and pRK5.p-selectin 730 (section 2.11.) and
plated into 10cm dishes. 44 hours later, cells were lysed in TDT (section 2.6.2), samples
loaded onto 10% minigel SDS-PAGE (section 2.9.) and transferred to nitrocellulose for
western blot analysis (section 2.10.). P-selectin and p-selectin mutants were identified
using crc 81 anti-p-selectin at a dilution of 1:1000 (section 2.15.3.)

181

Figure 4.13. is the most successful western blot of p-selectin that could be obtained and
was done so using the crc 81 anti-p-selectin antibody that was also used for the
immunofluorescence studies. Under non-reducing conditions, proteins of over lOOkD
are seen in H.Ep.2 cells transfected with cDNAs encoding p-selectin 730 and p-selectin
775 but not in mock transfected H.Ep.2 cells, consistent with the predicted molecular
weights of 133kD for 730 and 138.5kD for 775 mutant p-selectin. This suggests that the
proteins identified by the crc 81 antibody in the immunofluoresence experiments are
representative of the correctly processed and glycosylated p-selectin mutants.

In figure 4.13., wild type p-selectin-transfected H.Ep.2 cells may have a specific protein
band at the appropriate molecular weight (140kD) but the signal is unconvincing. Also,
the p-selectin 730 protein can be identified inside the H.Ep.2 cells by western blot but not
by immunofluorescence (figure 4.7.). No explanation is offered for this result.

As both western blotting and immunoprécipitation of p-selectin-containing lysates proved
unreproducible, analysis of p-selectin and p-selectin mutants in fractions from velocity
gradients was deemed unfeasible and not attempted.

4.2.3.

Conclusion,

Significant levels of wild type p-selectin in PC12 cells was contained within dense core
secretory granules, a proportion of which could be transferred to the plasma membrane in
a stimulus-dependent manner when these granules underwent regulated exocytosis. The
p-selectin 730 protein (with the transmembrane and cytoplasmic tail removed) was
secreted from PC 12 cells and although some of the protein may be directed to the
lysosome and degraded, no intracellular accumulation of p-selectin 730 was visualised by
immunofluorescence. The p-selectin 775 protein (with the C-terminal fourteen amino
acids removed) is not secreted or directed to dense core secretory granules in PC 12 cells
but initially accumulates on the plasma membrane and then in juxtanuclear structures that
may be lysosomal. The fourteen C-terminal amino acids are therefore necessary for the
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Figure 4.15. The localisation of active ssHRPp-selectin in H.Ep.2 cells by light
microscopy.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pcDNA/Neo.ssHRPp-selectin. 44 hours later, cells were DAB reacted in the presence
and absence of H2 O2 (section 2.5.2.) and prepared for immunofluorescence microscopy
(section 2.13.). Anti-HRP was used at a dilution of 1:400 (section 2.15.6.).
a: Transmission image of cells DAB reacted in the presence of H2 O2 .
b: P-selectin immunofluorescence in cells DAB reacted in the presence of H2 O2 .
c: Transmission image of cells DAB reacted in the absence of H2 O2 .
d: P-selectin immunofluorescence in cells DAB reacted in the absence of H2 O2 .
Bar = 10pm

p-selectin targeting to dense core granules in PC 12 cells and may or may not be sufficient
for this targeting.

Both the wild type p-selectin and the p-selectin 775 in H.Ep.2 cells were targeted to the
prelysosome and lysosome, while the p-selectin 730 was secreted in the same manner as
that in PC12 cells. This implies that the fourteen C-terminal amino acids of p-selectin are
not involved in the targeting of p-selectin to the lysosome when secretory granules are
absent. It may be that the lysosomal targeting signal and the granule targeting signal are
encoded in separate sequences within the cytoplasmic domain, or that the granule
targeting signal contains the p-selectin lysosomal targeting signal.

H.Ep.2 cells

PC12 cells

wild type p-selectin

lysosome

dense core granules

p-selectin 730

secreted

secreted

p-selectin 775

lysosome

cell surface
(juxta nuclear)

T able 4.1. Summary o f p-selectin, p-selectin 730 and p-selectin 775 distributions in
H.Ep.2 cells and PC I2 cells.

4.3. THE P-SELECTIN HORSERADISH PEROXIDASE CHIMAERA.

4.3.1.

Introduction.

Horseradish peroxidase (HRP) has been used for many years as an endocytic fluid phase
marker (section 3.4.1.). More recently it has been used as an exocytic marker, exploiting
modem molecular biology techniques for incorporation of exogenous HRP into the
secretory pathway. Initially, work was done using an HRP construct with a signal
sequence at the N-terminus (ssHRP) for co-translational translocation into the ER and
subsequent passage through the secretory pathway (Connolly et al., 1994). Then,
chimaeric proteins were constructed containing ssHRP joined to the transmembrane and
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cytoplasmic domains of proteins such as the TR and sialyl transferjase (ST: a trans Golgi
enzyme) (Chris Conolly, Jane Stinchcombe and Jennifer Hirst, M RC LMCB, UCL,
London, personal communication). The peroxidase within these HRP chimaeras remains
active, producing membrane impermeable DAB product on cell exposure to membrane
permeable DAB and hydrogen peroxide. In addition, this DAB product is electron dense
and detectable by electron microscopy with greater sensitivity and accuracy than other
techniques, such as immunogold labelling. Expression of such chimaeras therefore
provides a means for detailed ultrastructural localisation brought about by targeting
sequences adjacent to the HRP.

A p-selectin horseradish peroxidase (ssHRPp-selectin) chimaera was constructed with the
signal sequence of p-selectin joined to HRP, which in turn is joined to the transmembrane
and cytoplasmic domains of p-selectin. This |chimaera was expressed using the CMV
driven vector pcDNA/Neo (figure 4.14.) in PC12 and H.Ep.2 cells for detailed
investigation of p-selectin cytoplasmic tail targeting at the electron microscope level.

4,3.2,

Results and discussion,

4.3.2.1. ssHRPp-selectin expression in H.Ep.2 cells.

If the targeting signals of p-selectin are solely contained within the cytoplasmic tail
(section 4.2.; Green et al., 1994; Koedam et al., 1992) then the p-selectin cytoplasmic
domain would direct the ssHRPp-selectin to the same organelle as the wild type pselectin. However, p-selectinHRP expression and immunofluorescence in H.Ep.2 cells
revealed an ER distribution throughout the cell (figure 4.15.d) and not the juxtanuclear
concentration seen with wild type p-sclcctin (figure 4.4). An explanation for this is that a
large proportion of any HRP chimaera is retained in the ER and piincipally consists of
unfolded and inactive enzyme (Chris Connolly, Jane Stinchcomb and Jennifer Hirst,
MRC LMCB, UCL, London, personal communication). The distribution of the active.
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Figure 1.14. The p-selectin-horseradish peroxidase chimaera
(ssHRPp-selectin ).
TM: Transmembrane domain.
ST: Stop-transfer sequences.
Cl: The Cl region.
C2: The C2 region.
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correctly folded HRP chimaera is revealed by DAB reaction and indeed, DAB reaction of
ssHRPp-selectin gave a dense precipitate within structures in a juxtanuclear position
(figure 4.15.a). As proteins are folded and processed in the ER, some active chimaera
must exist there, but the lack of any dense precipitate in the ER indicates that active
ssHRPp-selectin must move very rapidly out of the ER to this juxtanuclear position.

Active ssHRPp-selectin therefore has the same juxtanuclear concentration seen with wild
type p-selectin in H.Ep.2 cells, but is this the same juxtanuclear lysosomal localisation?
The production of the juxtanuclear dense precipitate on DAB reaction is concomitant with
the removal of a juxtanuclear area of ssHRPp-selectin immunofluorescence (figure
4.15.b). The DAB reaction can therefore be used to "knock-out" the fluorescence of
proteins in the same compartment as the ssHRPp-selectin (Connolly et al., 1994). Figure
4.16. shows specific knockout of cathepsin D, while DAB reaction did not remove
immunofluorescence of the TR or the TON enzyme, galactosyl transferase (GT). This
knockout indicates that the active ssHRPp-selectin chimaeric protein is specifically located
in lysosomal compartments, which corresponds to the predicted lysosomal location of the
wild type p-selectin in H.Ep.2 cells (section 4.2.2.2.).

Once the specificity of active ssHRPp-selectin protein localisation had been confirmed by
light microscopy, electron microscope peroxidase cytochemistry was performed to reveal
the precise location of the active chimaera. H.Ep.2 cells expressing ssHRPp-selectin
show a concentration of reaction product around the inner vesicles of multivesicular
body-like structures (figure 4.17.). These structures appear to have more inner vesicles
within their lumen than the multivesicular bodies (MVBs) of non-transfected cells (figure
4.17c; Adele Pearse, MRC LMCB, UCL, London, personal communication), which
suggests that they may purely be a result of ssHRPp-selectin transfection.

Surprisingly, DAB product is only occasionally seen in dense membranous structures
characteristic of lysosomes. HRP is often used as a fluid phase marker for the lysosome
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Figure 4.16. ssHRPp-selectin"DAB knockout" o f endogenous cathepsin D, TR,
galactosyl transferase (GT) and lysosomal antigen immunofluorescence in H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with lOpg
pcDNA/Neo.ssHRPp-selectin. 44 hours later, cells were DAB reacted in the presence
and absence of H2 O2 (section 2.5.2.) and prepared for immunofluorescence microscopy
(section 2.13.). Anti-cathepsin D {a and b), BV25 anti-TR (c and d), anti-lysosomal
antigen {e and f) and anti-GT {g and h) antibodies were aU used at a dilution of 1:500
(section 2.15.).
Left: Transmission images.
Right: Immunofluorescence images.
Bar =20p,m
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Figure 4.17. The localisation of active ssHRPp-selectin in H.Ep.2 cells by electron
microscopy.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pcDNA/Neo.ssHRPp-selectin. 44 hours later, cells were DAB reacted in the presence
and absence of H2 O2 and prepared for electron microscopy (section 2.5.3.). The number
of inner vesicles in the multivesicular body-like structures of ssHRPp-selectin-transfected
cells (some of which are shown in figure 4.16.a and b) were counted and compared to
those of non transfected H.Ep.2 cells (performed by Adele Pearse, MRC LMCB, UCL).

a: DAB product in H.Ep.2 cells.
b: An isolated multivesicular body-like structure containing DAB product.
c: The number of inner vesicles in multivesicular bodies of ssHRPp-selectin transfected
and untransfected H.Ep.2 cells.
Bar =0.2|im
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because it is so resistant to lysosomal degradation. It would therefore be predicted that a
lysosomally targeted HRP chimera would be relatively resistant to degradation and
accumulate in lysosomes. As these MVB-like structures are unusually large, it could be
that ssHRPp-selectin accumulation and induction of inward vésiculation hinders either
delivery of ssHRPp-selectin to the lysosome or lysosome formation.

No p-selectinHRP DAB product was found in the secretory pathway in H.Ep.2 cells,
indicating that the active chimaera is moving through the secretory pathway at a relatively
fast rate. In addition, no ssHRPp-selectin DAB product was seen at the surface of
H.Ep.2 cells. This may be because ssHRPp-selectin is moving over the cell surface and
through the early endocytic system so rapidly that no significant accumulation of DAB
product is visualised on these membranes. Alternatively, ssHRPp-selectin could be
moving directly from the TON to the MVB within the cell. Transfected H.Ep.2 cells
were fed with gold conjugated to an anti-TR antibody to highlight any structures that
contain both the TR and DAB product (figure 4.18.). Intracellular structures containing
gold but not DAB product occured within the proximity of the plasma membrane and may
be early endocytic compartments with material derived solely from the cell surface. Small
structures containing both DAB product and gold were found in the vicinity of the MVBs
and could be cross-sections through peripheral membrane extensions of each MVB
(Hopkins et al., 1990). Although caution has to be taken when interpreting potential
protein movements from steady state pictures, these distributions are consistent with the
ssHRPp-selectin moving directly from the TON to the MVB.

To determine whether any ssHRPp-selectin was moving over the cell surface, transfected
H.Ep.2 cells were incubated with an anti-HRP antibody at 37°C for one hour in nonpermeabilising conditions and the antibody distribution analysed by immunofluorescence
and confocal light microscopy (figure 4.19.). Any ssHRPp-selectin passing over the cell
surface would expose the HRP domain to the anti-HRP antibody and bound antibody
would be taken into the cell on ssHRPp-selectin internalisation. No internal anti-HRP
fluorescence was found across a large population of cells (over one million), whereas
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Figure 4.18. Localisation o f active ssHRPp-selectin chimaera and endogenous TR in
H.Ep.2 cells by electron microscopy.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with 10|ig
pcDNA/Neo.ssHRPp-selectin. 44 hours later, cells were incubated for fifty minutes with
BV2 5 anti-TR antibody conjugated to gold (section 2.15.2). Cells were then DAB reacted
in the presence and absence of H2 O2 and prepared for electron microscopy (section
2.5.3.).
Arrows: BV2 5 -gold
Bar = 0.2pm
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Figure 4.19. Intracellular localisation of ssHRPp-selectin immunofluorescence in
H.Ep.2 cells.
H.Ep.2 cells that had been passaged 24 hours previously were transfected with lOpg
pcDNA/Neo.ssHRPp-selectin and plated onto coverslips. 44 hours later, cells were
exposed to anti-HRP and BV2 5 anti-TR antibodies (diluted 1:2(X) in growth medium)
under non-permeabilising conditions for one hour at 37°C. Cells were then prepared for
immunofluorescence (section 2.13.).
a: Anti-HRP immunofluorescence under permeabilising conditions.
b: Anti-TR immunofluorescence under permeabilising conditions.
c: Anti-HRP immunofluorescence under non-permeablising conditions.
d: Anti-TR immunofluorescence under non-permeabilising conditions.
Bar = 10 pm.
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internalised anti-TR antibody was clearly visible. Both these antibodies, however, give
an equally significant signal in cells that have been permeabilised before being exposed to
antibody. Any ssHRPp-selectin passing over the cell surface of H.Ep.2 cells is therefore
an undetectable proportion of the total ssHRPp-selectin and/or passes over extremely
rapidly.

4.32.2. ssHRPp-selectin expression in PCI2 cells.

When expressed in PC 12 cells, ssHRPp-selectin immunofluorescence gives an ER
distribution throughout the cell (figure 4.20.), consistent with a large proportion of the
chimaera remaining inactive within the ER (Chris Connolly, Jennifer Hirst and Jane
Stinchcolme, LMCB, UCL, London, personal communication). There may be some
immunofluorescence within dense core granules, but this is hard to determine with such a
considerable ER concentration. When the cells are DAB reacted, however, a granular
distribution of DAB product can be seen throughout the cell that coincides with the
removal of secretogranin II immunofluorescence (figure 4.21.). Some granular
secretogranin n fluorescence is not removed by DAB reaction, but as dense core granules
can be stored for up to one week (Winkler, 1977) these granules may have formed before
ssHRPp-selectin expression began.

To test whether the granule structures that contain active ssHRPp-selectin are fully
functional dense core granules, transfected PC 12 cells were stimulated and.ssHRPpselectin appearance at the cell surface detected by anti-HRP immunofluorescence (section
4.2.2.1.). Transfected PC 12 cells were incubated with ^H-dopamine for three hours and
then stimulated (with 55mM extracellular potassium) in parallel with transfected cells that
had been plated onto coverslips. Cells were then put on ice to halt all membrane traffic
and either fixed for immunofluorescence or lysed for tritium counting. On cell
stimulation, ssHRPp-selectin could be detected at the cell surface of PC 12 cells.
Concommintantly, approximately fourteen percent of total cellular catecholamines were
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Figure 4.20. Immunofluorescence localisation o f ssHRPp-selectin and endogenous
secretogranin I in PC12 cells.
PC 12 cells that had been passaged 24 hours previously were transfected with 10|il
pRK5.ssHRPp-selectin (section 2.11.) and plated onto polylysine coated coverslips
(section 2.1.1.). After 6 8 hours, cells were prepared for immunofluorescence (section
2.13.) using anti-HRP and 8.24 anti-secretogranin I at dilutions of 1:4(X) (section 2.15.).
Left: Anti-HRP.
Right: Anti-secretogranin I.

Bar = 5 jam

Ê

Figure 4.21. Colocalisation of active ssHRPp-selectin and endogenous secretogranin
II in PCI 2 cells.
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PC 12 cells that had been passaged 24 hours previously were transfected with 10p,l
pRK5.ssHRPp-selectin (section 2.11.) and plated onto polylysine coated coverslips
(section 2.1.1.). After 6 8 hours, cells were DAB reacted (section 2.5.2.) and prepared
for immunofluorescence (section 2.13.) using 246 anti-secretogranin II at a dilution of
1:200 (section 2.15.5.).
Left: Transmission immage of ssHRPp-selectin DAB product.
Right: Anti-secretogranin II immunofluorescence.

Bar = 5 |im
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F igure 4.22. Appearance o f ssHRPp-selectin on the cell surface o f stimulated PCI 2
cells.
PC 12 cells that had been passaged 24 hours previously were transfected with 10p,l
pRX5.ssHRPp-selectin (section 2.11.) and plated onto polylysine coated coverslips and
6cm dishes (section 2.1.1.). After 68 hours, cells in 6cm dishes were incubated with
l|iC i ^H-dopamine for three hours at 37°C (section 2.2.1.). Both cells on coverslips and
cells loaded with ^H-dopamine were then simultaneously stimulated with 55mM
potassium chloride for ten minutes at 37°C and put on ice (section 2.12.). Cells on
coverslips were then prepared for immunofluorescence (section 2.13.) using anti-HRP at
a dilution of 1:400 (section 2.15.6.). Medium and NDET lysate samples from cells
incubated with ^H-dopamine were then added to scintillation fluid and tritium counts
measured.
A: Anti-HRP immunofluorescence in unstimulated, permeabilised PC12 cells.
B: Anti-HRP immunofluorescence in stimulated, non-permeablised PC 12 cells.
C: Tritium counts in medium and lysate samples.
Bar = 10 pm
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released as a result of stimulation (figure 4.22.). This therefore implies that a significant
proportion of ssHRPp-selectin is incorporated into fully functional dense core granules.

ssHRPp-selectin was western blotted from PC 12 cell lysates and identified with an antiHRP antibody (figure 4.23.). Under reducing conditions it ran anomolously as a doublet
of approximately 75kD, well above the predicted molecular weight of 49kD. Further
characterisation of ssHRPp-selectin run on large SDS-PAGE (for greater resolution) by
Dan Cutler and John Norcott (MRC LMCB, UCL, London) have revealed that this
protein in fact runs as a triplet of 75.8kD, 73.5kD and 69.8kD. In figure 4.23, ssHRPpselectin oligomerises to form bands of over 120kD under nonreducing conditions, The
corresponding blots of a chimaera containing the transmembrane domain of the TR and
ssHRP show no such oligomerisation, implying that the cytoplasmic and/or
transmembrane domains of p-selectin induce the oligomerisation of ssHRPp-selectin.
These sequences may also be responsible for the reported oligomerisation of the wildtype p-selectin (Ushiyama et a/., 1993).

When electron microscope studies were done on ssHRPp-selectin distribution in PC 12
cells, DAB product was exclusively found in dense core granules at three days after
transfection (figure 4.25.). None was found on the cell surface, in endocytic
compartments or in lysosomes. ssHRPp-selectin positive granules were often seen next
to unstained ones and both appeared to have a random distribution throughout the
^ cytoplasm and near the cell surface. ssHRPp-selectin positive granules contained
different levels of DAB product that may reflect the levels of ssHRPp-selectin expression
when each granule was formed. At times directly after transfection, expression levels of
ssHRPp-selectin will be high and the amount of ssHRPp-selectin packaged into each
granule may be greater than at later times when the expression levels fall. The DAB
product also appears to fill the lumen of the granule, sometimes detached from the granule
membrane in the same manner as cores in granules that do not contain ssHRPp-selectin.
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Figure 4.23. Oligomerisation of ssHRPp-selectin in PC12 cells.
PC 12 cells that had been passaged 24 hours previously were transfected with lOpl
pRK5.ssHRPp-selectin and pSRa.tail-minus transferrin receptor horseradish peroxidase
(pSRa.T TRHRP) (section 2.11.) and plated onto 10cm dishes (section 2.1.1.). 68
hours later, cells were lysed in TDT, mixed with reducing or non-reducing sample buffer
and subject to 10% minigel SDS-PAGE (section 2.9.). After transfer to nitrocellulose,
chimaeric proteins were western blotted (section 2.10.) using anti-HRP at a dilution of
1:1000 (section 2.15.6.).

WT p-selectin
730 p-selectin 730
775 p-selectin 775
p-selHRP ssHRPp-selectin
T-TRHRP tail-minus transferrin receptor horseradish peroxidase
Composite gel.
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Figure 4.24. Electron microscopy localisation o f active ssHRPp-selectin in PC12 cells.
PC 12 cells that had been passaged 24 hours previously were transfected with lOjLil pRK5.ssHRPp-selectin (section 2.11.) and
plated onto 6cm dishes (section 2.1.1.). After 68 hours, transfected P C I2 cells were DAB reacted during preparation for electron
microscopy (section 2.5.3.).

a: ssHRPp-selectin DAB product in a PC 12 cell.
b: ssHRPp-selectin DAB product in potentially fusing dense core granules.
Bar = 0.1pm
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The ssHRPp-selectin chimaera may have been cleaved by granule processing enzymes,
such that HRP is released from the granule membrane and causes DAB product
accumulation within the granule lumen. In order to determine if the HRP had become
detached from the p-selectin membrane spanning and cytoplasmic domains, a TX-114
extraction was done. TX-114 is a detergent that partitions into an insoluble phase at
20°C, but is soluble at 4°C. Many membrane proteins dissolved in TX-114 at 4°C will
partition into the insoluble phase at 37°C, while soluble proteins do not This procedure
was carried out with ssHRPp-selectin transfected and mock transfected PC 12 cells and
the HRP detected with a colour-producing 0-phenyl diamine (OPD) assay (figure 4.25.).

In ssHRPp-selectin transfected PC12 cells, a large proportion of peroxidase activity is
found in the TX-114 fraction that is absent in mock transfected cells, indicating that this
peroxidase activity is due to membrane associated ssHRPp-selectin. However, there is
also considerable peroxidase activity in the soluble fraction of ssHRPp-selectin
transfected and mock transfected cells, implying that there is a large proportion of
endogenous soluble peroxidase activity in PCI2 cells. In order to determine if any HRP
was in this soluble fraction (but masked by the endogenous peroxidase activity) these
samples were subject to western blot and ssHRPp-selectin identified with an anti-HRP
antibody. ssHRPp-selectin was only present in the TX-114 fraction of the ssHRPpselectin transfected PC 12 cells, while the granule content protein secretogranin I was
found exclusively in the soluble fractions of both mock and ssHRPp-selectin transfected
cells. Therefore the ssHRPp-selectin is not cleaved and free HRP not released into the
granule lumen.

An alternative explanation for DAB product labelling of the granule lumen is that DAB
product produced by ssHRPp-selectin at the granule membrane associates with the
condensed, precipitated granule core during DAB reaction. Electron micrographs of DAB
reacted ssHRPp-selectin may therefore be showing the distribution of the DAB product
and not necessarily the ssHRPp-selectin. However, as the DAB product cannot traverse
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Figure 4.25. Membrane association o f ssHRPp-selectin and endogenous secretogranin I in PC 12 cells.
PC 12 ceUs that had been passaged 24 hours previously were transfected with lOpl pRK5.ssHRPp-selectin (section 2.11.) and
plated onto 10cm dishes (section 2.1.1.). 68 hours later, cells were subject to Triton X-114 extraction (section 2.14.) and HRP
activity measured by OPD assay (section 2.5.4.). Samples from membrane associated and soluble fractions were then mixed with
reducing sample buffer and subject to 10% minigel SDS-PAGE (section 2.9.). After transfer to nitrocellulose, ssHRPp-selectin
and secretogranin I were western blotted (section 2.10.) using anti-HRP and 8.24 anti-secretogranin I at a dilution of 1:1000
(section 2.15.).
A : Peroxidase activity in membrane associated and soluble fractions.
B: Western blot with anti-HRP antibody in membrane associated and soluble fractions.
C: Western blot with 8.24 anti-secretogranin I in membrane associated and soluble fractions.
P-selectin-H RP: ssHRPp-selectin
m: membrane associated fraction
s: soluble fraction
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membranes, its distribution still indicates which compartments contain the ssHRPpselectin.

Greene et al. (1994) have estimated that two thirds of the p-selectin in transfected PC12
cells is targeted to the lysosome for degradation. As the targeting signals are thought to
be contained within the cytoplasmic tail of the p-selectin (section 4.2.; Green et a/., 1994;
Koedam et a/., 1992), the ssHRPp-selectin chimaera should contain the same signalling
messages and a certain proportion should be directed to the lysosome. Yet at three days
after transfection, no DAB product is seen in lysosomal structures, nor in the MVB-like
structures that were observed in H.Ep.2 cells. It could be that no more ssHRPp-selectin
is being synthesised at three days after transfection and that any already in the lysosome
has been degraded.

To test this, PC 12 cells were subject to a two hour 20“C block at various times after
transfection to accumulate newly synthesised ssHRPp-selectin at the TGN. Incubating
cells at 20C is thought to allow transport of proteins through the secretory pathway but
prevent further transport, such that they accumulate in the TGN (Griffiths and Simons,
1986). This accumulation has been visualised by electron microscopy using other HRP
chimaeras (Jennifer Hirst and Jane Stinchcombe, MRC LMCB, UCL, London, personal
communication). When ssHRPp-selectin transfected PC12 cells were subject to this
20°C block, a significant proportion of reaction product is found to accumulate in swollen
regions of the TGN that often contained a "dense core" distinctive of dense core granule
cores (figure 4.26.a). Very small vesicular structures in the Golgi region were also
labelled and may be transport vesicles that operate within the secretory pathway.
Occasionally, DAB product is also seen in dense lamellae structures, indicating that some
of the ssHRPp-selectin is directed to the lysosome under these conditions.

When these PC 12 cells are warmed to 37°C for increasing periods of time after this 20°C
block, increasing numbers of labelled dense core granules could be observed. Initially
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Figure 4.26. Electron microscopy localisation o f active ssHRPp-selectin in PC12 cells after a 20°C block.
PC12 cells that had been passaged 24 hours previously were transfected with lOfil pRK5.ssHRPp-selectin (section 2.11.) and
plated onto 6cm dishes (section 2.1.1.). After 22 hours, transfected PC 12 cells were placed at 20°C for four hours (section 2.3.)
and then incubated at 37°C for 0 , 2 , 5 and 30 minutes. Cells were then DAB reacted during preparation for electron microscopy
(section 2.5.3.).
a: 0 minutes at 37°C.
b: 2 minutes at 37°C.
c: 5 minutes at 37°C.
d: 30 minutes at 37°C.
Bar = 0.2p.m.
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(after two minutes; figure 4.26.b), numerous dense cores are observed within swollen
TGN membranes and the small transport vesicles are still labelled. This is also the case
five minutes after the 20 C block (figure 4.26.c), with perhaps more numerous granules.
By thirty minutes after release from the 20°C block (figure 4.26.d), labelled dense core
granules are as numerous as they would be in cells three days after transfection and very
few other structures are labelled.

So in this instance, ssHRPp-selectin was found in potential lysosomal structures
immediately after a 20C block but not in the absence of a 20°C block. It may be that a
proportion of the ssHRPp-selectin is transported to the lysosome and degraded so rapidly
that it is undetectable half an hour after the 20°C block. This is unlikely as HRP is
notoriously resistant to lysosomal degradation (Dan Cutler and Colin Hopkins, MRC
LMCB, UCL, London, personal communication). Perhaps at 20°C, endogenous
peroxidases in the lysosome provide background staining on DAB reaction. Only
measurement of active ssHRPp-selectin half life would be an indication of ssHRPpselectin lysosomal targeting in PC 12 cells.

4,3,3.

Conclusion,

Light microscope analysis of ssHRPp-selectin distribution in H.Ep.2 cells showed active
p-selectinHRP localisation in prelysosomal and lysosomal compartments. Electron
microscope studies in H.Ep.2 cells showed ssHRPp-selectin accumulation around the
inner vesicles of MVB-like structures that are larger than "normal" MVBs and have more
numerous inner vesicles. These may therefore be a consequence of ssHRPp-selectiri
transfection. No ssHRPp-selectin could be found in the secretory pathway or at the cell
surface and localisation in lysosomal structures was only occasionally visualised.
ssHRPp-selectin could be found, however, in small TR-containing structures that may be
cross-sections through the peripheral extensions of the MVBs. In an antibody feeding
experiment, no anti-HRP antibody was internalised from the cell surface, indicating that
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newly synthesised ssHRPp-selectin in H.Ep.2 cells may be passing directly from the
TGN to MVBs.

Light microscope studies in PC 12 cells showed active ssHRPp-selectin localisation in
dense core secretory granules and western blotting showed that this ssHRPp-selectin was
forming oligomers due to interactions between the cytoplasmic and/or transmembrane
domains of the p-selectin. Electron microscope studies in PCI2 cells also showed
ssHRPp-selectin localisation in dense core granules. A significant proportion of
ssHRPp-selectin could be accumulated at the TGN during a 20°C block 18 to 22 hours
after transfection and warming the cells to 37°C after this 20C block allowed formation
of dense core granules from labelled core structures within the TGN. This therefore
provides a means to analyse dense core granule formation at the electron microscope
level. Some ssHRPp-selectin was found in lysosomes during the 2 0C block (but not in
the absence of the block) which may indicate that partial ssHRPp-selectin targeting to
lysosomes occurs under these conditions.

These morphological characterisations of ssHRPp-selectin localisation show that
ssHRPp-selectin transmembrane and cytoplasmic domains can redirect a soluble secretory
protein to internal membrane compartments. In PC 12 cells these are the dense core
granules but in H.Ep.2 cells (where secretory granules are absent) ssHRPp-selectin is
directed to MVB-like endosomal structures.

4.4. DISCUSSION

The fourteen C-terminal amino acid residues of p-selectin are important for the targeting
of p-selectin to dense core granules in PC 12 cells (figures 4.2. and 4.9). The properties
of the p-selectin C2 region, that is pricipally composed of these fourteen residues, may
provide some clue as to the mechanism of membrane targeting to dense core granules and
hence the mechanism of dense core granule biogenesis.
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For example, the p-selectin C2 region contains a potential tight tuin motif, YGVF
between residues 111 and 710, a structure that could be an internalisation signal (section
1.2.1. and table 1.1.). The cytoplasmic tight turn structure within the CI-MPR
(YKYSKV) has been shown to interact with HA-2 adaptor complexes and hence
proposed to promote clathrin coat assembly at the plasma membrane (Glickman et al.,
1989). These p-selectin residues could therefore interact with the adaptor complexes of
clathrin coats seen associated with budding and immature dense core granules (section
1.5.7.).

The p-selectin C2 region also contains the sequence LGTYG (774 to 778), similar to the
intracellular lysosomal targeting signal GYXXI found in lamp-1 (Honing and Hunziker,
1995), although in a different orientation. If this sequence does form a granule targeting
signal, it must be analogous to the lysosomal targeting sequence of lamp-1, and not
simply a lysosomal targeting signal itself, for the following reasons: Green et at. (1994)
identified the p-selectin lysosomal targeting signal in CHO cells to be within the C l
region; and removal of the C2 region containing these residues does not affect p-selectin
lysosomal localisation in H.Ep.2 cells (sections 4.2.2.2. and 4.2.2.5.).

Alternatively, the p-selectin C-terminal fourteen amino acids contain one tyrosine, one
serine and two threonine phosphorylation sites that could potentially convey targeting
information (section 1.5.4.2.). Phosphorylation has been shown to be important for the
targeting of other membrane proteins: Autophosphorylation of the IR is required for its
removal from the cell surface (Backer et al., 1992) and autophosphorylation has been
implicated in the endocytosis and lysosomal targeting of the EGFR (sections 1.2.1. and
1.2.3.). In addition, the transient phosphorylation of serine residues within CI-MPR at
the TGN has been shown to be critical to high affinity interactions between with HA-1
(LeBorgne et at., 1993; section 1.1.6.). The transient phosphorylation of p-selectin
observed when platlets are stimulated (Crovello et at., 1993) may serve to expose
internalisation motifs for the removal of p-selectin from the cell surface. The serine
phosphorylation that persists after stimulation could then provide targeting information
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for the leincoporation of p-selectin into a-granules. In addition, transient
phosphorylation of p-selectin may occur in the TGN, as with the CI-MPR, although there
is no evidence that either of these events occur.

Finally, it could be the case that the p-selectin cytoplasmic domain contains no specific
targeting signal but instead promotes oligomerisation that drives sorting, as is thought to
be the case for enzymes resident to the Golgi stack (section 1.1.3.) and granule content
proteins (section 1.5.9.). If sorting away from immature granules involves passive,
constitutive-like secretion (sections 1.5.7. and 1.5.9. and figure 1.14.) then
oligomerisation of granule membrane proteins such as p-selectin could prevent their
removal from maturing granules in a mechanism analogous to that of Golgi retention,
where Golgi enzymes are retained from constitutive removal of material from the Golgi.

P-selectin has been found to exist as noncovalently associated, heterologous oligomers
(Ushiyama et aL, 1993) and the western blot of ssHRPp-selectin oligomerisation in PC 12
cells (figure 4.24.) indicates that this is due to interactions between the p-selectin
transmembrane and/or cytoplasmic domains. Removal of the C-terminal fourteen amino
acid residues of p-selectin could potentially disrupt p-selectin oligomerisation and so
abolish p-selectin's ability to be retained against constitutive-like secretion from immature
secretory granules. Further experiments on the oligomerisation of ssHRPp-selectin by,
for example, making ssHRPp-selectin chaemeras with mutant p-selectin cytoplasmic tails,
could readily identify any parrallel that may exist between p-selectin oligomerisation and
trafficking.

The conservation of the 26 C-terminal residues of p-selectin when it is alternately spliced
in platelets (figure 1.13.) implies that these residues have a functional role common to
transmembrane and soluble p-selectin. An oligomerisation sorting mechanism for both
transmembrane and soluble granule proteins could be conveyed by these retained
residues, the disruption of which would result in missorting. The peptidylglycine aamidating monooxygenase enzyme (PAM) also retains C-terminal residues (53 amino
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acids) in a soluble form produced by alternate splicing (Yun et aL, 1993) that is efficiently
targeted to the granules of AtT20 cells (Milgram et a i, 1994). These residues have been
shown to be important for granule targeting of transmembrane PAM (Milgram et aL,
1993) and may provide common signal patches for the oligomerisation-dependent
retention of soluble and transmembrane proteins in maturing granules. However, the
expression of both transmembrane p-selectin and alternatively spliced p-selectin in human
kidney (ATCC CRL 1573) cells revealed that soluble p-selectin remained monomeric
while transmembrane p-selectin formed oligomers (Ushiyama et aL, 1993). This
suggests that oligomerisation-dependent retention of soluble and transmembrane forms of
granule proteins via interactions between C-terminal domains does not occur.

Oligomerisation of p-selectin could explain why this protein is targeted to lysosomes in
cells that lack dense core granules. Oligomerisation has been reported to be important for
the removal of proteins from the plasma membrane to the lysosome, as demonstrated by
the aggregation of the FcR by polyvalent antibody (Mellman et al., 1984). However, the
removal of the C2 region, which by the above argu ment completely or partially conveys
oligomerisation ability, does not alter the lysosomal localisation of p-selectin in H.Ep.2
cells (figure 4.12.). If C2 region-induced oligomerisation of p-selectin was responsible
for targeting to lysosomes in H.Ep.2 cells then removal of these residues would lead to
accumulation of p-selectin in other regions of the cell, such as the plasma membrane. It is
therefore unlikely that the C2 region of p-selectin confers sorting ability through
oligomerisation, as is thought to be the case for granule content protein sorting (sections
1.5.8. and 1.5.9.).

Experiments with ssHRPp-selectin have shown clear localisation of the chimaeric protein
in dense core granules of PC 12 cells but have yielded confusing results as to the
lysosomal targeting of p-selectin. The study by Green et at. (1994) predicts that
lysosomal targeting of p-selectin in CHO cells is due to C l sequences in the cytoplasmic
tail, sequences that would be predicted to direct ssHRPp-selectin to lysosomes. Yet
ssHRPp-selectin is not readily detectable in the lysosomes of PC 12 cells at 37°C (figure
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4.24.) and accumulates around the inner vesicles of multivesicular body-like structures in
H.Ep.2 cells (figure 4.17.):

The initial immunofluorescence knock out experiments with ssHRPp-selectin in H.Ep.2
cells (figure 4.16.) indicate that the MVB-like structures containing ssHRPp-selectin also
contain cathepsin D and an uncharacterised lysosomal antigen, but exclude the TR and
GT. Perhaps these structures accumulate hydrolases such as cathepsin D and are capable
of degradation such that they are defined as lysosomes in figures 4.12 and 4.6 and in the
study in CHO cells by Green et a l (1994). Alternatively, these structures may be
peculiar to ssHRPp-selectin expression in H.Ep.2 cells and may not present in p-selectin
transfected CHO cells. When bound to EGF, the EGFR has been shown to induce inner
vésiculation in the MVBs of H.Ep.2 cells (Futter et a l, 1993). Perhaps the
overexpression of ssHRPp-selectin (an exogenous, oligomerising, potentially
phosphorylated protein that does not require ligand binding for intracellular transport)
induces excess inward vésiculation using the same mechanism as ligand-bound EGFR.
This could then hinder transport to lysosomes or lysosome formation such that
lysosomally destined proteins (and fluid phase markers) become trapped in these
structures, which would then functionally be defined as lysosomes, although
morphologically they do not represent lysosomes at the electron microscope level.

In PC 12 cells, the lack of any ssHRPp-selectin DAB product in lysosomes (or MVB-like
structures) at 37°C is in direct contradiction to the study by Green et al. (1994), where
two thirds of the p-selectin expressed in PC 12 cells is rapidly degraded (and so
presumably targeted to lysosomes). At 20°C, DAB product in PC 12 cells can be seen to
some extent in dense membraneous structures characteristic of lysosomes, but this is not
the case when cells are warmed to 37°C for thirty minutes after this 20°C block (figure
4.28.). There are three possible explanations for these observations: HRP is degraded
so rapidly within PC 12 cell lysosomes that it is undetectable at 37°C and can only be
DAB reacted when degradation is hindered at 20°C (this is unlikely as HRP is highly
resistant to degradation, with a half life of 12-24 hours (unpublished observations; Dan
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Cutler and Colin Hopkins, MRC LMCB, UCL, London)); no ssHRPp-selectin is in
lysosomes, but a 20°C incubation leads to endogenous lysosomal enzymes reacting with
DAB and hydrogen peroxide to produce electron dense products similar to the HRPinduced DAB product; or ssHRPp-selectin transiently moves to lysosmes after a 20°C
block and then moves out of lysosomes when cells are warmed to 37°C. Whether or not
either of these events occur, the precise nature of p-selectin targeting to lysosomes in
PC 12 cells remains elusive.

More detailed studies of p-selectin trafficking are clearly necessary for the elucidation of
any specific targeting signal or nonspecific oligomerisation-inducing signal patch within
the p-selectin cytoplasmic tail and for the precise trafficking of p-selectin to dense core
granules verses lysosomes in both neuroendocrine and nonneuroendocrine cells.
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C H A PTER FIVE:

TH E BIOGENESIS OF REGULATED SECRETORY

O R G A N E L L E S.

The work in this thesis has considered the trafficking of two membrane proteins that are
constituents of synaptic vesicle and dense core granules. As such, the trafficking of these
proteins can be considered an indication of the processes involved in the biogenesis of
these two regulated secretory organelles. Synaptophysin trafficking to synaptic vesicles
and p-selectin trafficking to dense core granules was analysed in pheochromocytoma
PC I2 cells, a cell line thought to represent a developmental precursor cell with the
potential to develop into chromaffin cells or sympathetic neurones. The trafficking of
these two membrane proteins was also considered in CHO-38 fibroblasts and H.Ep.2
epithelial cells, respectively, for an insight into their trafficking in the absence of regulated
secretory organelles and any correlation between the biogenesis of regulated secretory
organelles and other intracellular compartments.

5.1. SYNAPTIC VESICLE BIOGENESIS.

Newly synthesised synaptophysin has been shown to cycle to and from the cell surface of
both PC 12 cells and CHO-38 cells with similar patterns of recycling (figures 3.4. and
3.5.). In CHO-38 cells, the same proportion of newly synthesised synaptophysin was as
accessible to fluid phase marker as newly synthesised TR one hour after labelling, while
in PC 12 cells half as much newly synthesised synaptophysin was as accessible to newly
synthesised TR (figure 3.7.). These data, together with results from other studies
(Bauerfeind et aL, 1993; Lah and Burry, 1993a; Régnier-Vigouroux et al., 1991) indicate
that newly synthesised synaptophysin is incorporated into the synaptic-like microvesicles
(SLMVs) of PC 12 cells after several recycling events from the cell surface to early
endosomes, while synaptophysin in nonneuroendocrine cells continues to recycle (section
3.5.).
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This may be the case with newly synthesised synaptic vesicle components in neuronal
cells: A high rate of continuous recycling of synaptic vesicle precursors can be detected
in cultured neurones (Matteoli et aL, 1992) which appears to correlate with Ca^+independent transmitter release that precedes synapse maturation (Young and Poo, 1983).
Ca^+-dependent neurotransmitter release is established within seconds of contact
formation in certain neurones and may involve the suppression of this constitutive
recycling (Jahn and Siidhof, 1993 and references therein). Parton et al. (1992) have
identified structures in cultured hippocampal neuron presynaptic terminals that resemble
the tubular and MVB-like structures found in the cell body and dendrites, although they
were much less extensive and do not contain TR (Mundigl et aL, 1993; Parton et al.,
1992). When the polymeric immunoglobulin receptor (pIgR; a transmembrane protein
that is targeted from the basolateral to the apical surface of epithelial cells) is expressed in
NGF treated PC 12 cells, it is targeted to the tips of neurites (as is synaptophysin) but not
included into SLMVs, while the TR and CI-MPR were restricted to the cell body
(Bonzelius et al., 1994). These structures at neurite tips and nerve terminals may be
specialised endosomes distinct from early endosomes (sections 1.2.2. and 1.2.3.) and
prelysosomes (section 1.2.4.) and potential sites for synaptic vesicle jbiogenesis, although
their is no direct evidence that this is the case.

In addition, synaptic vesicles could also arise from early endosomal compartments, as
suggested by experiments in NGF untreated PC 12 cells (chapter three)(Bauerfeind et aL,
1993; Lah and Burry, 1993a; Régnier-Vigouroux etal., 1991). The association of
synaptophysin with TR-containing compaitments in the somatodendritic region of
cultured hippocampal neurones (Mundigl et aL, 1993) suggests that synaptic vesicles
form after synaptophysin sorting from TR-containing endosomes in these cells. In
addition, TR-containing endosomes in PC 12 cells have been shown to import the
classical neurotransmitter, acetylcholine, in an ATP-dependent manner (Bauerfeind et aL,
1993), indicating that early endosomal compartments are capable of taking on SLMV-like
characteristics, perhaps as SLMVs are forming. Whether or not the formation of SLMVs
in PC 12 cells (which actively produce large quantities of newly synthesised proteins)

212

represents the formation of synaptic vesicles in neurones (which are principally involved
in recycling proteins), the above evidence suggests that early endosomal structures are
involved in synaptic vesicle biogenesis.

The biogensis of synaptic vesicles can be likened to that of the GLUT4 compartment of
adipocytes, where insulin triggers the exocytosis of small vesicles containing the GLUT4
glucose transporter and the GLUT4 transporter is internalised into endosomes following
this stimulation (section 1.2.6.). GLUT4 storage in specialised regulated secretory
organelles has been proposed to arise due to passage through early endocytic
compartments (Corvera etal., 1994; Verhey and Bimbaum, 1994). Indeed, adipocyte
proteins related to the neuronal synaptobrevins are components of the GLÜT4 vesicles
and aie translocated to the cell surface in response to insulin (Cain et at., 1992). This
suggests some common characteristics, such as formation and/or exocytosis, exist
between synaptic vesicles and GLUT4 vesicles. However, when GLUT4 was expressed
in differentiated PC12 cells it was efficiently excluded from SLMVs (Herman and
Bonzelius, 1994; Hudson et at., 1993). This indicates that synaptic vesicle biogenesis
from endosomes is distint fron>GLUT4sequestration in the endocytic pathway.

5.2. DENSE CORE GRANULE BIOGENESIS.

Hudson et. al. (1993) found that GLUT4 was concentrated in dense core granules when
transfected into PC 12 cells, implying that GLUT4 targeting can also be compared to
p-selectin targeting in PC 12 cells: Both p-selectin and GLUT4 pass to the cell surface on
cell stimulation for a specific function that has to be performed at the plasma membrane,
cell adhesion and uptake of glucose respectively. Indeed, the p-selectin C2 region shown
to be important for dense core granule localisation in PC 12 cells (figures 4.2. and 4.9.)
has C-terminal SP residues, as does the cytoplasmic N-terminus of GLUT4, a region
shown to be important in intracellular sequestration of GLUT4 in CHO cells (Piper et al.,
1992). Whether or not SP residues form any type of signalling motif for dense core
granules (or any other organelle) remains undetermined.
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P-selectin trafficking can also be likened to that of invariant chain (section 1.2.7.): When
expressed in human fibroblasts to high levels in the absence of MHC class II chains,
invariant chain induces the formation of large vacuolar structures, or "macrosomes", that
are positive for TGN, endosome, lysosome and fluid phase markers (Gorvel et aL,
1995). The formation of these structures is abolished, however, when the invariant chain
cytoplasmic LI signal is mutated to a di-alanine (Pieters et aL, 1993), such that this motif
may be involved in targeting to macrosomes and maybe even the formation of
macrosomes (Bremnes et aL, 1994; Gorvel et aL, 1995; Pieters et aL, 1993). The
multivesicular body-like (MVB-like) structures induced on the expression of ssHRPpselectin in H.Ep.2 cells (figure 4.17.) could be considered analogous to this formation of
macrosomes. However, there are no di-leucine, leucine-isoleucine or methionine-leucine
signals (table 1 . 1 .) in the p-selectin cytoplasmic tail like tiiose within tlie invariant chain.

Several lectins, such as Con A and WGA, have been described which also result in the
formation of large, persistant vacuoles (Rabinowitz et aL, 1992 and references therein).
In particular, WGA accumulates in prelysosomal compartments and causes large vacuolar
dilations of tubular structures (Rabinowitz et aL, 1992). These authors propose that these
arise due to lectin-induced crosslinking events which ultimately block the incorporation of
material into these structures. However, the induction of the MVB-like structures by
expression of ssHRPp-selectin in H.Ep.2 cells could not be a result of p-selectin's lectin
like binding abiUty because these domains have been replaced with HRP (section
1.5.4.1). Ultimately, these induced MVB-like structures must be produced due to the
interactions of the p-selectin transmembrane and/or cytoplasmic tail, perhaps as a result of
phosphorylation events and/or oligomerisation (section 4.4.).

Some selectin proteins are directed to lysosomes in cells where they are expressed
endogenously, the function of which is unknown. For example, the selectin protein eselectin, which is endogenous to cultured endothelial cells (HUVECS) is not targeted to
dense core granules in these cells but is transported through the endocytic pathway to
lysosomes (Subramaniam et aL, 1993). The e-selectin cytoplasmic C-terminus is also a
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short stre tch of residues that contain a potential tight turn FENY structure (residues 539
to 542) and contain two adjacent isoleucine residues, which could be internalisation
signals or lysosomal targeting signals (table 1.1.). E-selectin also contains PS residues
(545 and 546), which could be likened to the SP residues contained in GLUT4 and pselectin, and e-selectin contains serine and tyrosine residues that could potentially become
phosphorylated. However, there are no other obvious sequences or sequence motifs
present or absent from p-selectin and e-selectin cytoplasmic tails that give clues to the
nature of the p-selectin granule targeting signal in the C2 region, or indeed the lysosomal
targeting signal in the C l region. In fact, (Subramaniam et al., 1993) report that after
endothelial cell stimulation, p-selectin recycles through a juxtanuclear area to WeibelPalade bodies and is not directed to lysosomes. Why p-selectin contains a lysosomal
targeting signal to carry out its in vivo physiological functions therefore remains unclear.

c y to p lasm ic tail
P -s e le c tin

755RKRFRQKDDGKCPLNPHSHLGTYGVFTNAAFDPSF«9

E -s e le c tin

524AKKFVPASSCQSLOSFENYQGPSYII549

T able 5.1. Comparison of p-selectin and e-selectin cytoplasmic tails.

Correlations between components of dense core granule sorting and lysosome protein
sorting have also been observed in other cell types: For example, the granule membrane
protein G P II is found in lysosomes (Weiler et. a l, 1990) and the lysosomal protein
CD63 (lamp-3 or limp-IQ; section 1.1.7.) has been found in Weibel-Palade bodies and agranules of endothelial cells and platelets respectively (Nishibori e ta l, 1993; Vischer and
Wagner, 1993). In addition, tlie immature granules isolated from pancreatic P-ceUs have
been found to contain procathepsin B, while mature cathepsin B is found exclusively in
lysosomes (Kuliawat and Arvan, 1994). According to the model of constitutive-like
secretion from immature granules proposed by these authors (figure 1.14.) these
lysosomal hydrolase precursors bypass sorting at the TGN and enter immature granules.
This process occurs independently of mannose 6 -phosphate, but the removal of hydrolase
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precursors from immature granules to the lysosome was found to occur by a highly
efficient, mannose 6 -phosphate-dependent receptor-mediated mechanism, perhaps
involving MPRs (Kuliawat and Arvan, 1994).

Another example of the interactions between elements of granule sorting and lysosome
sorting comes from the biogenesis of dense core granules in cells of the immune system:
The lytic granules of cytotoxic lymphocytes and natural killer cells are specialised
secretory organelles containing serine proteases, "granzymes" that are produced after
initial cell stimulation and mediate cell killing in response to specific cell-cell recognition
(Peters etal., 1991b). By studying cytotoxic T cells cloned from patients with I-cell
disease (whose lysosomal hydrolases lack mannose 6 -phosphate; section 1.1.3.),
granzyme incorporation into lytic granules was shown to involve two mechanisms: A
major mechanism involving mannose 6 -phosphate recognition; and a less efficient,
mannose 6 -phosphate-independent mechanism (Griffiths and Isaaz, 1993). Lysosomal
proteins are also released during cell mediated killing and both lytic granules and
lysosomes can be reached via the endocytic pathway as well as the secretory pathway
(Griffiths and Isaaz, 1993 and references therein). These lytic granules therefore arise by
a mechanism similar to that involved lysosome biogenesis (sections 1.1.6., 1.1.7.,
1.2.4. and 1.2.5.).

5.3. CONCLUSIONS.

Newly synthesised synaptophysin recycles between the plasma membrane and an
intracellular compartment in cell lines that do and do not contain SLMVs, PC 12 cells and
transfected CHO-38 cells respectively (section 3.3.). One hour after labelling, newly
synthesised synaptophysin can be detected in TR-containing compartments, although
almost half as much synaptophysin was found in TR-containing compartments in PC 12
cells than in CHO-38 cells (section 3.4.). This is in accordance with newly synthesised
synaptophysin passage through the early endosome before incorporation into the SLMVs
of PC12 cells (Bauerfeind etal., 1993; Régnier-Vigouroux etal., 1991), while
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continuing to recycle in nonneuroendocrine cells, where SLMVs or synaptic vesicles are
absent (Feany et aL, 1993b). Studies in neurones also suggest that synaptic vesicle
membrane proteins recycle through TR-containing endososmal compartments in the cell
body before associating with one another to form synaptic vesicles (Mundigl et al.,
1993). However, the exclusion of GLUT4 from SLMVs in PC12 cells (Herman and
Bonzelius, 1994; Hudson et at., 1993) indicates that synaptic vesicles are organelles
whose biogenesis requires the exclusion of not only nonregulated proteins but also
membrane proteins of regulated secretory organelles from other systems. Synaptic
vesicles may therefore be a highly specialised recycling vesicles whose biogenesis,
perhaps from TR-containing endsosomes, requires specific protein-prcfein interactions
that incorporate synaptic vesicle membrane proteins in the right stoichiometric quantities
while excluding all other membrane proteins. These recycling vesicles would then be
docked at the plasma membrane and their ability to undergo exocytosis placed under Ca^+
control for fast, efficient quantal release of neurotransmitter on cell stimulation.

By contrast, the formation of dense core granules can be likened to the formation of
lysosomes (sections 1.2.5. and 1.5.7.): Their newly synthesised components both bud
from clathrin coated regions of the TGN; they both undergo fusion events with other
granules or lysosomes; and they both remove soluble material in vesicles that bud from
their perimeter membranes. In addition, overlapping distributions can be observed with
lysosomal and dense core granule proteins, such as GP II (Weiler et. a l, 1990), CD63
(lamp-3 or limp-III) (Nishibori et al., 1993; Vischer and Wagner, 1993) and lysosomal
hydrolases (Kuliawat and Arvan, 1994) and specialised cells can induce dense core
granule formation from lysosomes on cell stimulation (Griffiths and Isaaz, 1993; Peters et
al., 1991). By looking at the incorporation of the secretory granule membrane protein, pselectin, into dense core granules information can be gained as to the nature of dense core
granule biogenesis relative to lysosome biogenesis:

The requirement of the C-terminal fourteen residues of the p-selectin cytoplasmic tail for
dense core localisation (figures 4.2. and 4.9.) implies that these residues contain motifs
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necessary (although not necessarily sufficient) for dense core granule targeting in PC 12
cells. This targeting could involve oligomerisation, interactions with clathrin coats and/or
phosphorylation events, i.e., potential mechanisms for dense core granule biogenesis.
The fact that the C2 region does not appear to be required for lysosomal localisation in
H.Ep.2 cells (chapter four) or CHO cells (Green et al., 1994), indicates that lysosomal
targeting and dense core granule targeting of p-selectin occurs by different mechanisms.
This is supported by the localisation of ssHRPp-selectin in dense core granules in PC I2
cells, with undetectable levels of the protein in lysosomes at steady state (figure 4.24.).
The localisation of ssHRPp-selectin in large MVB-like structures with numerous inner
vesicles in H.Ep.2 cells (figure 4.17.), however, suggests that p-selectin targeting to
lysosomes in these cells involves the inward vésiculation of vacuolar membranes in a
mechanism analogous to that suggested for lysosomal targeting of EGR-bound EGFR
(Felder et al., 1990; Futter et a i, 1993). The dense core granule membrane protein, pselectin, therefore contains distinct sorting information for lysosomal and dense core
granule targeting.

By studying the incorporation of constituent membrane proteins into regulated secretory
organelles, work done in this thesis, together with other studies, has shown that synaptic
vesicle biogenesis involves the recycling of a synaptic vesicle membrane protein from the
cell surface through the endocytic system, whereas dense core granule biogenesis
involves a mechanism that is distinct from, yet similar to, lysosome biogenesis. Future
expression of such proteins in both their native and mutated forms in a variety of cell lines
may complete our knowledge of regulated secretory organelle biogenesis and further our
understanding of the evolution of these specialised compartments from organelles
common to all eukaryotic cells.
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