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ABSTRACT

PKCI is a member of the highly conserved and ubiquitous HIT (Histidine triad)
family of proteins. It was originally purified as an inhibitor of protein kinase C (PKC)
and proposed to bind zinc via the HIT motif. However, recent studies have shown that
PKCI is not a regulator of PKC activity. In order to structurally and functionally
characterise PKCI, the gene was cloned from a human T-cell cDNA library, expressed
in Escherichia coli and the recombinant protein purified. The three-dimensional

structure of PKCI was determined and refined at 2.2 A resolution. The main structural

feature of PKCI is a ten stranded -sheet structure with a typical right handed twist that

extends across two PKCI monomers to form a dimer. Each monomer consists of five

antiparallel B-sheets and two o-helices. Circular dichroism studies show that while

human PKCI does not bind zinc, maize PKCI binds zinc via Cys107 but not the HIT
motif. Although it has not been possible to detect an association between PKCI and 14-
3-3, PKCI and 14-3-3 proteins appear to synergistically inhibit PKC activity.
However, PKCI alone does not inhibit nor interact with PKC. To date, no definitive
description of any function for PKCI has been reported. In order to elucidate a
physiological function for PKCI, affinity chromatography was used to identify PKCI
interacting proteins. Munc18-1 was identified as the major PKCI-binding protein in
porcine brain. Munc18-1 is known to interact with syntaxin 1A and is required for

synaptic vesicle exocytosis. I have shown that munc18-1 and PKCI bind with an

equilibrium dissociation constant of 0.3uM. Munc18-1 complexed with PKCI no

longer binds to syntaxin 1A, suggesting a role for PKCI in neurotransmitter release
where it may regulate SNARE complex formation. Injection of PKCI into squid giant
presynaptic terminals reduces synaptic depression indicating that PKCI increases the
number of synaptic vesicles available for neurotransmitter release. Immunofluorescence
studies show that PKCI is localised to the plasma membrane, consistent with a potential
interaction between PKCI and muncl8 in vivo. Together, these data demonstrate a

potential physiological function for PKCI in synaptic vesicle exocytosis.
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1.1 PREAMBLE

The introduction gives a general overview of PKCI, PKC, 14-3-3 proteins
together with the process of synaptic vesicle exocytosis and munc18-1. The objective
of this study was to characterise PKCI. The protein was originally purified from bovine
brain as an inhibitor of protein kinase C (PKC) and was designated PKCI (McDonald
and Walsh, 1985; Pearson et al., 1990). In addition, PKCI has been suggested to

interact with the N-terminal domain of PKCP (unpublished data quoted in Lima et al.,

1996). 14-3-3 proteins have been identified as potent inhibitors of PKC (Toker et al.,
1990; Toker et al., 1992) and previous studies have shown that 14-3-3 proteins and
maize PKCI synergistically inhibit PKC activity (Robinson et al., 1995), suggesting
that PKCI, PKC and 14-3-3 proteins may form a complex. Data presented in this thesis
demonstrates that PKCI interacts with munc18-1, a neuronal protein involved in
synaptic vesicle exocytosis. A physiological role for PKCI in synaptic vesicle
exocytosis is also proposed. Therefore, an account of the process of synaptic vesicle
exocytosis and proteins (e.g. muncl8) playing important roles in neurotransmitter

release is presented.
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1.2 PKCI

PKCI is a member of the histidine triad (HIT) family of proteins, named for a
His-X-His-X-His-X motif near the C terminus (in which X is a hydrophobic amino
acid). The HIT family are a group of dimeric proteins which consist of at least two

subfamilies.

HIT FAMILY

/N

PKCI SUBFAMILY FHIT SUBFAMILY

The PKCI subfamily is found throughout evolution and is characterised by a
highly conserved COOH-terminal sequence and greater than 94% amino acid identity
between known mammalian homologues. In addition, around 60% amino acid
sequence identity is observed in this subfamily between organisms as diverse as
mammals and prokaryotes.

A large number of PKCI homologues have been identified from a diverse
number of organisms including mycoplasma, plants, bacteria, yeast and mammals
(Seraphin, 1992; Robinson and Aitken, 1994, [Fig. 1]). However, the nomenclature is
inconsistent and this protein has been variously named PKCI (bovine, Pearson et al.,
1990), ZBP14 (maize, Robinson et al., 1995), PKCI-1 (human, Lima et al., 1996) and
HINT/p13.7 (rabbit, Brenner et al., 1997; Gilmour et al., 1997, respectively).

The second subfamily which includes the FHIT (fragile histidine triad) protein
appears to be confined to eukarya (with representative sequences in humans and two
yeast genera). These share approximately 50% sequence identity between one another,
but diverge significantly from the PKCI subfamily (20% identity) by differences at the
N- and C- termini. The human FHIT gene has recently been cloned and is located at a
fragile site on human chromosome 3p14.2 (Ohta et al., 1996). Disruption of this gene
is associated with many human tumours including oesophageal, breast, kidney, lung,
stomach and colon carcinomas, but definitive evidence supporting a proposed role as a

tumour suppressor (Barnes et al., 1996) has yet to be presented.
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Fig. 1 Sequence alignment of the PKCI subfamily

Amino acid sequence alignment of several representative PKCI family members.

Helical regions are denoted by a cross-hatched bar and 3 strands are denoted by arrows

over the aligned sequence. Amino acids proposed to be involved in nucleotide binding
are shown in red and the histidine triad is shown in green. Secondary structure
assignments and numbering are those of human PKCI. PKCI sequences used for this
alignment include those from Homo sapiens (SWISS-PROT database accession
number P49773), Bos taurus (P16436), Caenorhabditis elegans (P53795)
Synechococcus sp (P32084), Brassica juncea (P42855), Zea mays (P42856),
Haemophilus influenzae (P44956), Escherichia coli (P36950), Azospirillum brasilense
(P26724), Mycoplasma genitalium (P47378), Saccharomyces cerevisiae (Q04344),
Mycobacterium tuberculosis (Q11066), Mycoplasma hyorhinis (P32083) and
Mycobacterium laprae (P49774).
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The FHIT protein has dinucleoside 5'.5"-Pl.P3-triphosphate (Ap3A)
hydrolase activity in vitro, and the histidine triad has been shown to be critical for its
activity (Barnes et al., 1996). It is most closely related (50% identity) to the

Schizosaccharomyces pombe HIT family member, which has been shown to have
diadenosine 5'.5"'-P1.P4-tetraphosphate (Ap4A) asymmetrical hydrolase activity

(Robinson et al., 1993). However, the sequence similarity with PKCI is limited,

making it unclear whether the proteins perform similar in vivo functions.

1.2.1 PKCI: A protein kinase C inhibitor ?

PKCI was originally purified from bovine brain as an inhibitor of protein kinase

C (PKC) with an apparent IC,, of 2.2uM (McDonald and Walsh, 1985; Pearson et al.,

1990). In addition, injection of purified bovine PKCI into the cell bodies of embryonic
chick sensory neurones was shown to inhibit PKC-mediated release of calcium in nerve
cells (Rane et al., 1989). A high degree of sequence conservation (95% identity)
suggests that the human protein may also be a potent PKC inhibitor. However, it has
not been possible to demonstrate a PKC inhibitory effect with PKCI purified from
other species (Robinson et al., 1995; Wakui et al., 1995; Brenner et al., 1997; Klein et
al., 1998), regardless of whether it was isolated from tissue extracts or expressed in
E.coli. 1t is interesting to note that maize PKCI (73% similarity and 54% identity to

human/bovine PKCI) has very little activity as an inhibitor of PKC (maximum 20%

inhibition, IC;, of 6.6uM). However, in the presence of 14-3-3 proteins, which inhibit

PKC in the absence of diacylglycerol (Toker et al., 1990), the PKC inhibition appears

to be synergistic (Robinson et al., 1995).

1.2.2 PKCI: A zinc binding protein ?

Bovine PKCI has been shown, by radioactive zinc overlay assays, to bind zinc
specifically over other bivalent cations such as calcium or magnesium (Pearson et al.,

1990). The HIT motif was originally reported (Mozier et al., 1991) to be a binding site
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for a zinc ion and this was consequently assumed to be one of the functions of PKCI.
Analysis of a synthetic peptide corresponding to the histidine-rich region of bovine
PKCI(QS VYHVHLH VLG G R Q) by ®ZnCl, overlay assays identified the

zinc-binding site as H V H L H, which binds one zinc ion per protein molecule with a

Kd of 4.3uM (Mozier et al., 1991). The HIT motif in this protein is distinct from any

corresponding site on other characterised zinc-binding proteins. Since there are no other
amino acids (His, Cys, Glu or Asp) in this peptide that are capable of zinc co-
ordination, it is likely that all three histidines participate in binding and the fourth ligand
is water. A similar synthetic peptide (G H G H G H G) has been shown to bind zinc in
a 1:1 ratio (Iyer et al., 1981).

Circular dichroism analysis of bovine and maize PKCI has shown it to be 23%

o-helix, 42% B-conformation (31% PB-sheet and 11% PB-turn) and 34% random coil.

Addition of zinc to maize PKCI (1:1 ratio) induces a large shift in secondary structure

from o-helix to the formation of B-sheet, which is reversible upon the addition of

EDTA (Robinson et al., 1995). These results are consistent with equilibrium gel
penetration studies, which suggest that bovine PKCI binds one zinc ion per monomer
(Mozier et al., 1991). In contrast to these data, X-ray crystallographic studies of both
human and rabbit PKCI shows no evidence for zinc binding (Lima et al., 1996;

Brenner et al., 1997, respectively).

1.2.3 PKCI: A nucleotide binding protein ?

PKCI has also been proposed to bind nucleotides, and the three-dimensional
crystal structure of rabbit PKCI bound to adenosine, GMP and 8-Bromo-AMP has
been elucidated. In fact, the HIT motif, rather than constituting a zinc-binding site, has
been suggested to form part of the phosphate binding loop of nucleotides (Brenner et
al., 1997). The amino acids most conserved in the PKCI family mediate nucleotide

binding (Fig. 1). However, as PKCI has been suggested to bind so many different
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nucleotides and nucleosides (Gilmour et al., 1997), the physiological significance of

this broad nucleotide binding specificity is not known.

1.2.4 Tissue distribution and subcellular localisation

PKCI is ubiquitously expressed. While it has been shown to be present in
striated muscle, aorta, stomach, intestine and trachea, it is most concentrated in
secretory tissues such as liver and brain (McDonald et al., 1987). PKCI has
been mapped to human chromosome 5q31.2 by fluorescence in situ hybridisation

(Brzoska et al., 1996). Recently, PKCI has been identified in ovine luteal tissue where

it may be involved in resistance of the corpus luteum to Prostaglandin F,, (Juengel et

al., 1998).

Indirect immunofluorescence studies have been carried out to determine the
subcellular localisation of PKCI but these data are not consistent. It has been reported
that PKCI is localised to filamentous structures in the cytoplasm of a human fibroblast
cell line and is largely excluded from the nucleus (Brzoska et al., 1996). On the other
hand, others report that PKCI is present mainly in the nucleus of mammalian cell lines
(Klein et al., 1998). Immunohistochemical studies have showed that PKCI is
specifically localised to epithelial cells of Henle’s loops, with highest expression levels

at the apical membranes (Wakui et al., 1995) where it is loosely bound.

1.2.5 PKCI binding proteins
The yeast two hybrid system has identified a number of potential PKCI binding

proteins. Using the ataxia-telangiectasia suppressor protein (ataxia-telangiectasia
complementation protein D [ATDC]) from human LM217 fibroblasts as bait, Brzoska
et al. (1995) have identified a potential interaction with PKCI. The ATDC protein is
implicated in the human genetic disease ataxia-telangiectasia (AT), an autosomal
recessive disease characterised by immunological, neurological, and developmental
defects and an increased risk of cancer (Sedgwick et al., 1991). However, there is no

in vitro biochemical evidence of this interaction and immunofluorescence data have
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shown that PKCI and ATDC do not colocalise (Brzoska et al., 1996). In a separate

study, amino acids 1-317 of human PKCP have been suggested to interact with PKCI
(unpublished data quoted in Lima et al., 1996). However, recent biochemical studies

by these authors have failed to demonstrate that recombinant PKCI binds to PKCP or

inhibits its kinase activity (Klein et al., 1998). The observation that human PKCI
interacts with a mouse PKCI homologue in a yeast two hybrid (Klein et al., 1998) is
suggestive of heterodimerisation between PKCI homologues. While the physiological
relevance remains to be elucidated, this is consistent with size exclusion
chromatography and crystallographic studies which show that PKCI exists as a dimer.
The three-dimensional structures of human and rabbit PKCI have been elucidated (Lima

et al., 1996; Brenner et al., 1997, respectively) and will be further discussed in 4.1.
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1.3 PROTEIN KINASE C

Protein kinase C (PKC) comprises a large family of serine/threonine protein
kinases whose activities are physiologically regulated by phospholipids and
diacylglycerol (Takai et al., 1979; Nishizuka, 1984a; Kikkawa et al., 1989). PKC is
known to play crucial roles in intracellular signal transduction events elicited by various
extracellular stimuli such as growth factors, hormones and neurotransmitters

(Nishizuka, 1984a; Nishizuka, 1986).

1.3.1 Regulation of PKC activity

The activation of PKC by 1,2-sn-diacylglycerol (DAG) results in the
phosphorylation of a wide range of proteins, leading to the regulation of many
physiological processes such as secretion, control of neurotransmitter release, smooth
muscle contraction, lymphocyte mitogenesis and proliferation of cells, apoptosis,
platelet activation, as well as modulating membrane conductance (Nishizuka, 1989).
Upon activation, PKC translocates from the cytoplasm to membranes. Binding of DAG
and phosphatidylserine (an acidic lipid located exclusively on the cytoplasmic face of
membranes) to the amino-terminal regulatory domain of PKC is sufficient to recruit
PKC from cytosol to the membranes (Kraft and Anderson, 1983; reviewed in Newton,
1997) and phosphorylation of relevant substrates. PKC can also be activated directly by
phorbol esters (potent tumour promoters) in a manner analogous to DAG (Nishizuka,
1984b). Several lipid second messengers and mediators have been shown to activate
specific isoforms of PKC (reviewed in Toker, 1998).

Phosphorylation and dephosphorylation of protein substrates by kinases and
phosphatases, respectively, are enzymatic activities that play prominent roles in the
transduction of signals from cell membrane receptors to the nucleus. Phosphorylation
has emerged as an important mechanism of regulation of all PKCs and plays a critical
role in the activation of PKC. PKC has recently been shown to be phosphorylated in
vivo and three key residues in the catalytic (C4) domain have been mapped (Tsutakawa

et al., 1995; Keranen et al., 1995). PKC is initially phosphorylated by
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phosphoinositide-dependent ~ kinase-1 (PDK-1)  and is subsequently
(auto)phosphorylated (Chou et al., 1998; Le Good et al., 1998).

The activity of PKC must be tightly regulated as these enzymes have been
implicated in a multitude of physiological processes. A mechanism must exist to
modulate its transient activity in vivo, either by effective removal of second
messengers, competition for substrate/cofactor/ATP binding sites, proteolysis or direct
inactivation of the enzyme. Selective inhibition of PKC isoforms could be important for
regulating physiological events and may help to explain the enzyme’s diverse roles.
One such control mechanism could be via direct inhibition by interacting proteins,
including calmodulin (Albert et al., 1994), annexin V (Schlaepfer et al., 1992) and 14-
3-3 proteins (Toker et al., 1990).

1.3.2 Structure of PKC

PKC can be divided into two functionally distinct domains (Fig. 2). The amino-
terminal regulatory domain (C1-V3 region), of which the C1 domain binds DAG or
phorbol esters, the C2 domain which binds calcium and acidic phospholipids (reviewed
in Newton, 1995a) and the carboxyl terminal catalytic domain (C3-V5), containing the
ATP-binding and substrate-binding sites. The regulatory and catalytic domains are
separated by a flexible hinge region which becomes proteolytically labile when the

enzyme is membrane bound.

1.3.3 Three subfamilies of PKC
Eleven mammalian PKC genes have been isolated and their protein products can
be grouped into three subfamilies (Table 1). Several non-mammalian PKCs have also

been identified (Mellor and Parker, 1998).
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Fig. 2 Common structure of the PKC family

Schematic of the primary structure of the PKC family. The BI and BII subspecies are

derived from a single gene by alternative splicing. Four conserved (C1-C4) regions,

pseudosubstrate domain (PS), pleckstrin homology domain (PH), the putative signal

peptide (SP) and transmembrane (TM) domains in PKCY/PKD are shown.
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Table 1. PKC subfamily

Subfamily Isoform Activators
conventional PKC PKCa
(cPKC) PKCBI/PKCBII || Ca*, DAG and phosphatidylserine
PKCy
novel PKC PKC$
(nPKC) PKCe DAG and phosphatidylserine
PKCn
| Pxce
atypical PKC PKCC
(aPKC) PKCvA phosphatidylserine
PKCWPKD

Members of the Ca**-dependent conventional subfamily (cPKC): PKCa., BI,

BII and v contain four conserved domains, namely, the C1 domain (which contains a

tandem cysteine-rich repeat motif, Cys1 and Cys2), the C2 domain and the catalytic C3
and C4 domains interspaced with isozyme-unique (variable or V) domains. cPKCs
require calcium and phosphatidylserine for activation. In addition, they bind to and are
activated by DAG or phorbol esters, which increases the specificity of the enzyme for
phosphatidylserine and also increases the affinity of the enzyme for calcium (reviewed

in Newton, 1995b).

Members of the Ca**-independent novel enzymes (nPKC): PKCS9, €, 1, 6,

contain a C2-like N-terminal domain, are also activated by DAG and require

phosphatidylserine as a cofactor but do not require calcium.

The atypical subfamily (aPKC) includes PKCC and PKC1/A (PKCt and PKCA

are the human and mouse homologues of the same isoform). They lack the C2 domain
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and have only one C1 domain. In addition, they are insensitive to DAG, phorbol esters

and calcium but require phosphatidylserine as a cofactor (reviewed in Nishizuka,

1992). A recently described member of the aPKC family, PKCu or PKD (PKCp and

PKD are human and mouse homologues of the same isoform) is phospholipid-
dependent, calcium-insensitive and is activated by phorbol esters. The kinase core is
actually most similar to that of calmodulin-dependent kinases (reviewed in Dekker et

al., 1995).

1.3.4 Tissue distribution and cellular localisation

Multiple isoforms of PKC exist in any one tissue or cell (Table 2). PKC o,

BI/BIL, 8, € and { seem to be the most ubiquitous isoforms, whilst PKCy is exclusively

found in the central nervous system. However, the amounts of each subspecies varies

significantly (reviewed in Hug and Sarre, 1993).

Table 2. PKC subspecies in mammalian tissues

PKC Subspecies “Tissue Expression

o /B IV &/ &/ Brain, kidney, spleen, lung, heart, testis, thymus,

skin, liver

Brain and spinal cord only

Y
H ]
n Lung, skin, heart, brain, spleen
9 Skeletal muscle
A Ovary, testis

Immunocytochemical analysis has established that different PKC isoforms

localise to different subcellular compartments (reviewed in Jaken, 1996) and are
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expressed differently among various cell types (Dekker and Parker, 1994). As PKC
isoforms have different tissue distribution, substrate and cofactor specificity, this
strongly suggests that different isoforms may control different physiological events
(Nishizuka, 1984b; Kosaka et al., 1988). A key regulator of PKC function in vivo is
likely to be the subcellular distribution of both the enzyme and substrate. In vivo,
additional interactions with proteins that bind PKC may target the enzyme to specific

intracellular locations (Mochly-Rosen, 1995; Mochly-Rosen and Gordon, 1998).

1.3.5 PKC interacting proteins

A group of proteins collectively termed RACKS (receptors for activated C-
Kinase) have been identified and bind activated PKC (Mochly-Rosen et al., 1991a). As
RACKS are thought to interact with only activated PKCs, they may be involved in
targeting translocated PKCs to specific intracellular sites (Mochly-Rosen, 1995). A
peptide representing a short sequence found in annexinIand 14-3-3 (K GDYEK I
L VAL CGGN) binds to PKC directly and inhibits the binding of PKC to RACKS
(Mochly-Rosen et al., 1991b). In addition, it has recently been suggested that some
proteins may serve as receptors for inactive C-kinase (RICKS) (Mochly-Rosen and
Gordon, 1998).

Several other proteins that bind PKC have been identified, including vinculin,

talin, MARCKS, MARCKS-related protein, o. adducin, y adducin, annexins I, II and

VI (Schmitz-Peiffer et al., 1998), desmoyokin/AHNAK, and PICK1 (a nuclear protein

that binds to the catalytic domain of PKC) (reviewed in Jaken, 1996). Isoform-selective

binding to a number of proteins has been reported recently, for example, PKCO

interacts with 14-3-3 proteins (Meller et al., 1996).
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1.4 14-3-3 proteins

14-3-3 proteins are a family of highly conserved 30 kDa acidic proteins, so
named because of their particular migration pattern on two-dimensional DEAE-cellulose

chromatography and starch gel electrophoresis (Moore and Perez, 1968). There are five

major mammalian brain 14-3-3 isoforms (reviewed by Aitken et al., 1992), named o—n
(Toker et al., 1992). o and 6 isoforms are in fact the phosphoforms of B and (

respectively (Aitken et al., 1995a). Two other isoforms T and ¢ are present in T cells

and epithelial cells, respectively. Homologues of 14-3-3 proteins have also been found
in a broad range of organisms including plants (Hirsch et al., 1992; Brandt et al.,
1992), insects (Swanson and Ganguly, 1992), amphibians (Martens et al., 1992),
yeast (van Heusden et al., 1992) and Caenorhabditis elegans (Wang and Shakes,
1994).

14-3-3 proteins have been shown to be widely distributed and are expressed in
most mammalian tissues with high levels in brain (Watanabe et al., 1991). 14-3-3

isoforms are also found in the adrenal medulla, intestine, platelets and testis (Ichimura

et al., 1991). The o isoform is expressed in skin, ear and tongue (Celis et al., 1990).

Subcellular fractionation studies on rat brain has demonstrated that 14-3-3 isoforms
exist not only as soluble cytoplasmic proteins, but are also membrane associated
(Martin et al., 1994). Crystal structures do not reveal exposed hydrophobic regions on
14-3-3, nor has mass spectrometry analysis indicated post translational modifications
such as palmitylation. It is therefore likely that 14-3-3 forms a complex with other

membrane proteins.

1.4.1 Physiological function

Various biological activities have been ascribed to 14-3-3, including activation
of tyrosine and tryptophan hydroxylases (Ichimura et al., 1988), regulation of PKC

(Aitken, 1995), stimulation of calcium-dependent exocytosis (Morgan and Burgoyne,
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1992a), cofactor activity for ADP-ribosylation by Pseudomonas aeruginosa
exoenzyme S (Fu et al., 1993), potential regulation of gene transcription and the cell
cycle (Ford et al., 1994; Peng et al., 1997) and apoptosis (Hsu et al., 1997).

Recent findings have implicated 14-3-3 as a novel type of adapter protein that
modulates interactions between components of signal transduction pathways (Xiao et
al., 1995a; reviewed in Aitken, 1996). 14-3-3 proteins have been shown to interact

with an increasing number of proteins involved in signal transduction (Table 3).

Table 3. Interaction of 14-3-3 with proteins involved in signal

transduction
14-3-3 binding proteins Reference
Raf-1 Freed et al., 1994; Fu et al., 1994
Exoenzyme-S Fu et al., 1993

~c-Ber and Ber-Abl Reuther et al., 1994

polyomavirus middle tumour antigen Pallas et al., 1994
cdc25 phosphatases Conklin et al., 1995
PI13-kinase Eonnefoy-ﬁerard etal., 1995
~ Cbl Liu ef al., 1996
BAD Zha et al., 1996
PKCO Meller et al., 1996
KSR Xing et al., 1997
insulin-like growth factor I (IGF-1) and Craparo et al., 1997

insulin receptor substrate I

PCTAIRE Sladeczek et al., 1997
p53 Waterman et al., 1998
MEK Kinases Fanger et al., 1993
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The ability of diverse members of this family to form heterodimers (Jones et al.,
1995a) may allow the interaction between signalling proteins that do not associate

directly with each other.

1.4.2 Regulation of 14-3-3/target binding by phosphorylation

It has been reported that target protein phosphorylation is important for 14-3-3
binding via novel phosphoserine sequence motifs, RSXS*XP (where S¥ is
phosphoserine) (Muslin ef al., 1996) and RXY/FXS*XP (Yaffe et al., 1997). Several
different additional 14-3-3 binding sequences have been identified including RX, ,SX,
,SF and RXSXS"/T*XP (where T" is phosphothreonine) (Liu ef al., 1997; Andrews et
al., 1998).

Sequence alignments of PKC isoforms show that the RSXSPXP motif closely

matches the consensus motifs in PKCe. This would suggest that this isoform of PKC
associates most strongly with 14-3-3 and could explain why 14-3-3 has greater
activating (Acs et al., 1995) or inhibitory (Aitken et al., 1995b) effects on PKCe than

on other PKC isoforms. Poorer consensus motifs are present in PKCa, B, Y and & and

no consensus motif is apparent in PKCC (Aitken, 1996). It is not known whether any

of these sites are actually (auto)phosphorylated.

1.4.3 Structure of 14-3-3

Crystal structures of both the T and { isoforms of 14-3-3 have been determined

(Xiao et al., 1995a; Liu et al., 1995) and show that they are highly helical, dimeric

proteins (Fig. 3). Each monomer consists of nine antiparallel o-helices. The dimer

forms a large negatively charged channel, the interior of which contains amino acids
that are invariant throughout the family. The amino-terminal domain provides the dimer

interface and the floor of the channel, whereas the sides of the channel are created by
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Fig. 3 Structure of the 14-3-37 dimer

Ribbon representation of the 14-3-3t dimer with bound sulphate ion. Helices coloured

red represent the invariant inner surface of the channel, whereas the variant residues on

the outside of the dimer are coloured blue. The bottom figure is a 90° rotation of the
upper figure about the horizontal axis. The bound sulphate ion is shown in a space-

filling representation.
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the carboxyl-terminal domain. This channel may recognise common features of target
proteins, so the specificity of interaction of 14-3-3 isoforms with diverse target proteins
must involve the outer, less highly conserved, surface of the protein (Xiao et al.,

1995a).

1.4.4 14-3-3 proteins and PKC regulation
The role of 14-3-3 proteins on the regulation of PKC activity is rather

controversial. Some have found 14-3-3 to have an inhibitory effect on PKC activity
(Toker et al., 1990; Robinson et al., 1994), while others have shown that 14-3-3
activates PKC (Isobe et al., 1992; Tanji et al., 1994). The cause of these differences are
unresolved.

14-3-3 proteins were isolated from sheep brain as potent inhibitors of PKC,

with an IC,, of 0.9uM (Toker et al., 1990; Toker et al., 1992). The inhibitory

mechanism of 14-3-3 does not appear to involve competition with PKC for its
substrates, ATP, or cofactors (calcium or DAG). Although 14-3-3 contains residues
that are reminiscent of part of the pseudosubstrate domain of PKC, 14-3-3 does not
inhibit PKC via a pseudosubstrate site (Jones et al., 1995b). Inhibition of PKC by 14-
3-3 may be relieved to a maximum of 60% with DAG or phorbol ester (in the
dispersion assay). It is therefore, likely that 14-3-3 interacts with PKC at or near the
DAG/phorbol ester binding site, i.e. C1 domain (Robinson et al., 1994). Consistent
with this observation, the putative 14-3-3 target binding motif (refer to 1.4.2) is found

in the N-terminal regulatory domain of PKC.

14-3-3 B, v, € and m isoforms are phosphorylated by PKC in vitro at low

stoichiometry (Toker et al., 1992). Whether 14-3-3 itself is regulated by

phosphorylation by PKC in vivo is unknown.
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1.4.5 14-3-3 and exocytosis

Exol and Exo2 proteins have been isolated from brain cytosol (Morgan and
Burgoyne, 1992a) as stimulators of calcium-dependent exocytosis in permeabilised
adrenal chromaffin cells, an effect that is abolished by co-incubation with tetanus toxin,
a potent specific inhibitor of exocytosis in chromaffin cells (Morgan et al., 1993).

Peptide sequencing and immunoblotting have shown that Exol comprises a mixture of
14-3-3 B, v, €, 1 and { isoforms.

Recent studies have shown that 14-3-3 stimulates catecholamine release from
chromaffin cells by reorganisation of the cortical actin cytoskeleton (Roth and
Burgoyne, 1995). The ability of 14-3-3 to reactivate exocytosis is potentiated by PKC,
suggesting a key role for 14-3-3 proteins in the PKC-mediated control of calcium-
dependent exocytosis. PKC and 14-3-3 proteins have been shown to act synergistically
in the slow phase of calcium-dependent exocytosis from adrenal chromaffin cells

(Morgan and Burgoyne, 1992b).
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1.5 SYNAPTIC VESICLE EXOCYTOSIS

Regulated neurotransmitter secretion is the key step in synaptic transmission
and is the basis of intercellular communication in the nervous system. Neurotransmitter
release occurs by the exocytic fusion of synaptic vesicles with the presynaptic plasma
membrane, a process that is strongly dependent upon calcium ions (reviewed in Goda
and Sudhof, 1997; Bennett, 1997). During exocytosis, the fusion of the membranes of
the secretory vesicles and the plasma membrane leads to the release of messengers from
the cell into the extracellular space.

Two different types of exocytosis exists in cells, regulated and constitutive
(Kelly, 1985). During constitutive exocytosis, the chemical messengers are constantly
secreted. By contrast, in regulated exocytosis, secretory vesicles accumulate within the
secretory cells and only fuse in response to an extracellular signal leading to the
generation of second messengers such as, calcium ions, cyclic adenosine-
monophosphate (cAMP), cyclic guanosine-monophosphate (cGMP), DAG, inositol
phosphates, or guanosine triphosphate (GTP).

1.5.1 The synaptic vesicle cycle

Synaptic vesicle exocytosis is largely regulated by Ca® and an increasing
number of proteins (reviewed in Sudhof, 1995; Martin, 1997). The synaptic vesicle
cycle at the nerve terminal consists of vesicle exocytosis with neurotransmitter release,
endocytosis of empty vesicles, and regeneration of fresh vesicles. The cycle can be
divided into nine steps as outlined in Fig. 4.

Firstly, the neurotransmitter filled synaptic vesicles are docked at specialised
areas near Ca®* channels called the activé zone. The vesicles then proceed through a
priming step where they go through a maturation process that makes them competent
for fast Ca**-triggered membrane fusion. During priming a ternary complex of proteins
(syntaxin, synaptobrevin and SNAP 25) present on the synaptic vesicle and plasma

membrane (called the SNARE complex) is assembled.
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Fig. 4 The synaptic vesicle cycle
The nine steps of the synaptic vesicle cycle in the presynaptic nerve terminal.

This figure has been redrawn from Sudhof, 1995.
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The SNARE complex forms the anchor for a cascade of protein-protein
interactions required for exocytosis to occur. An action potential gives rise to an
increase in the Ca* concentration resulting in membrane fusion of synaptic vesicles and
neurotransmitter release. The empty synaptic vesicle membranes are rapidly internalised
by endocytosis. The clathrin coated vesicles are translocated, whereupon they shed
their coats and become recycling synaptic vesicles that fuse with early endosomes.
Synaptic vesicles are regenerated by budding from the endosomes and uptake of
neurotransmitters by active transport. The neurotransmitter-filled synaptic vesicles are
then translocated back to the active zone and the cycle proceeds. The entire synaptic
vesicle cycle takes approximately 1 min, exocytosis/fusion occurs in less than 1 ms and
endocytosis in less than 5 s. A large number of protein-protein interactions mediate exo
and endocytosis. A schematic representation of the role of some of these proteins is

shown in Fig. 5.

1.5.2 SNARE hypothesis

To account for the specificity of vesicular transport, the SNARE hypothesis
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) predicts that the
specificity of docking and fusion of vesicles is mediated by specific interactions
between proteins associated with vesicles (v-SNAREs) and target membranes ([t-
SNARESs], Rothman, 1994). The SNARE hypothesis identifies four key components:

0] v-SNARE (synaptobrevin)

(i1) t-SNARE (syntaxin and synaptosome associated protein of

25K, [SNAP-25])

(1)  acytosolic protein required for membrane fusion N-

ethylmaleimide-sensitive fusion protein (NSF)

(iv)  adaptors for NSF termed SNAPs (soluble NSF attachment

proteins)
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Fig. 5 Flow diagram summarising some of the protein-protein

interactions that mediate exo_and endocytosis

This schematic representation is by no means the exact order of events that take place in
the process of exo and endocytosis and is merely just a summary of some of the
proteins involved and possible sites of action. The role of many of these proteins at
different stages of the synaptic vesicle cycle have been studied using biochemical and
genetic methods. However, the precise function of most of these proteins is unclear and
is rather speculative. For example, it has been shown that syntaxin and Munc18-1
interact but whether this interaction takes place during docking has yet to be elucidated.
Synaptotagmin has been suggested to function as a Ca® sensor, however, this also

remains to be verified.



Fig.5 Flow diagram summarising some of the protein-protein
interactions that mediate exo and endocytosis

Docking Syntaxin complexed Synaptobrevin
to Munci18 complexed to
Synaptophysin

These complexes dissociate during or after
docking by an unknown mechanism

!

Priming SNAP25 binds Syntaxin

'

Synaptobrevin binds to form
the SNARE complex (7s)

'

SNARE complex serves as
a receptor for SNAPs

!

NSF binds to form the 20s complex

'

ATP hydrolysis by NSF disrupts the
complex leading to hemifusion

'

Fusion Synaptotagmin acts as a Ca2*sensor
and completes fusion by a Ca?*
triggered interaction with Syntaxin

Immediately after fusion and neurotransmitter
release

'

Endocytosis |Synaptotagmin acts as a receptor for AP2

Clathrin/dynamin bind AP2 and drive
endocytosis
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Syntaxin, synaptobrevin and SNAP-25 were originally identified as membrane
receptors for NSF and SNAPs and were therefore, designated SNAREs ([SNAP
receptors], Sollner et al., 1993; reviewed in Jahn and Hanson, 1998). It has been
proposed that NSF which catalyses disassembly of SNARE protein complexes,
triggers fusion between docked membranes and synaptic vesicles (Sollner et al., 1993).

The SNARE hypothesis proposed that formation of SNARE complexes may
play a critical role in docking. However, since its proposal, new findings have
prompted modifications (Hunt et al., 1994; Broadie et al., 1995), and led to a
reassessment of models of SNARE interactions and the events leading to vesicle
docking and fusion (reviewed in Hanson et al., 1997a; Gotte and von Mollard, 1998).
NSF was first believed to induce the fusion step by disrupting the SNARE complex,

but it is now clear that this is not the case (Mayer et al., 1996; Nichols et al., 1997).

Analysis of yeast vacuolar membranes have shown that NSF and o.-SNAP act before

the docking step (Mayer et al., 1996), arguing against the previously accepted

suggestion that NSF action is important primarily at a point between docking and

fusion. Consistent with these results, NSF and o-SNAP have been found to be

associated with chromaffin granules (Burgoyne and Williams, 1997), which would
suggest that they function prior to docking of the granules on the plasma nmiembrane. A
number of studies are consistent with a model in which SNARE complex disassembly
by NSF occurs following docking and prior to fusion, implying that the molecular
mechanisms mediating docking do not involve SNARE proteins. It is now believed that
NSF, SNAP and SNARE proteins are essential for fusion but may not be critical for
docking (reviewed in Robinson and Martin, 1998). Recent studies have suggested that
the fusion mechanism may in fact be due directly to SNARE complex formation
(Hanson et al., 1997b; Weber et al., 1998).

The function of the SNAREs in membrane fusion is not fully understood.
Nevertheless strong evidence for the involvement of SNARE proteins in membrane

fusion has been provided by studies showing inhibition of neurotransmission by
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specifc toxins that selectively digest the three SNAREs (Niemann et al., 1994). It has
been shown that toxins block exocytosis but not docking. In the absence of a SNARE
complex, synaptic vesicles are still associated with the plasma membrane since docked
vesicles can be seen in the squid giant synapse after proteolysis of syntaxin by
Botulinum toxin C1 (O’Connor et al., 1997).

Major conformational changes occur during SNARE complex formation.

Monomeric SNAP-25 and synaptobrevin lack secondary structure, but on formation of

a ternary complex a highly o-helical structure is observed (Fasshauer et al., 1997). In

agreement with these studies, the crystal structure of the SNARE complex has been
solved (Sutton et al., 1998) and reveals a highly twisted and parallel four-helix bundle.
The surface is highly grooved and displays distinct hydrophilic, hydrophobic and
charged regions. These characteristics may be important for membrane fusion and

regulation of neurotransmission.

1.5.3 Regulation of SNARE complex formation
The assembly of the SNARE complex appears to be controlled by a multitude of

other proteins such as various members of the Rab GTPase family (Lupashin and
Waters, 1997), the muncl8 protein family (Scheller, 1995) and fibrous “string”
proteins (Orci et al., 1998).

Munc18 interacts with syntaxin and thereby prevents formation of the SNARE
complex. One of the functions of the muncl8/syntaxin and the synaptophysin/
synaptobrevin interactions may be to ensure that the SNARE complex is assembled
only at the active zone, as they interfere with SNARE complex assembly. However, the
exact role of the Rab and muncl8 proteins, which act in the docking and fusion
processes, is still unknown. Interactions between t-SNAREs and neuronal Ca*
channels may help recruit SNARE complexes to the site of exocytosis (Sheng et al.,
1996). The Ca**-dependent binding of syntaxin to synaptotagmin, the major Ca**
receptor for neuronal exocytosis, may reflect a crucial switch in activating membrane

fusion (Li et al., 1995; Chapman et al., 1995). Other proteins, such as complexins have
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been shown to promote SNARE complex assembly (McMahon et al., 1995). Proteins
homologous to the SNAREs are important in trafficking throughout the secretory
pathway and are conserved throughout evolution (Bennett and Scheller, 1993; Ferro-

Novick and Jahn, 1994), thus suggesting a central role for these proteins in secretion.

1.5.4 The study of exocvtosis

A number of experimental procedures are available to study the role of proteins
involved in exocytosis. These include chromaffin cells from the adrenal medulla
(Aunis, 1998), the neuroendocrine phaeochromocytoma PC12 cell line (Wick et al.,
1993), microinjection at the squid giant synapse, and biochemical and genetic studies in
yeast (reviewed in Augustine et al., 1996). In combination, these studies have provided
valuable insights into the functions of the SNARE proteins in particular and the |

mechanisms involved in synaptic vesicle exocytosis, in general.



1.6 Munc18-1

Munc18-1 is a member of the Secl family of proteins, which is involved in
synaptic transmission and general secretion. To date, fourteen members of this family

have been identified (reviewed in Halachmi and Lev, 1996) as shown in Table 4.

Table 4. The Secl family of proteins

Species Name Reference
Yeast Secl, Slyl, Slp1/Vps33, Aalto et al., 1991
Vps45/Stt10
C. elegans Unc-18 and homologues of Slyl Hosono et al., 1992
and Slp1
Drosophilia Rop Salzberg et al., 1993
Mammalian rat munc18-1 Hata ez al., 1993
n-Secl Pevsner et al., 1994a
rbSeclA and rbSec1B Garcia et al., 1994
mouse munc18b/muSec! and Katagiri et al., 1995
muncl8c Tellam et al., 1995
bovine munc18 and mSec1l Hodel et al., 1994
human munc18-1 Swanson et al., 1998

The Secl gene is one of ten genes identified as being essential for the final
stages of protein secretion in Saccharomyces cerevisiae (Aalto et al., 1991). The
mammalian proteins share 44-63% amino acid identity with C.elegans and Drosophilia,

and 20-29% sequence identity with the yeast proteins.
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Muncl8 exists as a family of proteins with varying tissue distributions (Hata
and Sudhof, 1995; Katagiri et al., 1995; Tellam et al., 1995). Mammals express three
highly homologous isoforms of munc18, munc18-1 is enriched in neurons with low
levels expressed in testis, whereas munc18-2 and munc18-3 (62% and 51% amino acid

identity with munc18-1, respectively) are ubiquitously expressed (Table 5).

Table 5. Tissue distribution of muncl8 isoforms

Muncl8 isoform Expression

Munc18-1/muncl8a Brain

Munc18-2/munc18b/museci 'T‘estis, §pleen, Lung, Intestine, Kidney,

Adipose tissue

Munc18-3/munc18c ﬁbiquitous

The human homologue of munc18-1 has been characterised and the gene has
been mapped to chromosome 9q34.1. Munc18-1 shows abundant expression in retina
and brain and may be a candidate gene for retinal and/or neural disorders mapping to
9q34.1 (Swanson et al., 1998). The mouse muncl8-1 gene has been mapped to

chromosome 2 (Gotoh et al., 1998).

1.6.1 Subcellular localisation of muncl$

Munc18 has a widespread distribution throughout nerve cells. In spite of the
high affinity between munc18-1 and syntaxin (Kd of 5.7nM), the majority of munc18
is not found in a stable complex with syntaxin in vivo (Garcia et al., 1995), suggesting
that their binding is highly regulated. Although munc18-1 lacks a transmembrane
domain it is found in a soluble and membrane associated form (Garcia et al., 1995).
Munc18-1 has been shown to be localised to the cytoplasm and on chromaffin granules

(Hodel et al., 1994). It has been found to be associated with synaptic-like microvesicles
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(SLMVs) of endocrine cells and synaptic vesicles of neurons (Redecker ef al., 1998).
This localisation implies that munc18-1 exerts its regulatory functions while bound to
secretory vesicle membranes. Immunofluorescence microscopy has shown that the
majority of munc18-2 is membrane associated in Madin-Darby canine kidney (MDCK)
cells and co-expression of munc18-2 and syntaxin 1A in COS-1 cells results in
translocation of munc18-2 from the cytoplasm to the plasma membrane (Riento et al.,
1996). In agreement with these observations, muncl8c and syntaxin 4 are both

enriched in the plasma membrane (Tellam et al., 1997).

1.6.2 Muncl8 binding proteins

Munc18-1 binds to syntaxin 1A with an apparent Kd of 5.7nM. This
association requires both the N- and C-terminal domains of munc18-1 (Hata and
Sudhof, 1995). Syntaxins belong to a large family of synaptic plasma membrane
proteins that modulate neurosecretion (Bennett et al., 1993; Blasi et al., 1993; Schulze
et al., 1995). Within this family, syntaxins 1A and 1B are neuron specific (Bennett et
al., 1993). The association between muncl8 and syntaxin appears to be isoform

specific (Table 6).

Table 6. Isoform specific binding between muncl8 and syntaxin

Muncl8 isoform Syntaxin isoform
munc18-1 syntaxin 1A, 2 and 3
munc18-2 syntaxin 1A, 1C, 2 and 3
munc18-3 syntaxin 2 and 4

Munc18-1 and munc18-2 have been shown to interact with syntaxin isoforms
1A, 2 and 3 (Hata et al., 1993; Garcia et al., 1994; Pevsner et al., 1994a) but not with
syntaxin 4 or 5 (Pevsner et al., 1994b; Hata and Sudhof, 1995). Although munc18-1

and munc18-2 do not bind syntaxin 4, munc18-3 is predominantly associated with

47



syntaxin 4 (Tellam et al., 1997; Tamori et al., 1998). Overexpression of munc18-3
results in inhibition of insulin-induced translocation of a glucose transporter (GLUT4)
by modulating the formation of a SNARE complex (Tellam et al., 1997; Tamori et al.,
1998). The binding of SNAP-23 to syntaxin 4 in adipocytes is also inhibited by
munc18-3 (Araki et al., 1997). The association of munc18-2 with syntaxin 3 increases
upon treatment of cells with the PKC activator phorbol myristate acetate. However, this
results in a marked decrease in the SNARE proteins SNAP-23 and cellubrevin bound to
syntaxin (Riento et al., 1998). A novel isoform of syntaxin (syntaxin 1C) has been
identified and interaction studies in vitro have suggested that unlike syntaxin 1A, which
binds to both munc18-1 and munc18-2, syntaxin 1C binds only to munc18-2 (Jagadish
et al., 1997). Muncl8 may play a role in protein trafficking via its binding to the
syntaxin family. For example, munc18-1 regulates the physical and functional
association between syntaxin-lA and CFTR (a cyclic AMP-gated chloride channel
encoded by the cystic fibrosis gene, [Naren et al., 1997]). Recently, a novel syntaxin-
1-binding protein, tomosyn, has been identified and is capable of dissociating munc18-
1 from syntaxin 1A (Fujita et al., 1998).

In addition to binding syntaxin, munc18-1 binds to several other molecules.
Doc2 (Double C2 domain containing protein) and syntaxin compete for muncl8
binding, thereby regulating the formation of munc18-syntaxin complexes (Verhage et
al., 1997). The Doc2a and Doc2b proteins are associated with synaptic vesicles
(Verhage et al., 1997). Muncl8-1 also interacts with Mints 1 and 2 (Muncl8
Interacting proteins). Mints are brain specific membrane bound proteins and are part of
a multimeric complex containing munc18-1 and syntaxin (Okamoto and Sudhof, 1997).
In addition to binding munc18-1, Mints1 and 2 are binding partners for the Alzheimer’s
amyloid precursor protein (Borg et al., 1996). Mint 3 has recently been identified, but it
does not interact with munc18-1 or munc18-2 (Okamoto and Sudhof, 1998).

Finally, CdkS5, a member of the Cdc2 family of cell division cycle kinases has
been shown to bind to and phosphorylate munc18-1 (Shuang et al., 1998). In addition
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to binding to munc18-1, cdk5 also binds to syntaxin 1A. Immunohistochemistry

studies have shown that munc18-1 and cdkS5 colocalise (Veeranna et al., 1997).

1.6.3 Role of muncl8 in exocytosis

Munc18-1 plays a role in synaptic transmission (Hosono et al., 1992; Harrison
et al., 1994; Wu et al., 1998). However, the exact function of munc18 in regulating
synaptic vesicle exocytosis remains unclear.

Loss of munc18-1 function results in several phenotypes, all of which support a
positive role for munc18-1 in synaptic transmission and general secretion. Mutants of
the C. elegans homologue of muncl8 (unc-18) exhibit uncoordinated movement and
accumulate high levels of acetylcholine in the nerve terminals and severe developmental
abnormalities appear (Hosono et al., 1992). Indeed, null mutations of the Drosophilia,
or yeast munc18-1 reduce exocytic activities and mutations result in an accumulation of
membrane vesicles (Novick and Schekman, 1979; Harrison et al., 1994). Furthermore,
a mutation in unc-18 impairs neurotransmission at neuromuscular junctions (Gengyo-
Ando et al., 1993), suggesting that munc18-1 may play a positive role in acetylcholine
release.

In contrast to the above observations, studies on muncl18 in the nerve terminal
suggest a negative role in vesicle docking and fusion (Pevsner et al., 1994b; Schulze et
al., 1994). The munc18-1/syntaxin 1A complex has been postulated to act as a negative
regulator of the docking/prefusion steps of synaptic transmission by blocking the
interaction of syntaxin with vesicle SNARE proteins, synaptobrevin and SNAP-25
(Pevsner et al., 1994b). Only after an appropriate signal munc18-1 is displaced from
syntaxin by synaptobrevin and SNAP-25. This leads to the formation of the SNARE
complex and exocytosis takes place resulting in neurotransmitter release. However, the
formation of the munc18-1/syntaxin 1A complex is also essential for the final stages of
secretion. Therefore, any event that regulates SNARE complex formation is likely to be
extremely important for the control of neurotransmitter secretion. Overexpression of the

Drosophilia munc18-1 homologue (Rop) inhibits synaptic transmission, suggesting a
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negative role of the Rop protein in vivo (Schulze et al., 1994). Consistent with these
studies, microinjection of squid munc18-1 into the presynaptic terminal of the squid
giant synapse inhibits neurotransmitter release (Dresbach et al., 1998), via its
interaction with syntaxin, thus suggesting an essential function of the muncl8-
1/syntaxin 1A interaction in neurotransmitter release. However, overexpression of
muncl18-1 in chromaffin and PC12 cells has no effect on secretion (Graham et al.,

1997).

1.6.4 Phosphorylation of muncl8-1

Recent reports have shown that muncl8-1 function is regulated via

phosphorylation by PKC a, B, v (Fujita et al., 1996) and cdkS (Shuang et al., 1998).

It has been demonstrated that phosphorylation of muncl8-1 by cdk5 leads to a
significantly reduced affinity for syntaxin 1A. The PKC-catalysed phosphorylation of
muncl8-1 also inhibits its interaction with syntaxin 1A (Fujita et al., 1996). These
results indicate that phosphorylation of munc18-1 permits the positive interaction of
syntaxin 1A with upstream protein effectors of the secretory mechanism. Potential
phosphorylation sites for protein kinase A (PKA) and casein kinase II are also found in

munc18-1 and phosphorylation by these kinases may regulate its function.
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1.7 AIMS

This study aimed to characterise human PKCI both structurally and
functionally. Therefore, PKCI was cloned from a human T-cell cDNA library and the
recombinant protein was expressed in E.coli and purified. A number of functions for
PKCI have been previously proposed, including zinc binding and PKC inhibition. The
ability of human PKCI to bind zinc was investigated by circular dichroism and
fluorescence studies. The ability of PKCI to inhibit PKC activity was also investigated,
in the presence and absence of 14-3-3 proteins. To elucidate a possible in vivo function
for PKCI, the subcellular localisation of PKCI was investigated and attempts were
made to identify PKCI interacting proteins. The structure of PKCI was not known and
it was therefore, of great interest to determine the three-dimensional structure of PKCI
by X-ray crystallography (this was to be carried out as part of a collaborative project

with Dr. Hirshberg, NIMR).
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CHAPTER 2

MATERIALS AND METHODS

52



MEDIA AND BUFFER COMPOSITION
Phosphate Buffered Saline (PBS)

NaCl 8.00g
KCl 0.20g
Na,HPO, 1.15¢g
KH,PO, 0.20g

Distilled water 1 litre

Luria-Bertani broth

Bacto Tryptone 10g
Yeast Extract 5g
NaCl 10g
K,HPO, 6.3g
Sodium Citrate 0.45¢g
MgSO,.7H,0 0.09¢g
(NH,),SO, 0.9g
Distilled water 1 litre
L-agar

Bacto Tryptone 10g
Yeast Extract S5g
NaCl 10g
Difco Agar 15g
Distilled water 1 litre
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All reagents were from BDH and Sigma unless otherwise stated.

Oligonucleotide primers were ordered from Oswel.

2.1 EXPRESSION AND RECOMBINANT PROTEIN PURIFICATION
2.1.1 DNA manipulation
2.1.1.1 Cloning of human PKCI

DNA manipulation and protein expression were carried out in Escherichia coli
strain DH5a.. The expression vector used was pGEX-2T (Pharmacia) which produces a
glutathione S-transferase fusion protein expressed from a tac promoter.

The human PKCI gene was amplified from a human T-cell library (A-ZAP70,
Stratagene) for insertion into pGEX-2T, using the polymerase chain reaction (PCR).
Primers used were, 5' GGCCGGATCCATGGCAGATGAGATTGC 3' (containing the
start codon and a Bam HI site) and 5' GATCGAATTCTTAACCAGGAGGCCAATG
CA 3' (containing the stop codon and an Eco RI site). The restriction sites facilitated the

subsequent insertion into pGEX-2T.

PCR conditions
Sul cDNA library (100ng) was mixed with 54pul ddH20 (boiled and cooled),

10pl 10x Vent reaction buffer (100mM KCl, 100mM (NH4)2 SO4, 200mM Tris-HCl
pH8.8, 20mM MgSO4, 1% Triton X-100), 1ul 100mM MgSO4 10ul dNTP mix
(2.5mM each dNTP, Pharmacia), 100pmol each primer and 1l Deep Vent DNA
polymerase (2U/ul, New England Biolabs). To prevent evaporation one drop of oil was
used to blanket the PCR reaction mixture. Each cycle included denaturation at 94°C for
1 min 20 sec, annealing of DNA primers at 55°C for 1 min 30 sec and DNA extension
at 72°C for 1 min 35 sec. A total of 30 cycles were carried out on a Techne Thermal
Cycler. The product was electrophoresed on a 1% TAE agarose gel (Sambrook et al.,
1989), visualised under ultra-violet illumination and purified using the GENECLEAN
IT kit (Bio 101 Inc). The purified DNA was subsequently subjected to restriction

enzyme digestion.

54



Restriction Enzyme Treatment

Human PKCI PCR product
10pl PCR product was mixed with 0.5ul Bam HI (10U/ul, GIBCOBRL), 0.5ul

Eco RI (10U/ul, GIBCOBRL), 2ul 10x REact 3 buffer (500mM Tris-HCI pHS,
100mM MgCl2, 1M NaCl) and 7ul ddH20.

pGEX-2T Vector (Pharmacia)

0.5ul pGEX-2T (1pg) was mixed with 0.25ul Bam HI, 0.25ul Eco RI, 2ul
10x REact 3 buffer and 17ul ddH20.
Samples were incubated at 37°C for 2 h and purified using the GENECLEAN II

kit prior to ligation.

Ligation

1ul pGEX-2T DNA (50ng) was mixed with 2ul PKCI DNA (200ng), 3ul 5x
T4 DNA ligase buffer (250mM Tris-HCI pH7.6, 50mM MgCl2, SmM ATP, 5SmM
DTT, 25% (w/v) polyethylene glycol-8000), 0.5u1 T4 DNA ligase (2U/ul,
GIBCOBRL) and 8.5ul ddH20. The ligation reaction was incubated at room

temperature for 4 h and later transformed into E.coli DH5a cells.

Transformation

15ul of the ligation product was added to 120ul of competent E.coli DHSo
cells, incubated on ice for 30 min and heatshocked for 1min 35 sec at 42°C. 800ul of
L-Broth was added and the reaction mixture was incubated for 1 h at 37°C with
constant agitation. 200ul of transformed E.coli was plated onto L-agar plates containing

100pg/ml ampicillin.

Plasmid purification
Plasmids were purified using the Qiagen p20 kit. Briefly, the pelleted bacterial

cells (1.5ml from an overnight suspension) were resuspended in 300ul of buffer P1
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(100pg/ml RNase A, S0mM Tris-HC1 pH8, 10mM EDTA). 300ul of buffer P2
(200mM NaOH, 1% SDS) was added, mixed gently and incubated at room temperature
for 5 min. To precipitate protein, 300l of cold buffer P3 (3M potassium acetate
pHS.5) was added and mixed gently, followed by a 10 min incubation on ice. Samples
were microfuged at 10,000 rpm for 15 min at 4°C, supernatants were loaded on a
QIAGEN-tip 20 (these tips contain an anion-exchange resin) and washed four times
with 1ml of buffer QC (IM NaCl, 50mM MOPS, 15% ethanol, pH7). DNA bound to
the resin was eluted with 800l of buffer QF (1.25M NaCl, 50mM Tris-HC] pHS8.5,
15% ethanol), precipitated with 0.7 volumes of isopropanol and centrifuged at 10,000
rpm for 30 min at room temperature. The DNA pellet was washed with 1ml of cold
70% ethanol, air dried and resuspended in 20ul HyO. Purified plasmids were stored at
-200C.

Positive clones were identified by treating with Bam HI and Eco RI restriction
enzymes and were sequenced by the dideoxy chain termination method (Sanger et al.,

1977) using a Sequenase version 2.0 kit supplied by USB.

2.1.1.2 Site-directed mutagenesis

Site-directed mutagenesis was used to introduce point mutations into PKCI in
order to study the effects of specific amino acids on zinc binding. His51, the third
amino acid thought to co-ordinate metal ion binding (from the three-dimensional
structure of PKCI) was mutated to Ser. Mutants of PKCI were made using the
QuikchangeTM Site-Directed Mutagenesis Kit (Stratagene).

The pGEX2T-PKCI plasmid was used as DNA template, oligonucleotides
primers containing the desired mutation and are complementary to opposite strands of
the vector are extended during temperature cycling by means of Pfu DNA polymerase.
Incorporation of the primers results in a mutated plasmid. Following temperature
cycling, the product is treated with Dpn I, an endonuclease which is specific for
methylated DNA and is used to digest the parental DNA template (Nelson et al., 1992).

DNA isolated from almost all E.coli strains is methylated and therefore, susceptible to
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Dpn 1 digestion. The DNA incorporating the desired mutation is then transformed into
E.coli. To screen for mutant PKCI plasmids a Spe I restriction enzyme site was
incorporated into the oligonucleotide primer containing the desired mutation.

Primers used were, 5' CCTCAAGCACCAACTAGTTTTCTGGTGATACC 3'
(containing the Spe I and Ser point mutation site) and 3' GGAGTTCGTGGTT
GATCAAAAGACCACTATGG 5'. Both primers were 5' phosphorylated and purified

by fast polynucleotide liquid chromatography.

PCR conditions

2ul pGEX2T-PKCI plasmid (5ng/ul) was mixed with 1.25pul each primer
(125ng), ipi 10mM dNTP mix (2.5mM each dNTP), 39.5ul ddH20, 5ul 10x reaction
buffer (100mM KCI, 60mM (NH4)2S504, 200mM Tris-HCI, pH8, 20mM MgCl2, 1%
Triton X-100, 100pug/ml nuclease-free bovine serum albumin) and 1l native Pfu DNA
polymerase (2.5U/ul).

Following temperature cycling (16 cycles each including denaturation at 95°C
for 30 sec, annealing of DNA primers at 55°C for 1 min and extension at 68°C for 12
min) the product was treated with 1l Dpn I (10U/ul) and incubated at 37°C for 1 h.
Sul of the Dpn 1 treated DNA was then transformed into E.coli DH5a cells by the heat
shock method (reactions were heat pulsed for 90 sec at 42°C) and plasmids were
purified using the Qiagen p20 kit. To screen for positive clones, plasmids were treated
with Spe I (1.5U, New England Biolabs) and analysed on 1% TAE agarose gel.

Plasmids containing the H51S mutation were sequenced and stored at -20°C.

2.1.1.3 Cloning of Myc-epitope tagged PKCI into the mammalian
expression vector (pcDNA3.1/Zeo (+))

Constructs of PKCI tagged with the myc epitope at the N terminus were made
in the mammalian expression vector pcDNA3.1/Zeo (+) (Invitrogen) for transient
transfection and immunofluorescence studies. The nucleotide sequence for the myc-tag

is GAGCAAAAGCTCATTTCTGAAGAGGACTTGAA which encodes the following
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amino acids in human c-myc: EQKLIS E E D L. The human pGEX2T-PKCI DNA
was used as template for PCR. Primers used were, 5" GGCCGGATCCGCCACC
ATGGAGCAAAAGCTCATTTCTGAAGAGGACTTGAATCCAGCAGATGAGATT

GCCAA 3’ (containing the Bam HI, KOZAK, myc-tag sites and start codon) and 3’
GGCCGAATTCTTAACCAGGAGGCCAATGCA 5 (containing the Eco RI site and
stop codon). The codon for the amino acid proline (CCA) was placed in the 5'-3'
primer after the myc-tag and prior to the PKCI gene sequence to avoid any structural

effect that the myc-tag may have on PKCI.

PCR conditions

1ul pGEX2T-PKCI DNA (0.5pg/ul) was mixed with 63.3ul ddH20, 10ul 10x

reaction buffer (100mM KCIl, 100mM (NH4)2 SO4, 200mM Tris-HCl, pHS8.75,
20mM MgSO4, 1% Triton- X-100), 10pl MgCl2 (25mM), 2ul dANTP mix (10mM),
100pmol each primer and 1pl Taq polymerase (2U/ul, Perkin Elmer).

PCR cycling conditions were as described previously in 2.1.1.1. The DNA
product was cloned into pcDNA3.1/Zeo (+) using Bam HI/Eco RI restriction sites and

sequenced in both directions.

2.1.1.4 Cloning of HA-epitope tagged 14-3-3 into pcDNA3.1/Zeo (+)

To study the potential interaction between PKCI, PKC and 14-3-3 in
mammalian cell lines, 14-3-3( was HA-epitope tagged at the C-terminus. The
nucleotide sequence for the HA-tag is GCCTACCCCTACGACGTGCCCGACTACG
CC which encodes the following amino acids in influenza hamagglutininn AYP YDV
PD Y A. The 14-3-3{-pGEX2T DNA was used as a template for PCR. Primers used
were, 5 GGCCGGATCCGCCACCATGGATAAAAATGAGCTGG 3' (containing the
Bam HI, KOZAK, sites and start codon) and 3'GGCCGAATTCTTAGGCGTAGTCG
GGCACGTCGTAGGGGTAGGCGGGATTTTCCCCTCCTTCTCCT 5 (containing
the Eco RI, proline, HA-tag sites and stop codon). The PCR conditions and cloning

procedures were as described previously in 2.1.1.3.
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2.1.1.5 Sub-cloning of human growth hormone into pcDNA3.1/Zeo (+)
The plasmid encoding the human growth hormone (hGH) gene was a kind gift
from Dr Iain Robinson, NIMR. The hGH gene was subcloned into pcDNA3.1/Zeo (+)
for transient transfection studies in the neuronal cell line PC12 to investigate the effect
of PKCI on calcium-dependent exocytosis. The hGH-pBluescript (+) plasmid (1pg)
was digested with Bam HI and Eco RI restriction enzymes (Boehringer Mannheim)
which gave rise to two fragments, the pBluescript vector (3kb) and hGH gene (2kb).
The DNA was purified using the GENECLEAN II kit and ligated into pcDNA3.1/Zeo
(+). Plasmids encoding hGH-pcDNA3.1/Zeo (+) were purified using the Quantum

yield miniprep kit (Bio-Rad) and stored at -20°C.
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2.1.2 Protein purification

2.1.2.1 PKCI purification

The human PKCI gene was expressed in the vector pPGEX-2T (Pharmacia) as a
N-terminal fusion protein with glutathione-S-transferase (GST). GST was cleaved by
thrombin, leaving two additional amino acids, glycine and serine at the N-terminus .

E. coli DH5o cells containing the over-expressing plasmid were grown
overnight at 37°C in 500ml Luria-Bertani broth containing 100pug/ml ampicillin.
Cultures were diluted ten-fold with fresh medium and allowed to grow until an optical
density of bacterial growth of 0.6 (at a wavelength of 600nm) was reached. Expression
of GST-PKCI was induced with 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG,
Biogene Ltd) for 4 h. Bacterial cells were harvested and re-suspended in 150ml
sonication buffer (PBS, ImM EDTA, SmM DTT, 1mM benzamidine, 2jtg/ml aprotonin
and ImM PMSF) and sonicated on ice at 4uA for six times 30 sec with 30 sec rest
intervals, using a MSE Soniprep 150 (9.5 mm probe).

The sonicate was centrifuged at 17,000 rpm, for 40mins at 4°C and the
supernatant was loaded onto a glutathione-Sepharose matrix equilibrated in PBS (10ml,
Pharmacia). The glutathione-Sepharose affinity support bound the GST-PKCI fusion
protein. Unbound material was passed through the column a further two times to
increase the yield of protein bound to the column. The column was subsequently
washed with 10 bed volumes of buffer (PBS, 500mM NaCl). The GST-PKCI protein
was eluted with 20ml elution buffer (10mM reduced glutathione, 50mM Tris-HCI pHS,
ImM EDTA and 5mM DTT) overnight by constant agitation at 4°C. The matrix was
then centrifuged at 500 rpm for 5 min at 4°C. Eluates containing GST-PKCI were
treated with human thrombin (Sigma) at a concentration of 2ug/mg of fusion protein to
cleave PKCI from the GST fusion. The supernatant containing PKCI was treated with
ImM PMSEF to inhibit further thrombin activity and the sample was buffer-exchanged
into 20 mM Tris-HCI, pH7.5, using PD10 columns (Pharmacia). PKCI was further
purified by fast protein liquid chromatography (FPLC). Anion-exchange

chromatography was used to concentrate the sample and as a final purification step. The
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sample was loaded onto a Mono Q 5/5 column (Pharmacia), pre-equilibrated in 20 mM
Tris-HCI, pH7.5, at a flow rate of 0.5 ml/min. Protein was eluted with a 40ml linear
gradient of 0 to 1M NaCl and 1ml fractions were collected. Position of elution and
purity of PKCI was determined by analysis on 12.5% SDS-PAGE (Laemmli, 1970).

Protein concentration was estimated using the Bio-Rad protein assay. Fractions
.containing PKCI were stored at -70°C. The plasmid encoding maize PKCI was a kind

{gift from G.G Simpson, Scottish Crop Research Institute, Dundee, U.K. Purification
of maize PKCI was as described for human PKCI.

2.1.2.2 Munc18-1 purification

The rat brain munc18-1-pGEX2T plasmid was a kind gift from Dr. Pietro
DeCamilli, Yale University School of Medicine, Connecticut, U.S.A. Cleavage of the
GST fusion with thrombin resulted in an additional four amino acids at the N-terminus
(GSPG).

E. coli DH5a. cells containing the over-expressing plasmid were grown
overnight at 37°C in 500ml Luria-Bertani broth containing 100pg/ml ampicillin.
Cultures were diluted ten-fold with fresh medium and allowed to grow until the optical
density of bacterial growth reached 0.8. Expression of GST-Munc18-1 was induced
with 1mM IPTG for 4 h at 30°C. Bacterial cells were harvested and re-suspended in
150ml sonication buffer (PBS, 1mM EDTA, 5mM DTT, ImM benzamidine, 2j1g/ml
aprotonin, 1mM Pepstatin, 1pig/ml leupeptin, 1pg/ml antipain and 1mM PMSF) and
sonicated on ice at 4l A for six times 30 sec with 30 sec rest intervals, using a MSE
Soniprep 150 (9.5 mm probe).

The sonicate was centrifuged at 17,000 rpm, for 40 min at 4°C and the
supernatant was loaded onto a PBS equilibrated glutathione Sepharose matrix (10 ml,
Pharmacia). The matrix was washed with 10 bed volumes of buffer (PBS, 500mM
NaCl) to remove contaminating proteins that may have bound to the matrix. Thrombin
cleavage of muncl8-1 was carried out directly on the column. The column was
equilibrated at room temperature with 10 bed volumes of thrombin buffer (S0mM Tris-
HCI pH8, 150mM NaCl, 2.5mM CacCly). To elute munc18-1, 10 units of thrombin per

mg of fusion protein was added to one column bed volume of thrombin buffer.
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Digestion was allowed to take place at room temperature for 1 h and 500ul fractions
were collected. Eluates containing munc18-1 were then loaded onto a benzamidine
Sepharose matrix (1ml, Pharmacia) to remove thrombin contamination. The purity of
muncl8-1 was determined by analysis on 12.5% SDS-PAGE (Laemmli, 1970).
Muncl18-1 was further purified using gel filtration on a S-200 column (330ml bed
volume). The column was washed and equilibrated with 330ml of 20mM Tris-HCl
pHS8, 200mM NaCl. Munc18-1 was loaded onto the column at a flow rate of 1.5ml/min
and 1.5ml fractions were collected and analysed on 12.5% SDS-PAGE. The
absorbance at 280nm was measured and the protein concentration was calculated using
the Beer-Lambert Law. The absorbance (A) of a solution is related to the concentration
by the Beer-Lambert law:
A=gy.cl

whereby €y is the molar extinction coefficient (0.862 m™! cm! for munc18-1,
calculated using the method of Gill and von Hippel, 1989), ¢ is the molar concentration
and 1 is the pathlength (in cm). Fractions containing munc18-1 were stored in 20mM

Tris-HC1 pHS8, 200mM NaCl, 10% glycerol at -70°C.

2.1.2.3 Syntaxin 1A purification

The plasmid encoding the cytoplasmic domain of mammalian syntaxin 1A (1-
265) was a generous gift from Dr. Teruo Abe, Niigata University, Japan. Purification
of syntaxin 1A was as essentially described in 2.1.2.2, except that GST-syntaxin 1A
expression was induced with 0.5mM IPTG. Proteins were stored in 20mM Tris-HCI
pH7.5, 150mM NaCl, 10% glycerol at -20°C. Protein concentration was estimated

using the Bio-Rad protein assay.
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2.2 PKCI STRUCTURAL STUDIES

2.2.1 Crystallisation

To determine the three-dimensional structure of proteins by X-ray
crystallography, one of most important and first steps is to obtain crystals of the protein
of interest. Purified PKCI (greater than 95% purity) was concentrated to Smg/ml and
crystals were grown using the vapour diffusion method. In this method, a certain
volume (e.g. 1ml) of the crystallisation solvent (a buffer at a certain pH, containing a
precipitant) is transferred to a crystallisation well. A small amount (1pl) of concentrated
protein is mixed with an equivalent amount of the crystallisation solvent and placed on a
clean siliconised coverslip. The coverslip is then used to seal the well in the
crystallisation tray with the aid of some vacuum grease. Under these conditions, a
concentration gradient is established between the precipitant in the well and the droplet.
At the point of minimum solubility the molecules may arrange themselves into a 3-D
crystal lattice.

PKCI crystallised within 2-3 days and final conditions that yielded single
crystals included 13-18% PEG 6000, 100mM sodium cacodylate pH6.5 at 4°C. A 2.1
A dataset was collected from frozen crystals at SRS synchroton Daresbury, UK. The
space group was determined as P2,2,2,.

Maize PKCI crystals were also grown using the vapour diffusion method (Xiao
et al., 1995b). Maize PKCI crystals were grown using 1.7M Ammonium Sulphate, 2%
PEG 400, 100mM HEPES pH7.5, 1% B-octyl glucopyranoside (BOG) at 18°C. A 2.2
A dataset was collected using the ESRF synchrotron radiation sources at Grenoble,
France. The structure was solved and refined to 17% Rfactor.

Crystallisation and crystallography were done by Dr. Miriam Hirshberg,

Division of Protein Structure, NIMR.

2.2.2 Circular dichroism

Circular dichroism (CD) is a spectroscopic technique and one of the major

applications of CD is the estimation of secondary structure content. CD is the
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differential absorption of left- and right- handed circularly polarised light and in the far-
UV region (180-240nm) is derived almost entirely from the peptide bond, therefore CD
spectra in this region reflects the different secondary structures of proteins.

Far-UV circular dichroism spectra were recorded from 260 to 195nm using a
Jasco J600 spectropolarimeter operated with an instrument time constant of 0.5 sec.
The spectra were recorded at 22°C for protein solutions (20 mM Tris-HCI, pH7.5, 100
mM NaCl) at concentrations in the range of 0.1 to 1.0 mg/ml in 1 or 2 mm path length
fused silica cuvettes. CD spectra were recorded for both the wild-type PKCI and H51S
mutant. PKCI (11uM) was titrated with a range of zinc concentrations (SUM-15uM).
The molar PKCI concentration is used in calculation of Agy,. Spectra are presented as
Ag in mean residue weight (Agmrw =A€y / no of peptide bonds).

The analysis of secondary structure content from far-UV CD spectra was
performed using the method of Hennessey and Johnson, (1981). Circular dichroism
studies were carried out with Dr. Steven Martin, Division of Physical Biochemistry,

NIMR.

2.2.2.1 Carboxymethylation of thiol groups

Cys107 of maize PKCI was blocked using iodoacetamide, which reacts with
SH groups to give the neutral moiety carboxyamidomethylcysteine, H,NCOCH,S-.
Maize PKCI protein (0.6mg/ml) was purified using the same method as described for
human PKCI and treated with 10mM iodoacetamide pHS8, 0.2% acetonitrile and
incubated at room temperature for 30 min in the dark. Excess iodoacetamide was
removed using centricon-10 filters (amicon). PKCI was buffer exchanged into 20mM
Tris-HCI pH8. Carboxymethylation of Cys107 was confirmed using electrospray mass
spectrometry (ESMS). An increase in the mass of maize PKCI by 57 daltons due to
iodoacetamide was observed. Circular dichroism studies were carried out using this

'blocked' maize PKCI.
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2.2.3 Mass spectrometry

Electrospray mass spectrometry (ESMS) was carried out on a Fisons
VG/Masslab Platform instrument, at a needle voltage 2.9kV, extraction and focus
lenses were set at -30V and -37V respectively. Nitrogen was used as the nebulising gas
at a flow rate of 15 L/h and as drying gas at 300 L/h. 100 pmol of purified PKCI was
introduced to the ESMS source. On-line trapping (Kay and Mallet, 1993; Aitken et al.,
1994), comprising a 0.75 mm PEEK column slurry packed with 8 mm, 300 A PLRP-S
packing material (Polymer Laboratories), was used to desalt the sample before
introduction to the ESMS source.

These experiments were carried out by Dr. Steven Howell, Division of Protein

Structure, NIMR.

2.2.4 Fluorescence spectroscopy

The intrinsic fluorescence of proteins arises from the aromatic side chains of
Phe, Tyr and Trp residues. The fluorescence intensity and the emission maximum
(Amax) for fluorophores are generally sensitive to environment. For example, the Amax
of Trp is a measure of the extent to which it is "buried" in the protein interior. The
Amax for free tryptophan in solution is approximately 356nm and moves to shorter
wavelength, typically 330nm, when the residue is in a more apolar environment.

Tryptophan is near the proposed zinc binding site, therefore changes in
tryptophan fluorescence were measured to investigate the effects of zinc binding to
PKCI. Fluorescence emission spectroscopy was used for zinc binding studies of both
the wild-type and H51S mutant PKCI. Fluorescence titration spectra were recorded
using a SPEX FluoroMax fluorimeter with excitation at 280nm and emission scanned
from 290 to 450nm. Excitation and emission monochromator slits were set at 0.4 and
2.35mm respectively. The spectra were recorded at 20°C. Protein solutions (0.14mg/
ml) in 20mM Tris-HCI pH8, 150mM NaCl, 10% glycerol, were titrated with 10uM-
50uM zinc chloride. The effect of adding 2.5mM-5mM EDTA on the zinc titration was

also investigated.

65



Fluorescence studies were carried out with Dr. Steven Martin, Division of

Physical Biochemistry, NIMR.
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2.3 PKCI FUNCTIONAL STUDIES
2.3.1 PKC assay

PKC assays were carried out as described in Robinson et al. (1994). The total
assay volume was 55, consisting of 12.5uM (y -32py ATP (27kBg/nmol ATP),
CaCl2 (0.1mM), MgCl2 (13.5mM), phosphatidylserine (0.04mg/ml), MARCKS
peptide (36uM) and 10l of brain PKC (a,f,y isoforms mainly, with known activity).
The sequence of the MARCKS peptide ( K KKKRFSFKKSFKLSGFSFK
K) is based on the region of the MARCKS protein that is phosphorylated by PKC. The
reaction was initiated by the addition of ATP and after a 10 min incubation at 30°C the
reaction was stopped by spotting 25ul (in duplicate) of the assay volume onto
phosphocellulose paper (P81, Whatman). Unbound 32P-ATP was removed by
thorough washing in 75mM phosphoric acid. The amount of 32p incorporated into
MARCKS peptide was measured by scintillation counting. One unit of PKC activity is
defined as 1 nmol of phosphate incorporated into MARCKS peptide in 1 min at 30°C,
in the presence of saturating concentrations of phosphatidylserine. The assay was
carried out in the presence and absence of phosphatidylserine and expressed as
phosphatidylserine dependent kinase activity, in order to correct for PKM (the
proteolysed, cofactor independent form of PKC). PKC inhibition assays were carried
out under a range of PKCI and 14-3-3 concentrations using dispersed phospholipid
vesicles, which were prepared by the following method:-
5ul phosphatidylserine (20mg/ml in chloroform:methanol, 1:2) was dried under
nitrogen; 227l of 20mM Tris-HCI pH7.5 was added, vortexed and sonicated on ice at
21 A amplitude, for 3 x 30 sec bursts, with 30 sec rest intervals, using MSE soniprep
(fitted with a 3mm probe tip). 5ul of these dispersed vesicles were added to each assay.

Inhibitory activity was expressed as a percentage of phosphatidylserine-

dependent kinase activity.
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2.3.2 Cell Culture

2.3.2.1 PC12, COS-1, 293 cell lines

The monkey kidney cell line COS-1 and human embryonic kidney cell line 293
were cultured in Dulbecco’s modified Eagle medium (DMEM, Sigma) with 10% foetal
calf serum (FCS, Globepharm), supplemented with 1% L-Glutamine-penicillin-

streptomycin  solution ([200mM L-glutamine, 10,000U penicillin and 10mg

streptomycin /ml], Sigma). Phaeochromocytoma PC12 cells (European Collection of
Cell Cultures [ECACC)) were maintained in DMEM with 10% FCS and 5% horse
serum (GIBCOBRL).

2.3.2.2 Immunofluorescence

Human embryonic kidney 293 cells were transiently transfected using
lipofect AMINE (GIBCOBRL) as described in Dubois et al. 1997a. Lipofectamine
reagent is a 3:1 liposome formulation of a polycationic lipid (DOSPA) and a neutral
lipid (DOPE) in water. In general, 6x10> cells were seeded onto 60mm tissue culture
dishes and were incubated for 24 h at 37°C or until the cells reached 50-80%

confluency. For each transfection, two solutions were prepared;

Solution A - (5ug of pcDNA3.1/ Zeo (+) - PKCI-myc DNA diluted into

300u serum-free medium

Solution B- (20l of lipofect AMINE diluted into 300pl of serum-free

medium).

Both solutions were mixed gently and incubated at room temperature for 45 min
to allow DNA-liposome complexes to form, this was then diluted into 3ml of serum-
free medium. Cells were rinsed with serum-free medium, overlayed with the diluted
complex solution and incubated for 5 h at 37°C. The transfection mixture was replaced
with complete growth medium and incubated for 24 h. The transfected cells were plated
onto 10mm glass coverslips (BDH) and processed for immunofluorescence 48 h later
as follows; the cells were fixed for 30 min in 3% fresh formaldehyde in PBS and then
permeabilised in ice-cold 0.1% Nonidet P40 (NP40) in PBS for 5 min. The cells were
blocked with ice-cold 3% BSA/1% glycine in PBS (pH7.5) and washed three times in
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PBS and then incubated for 1 h with anti-myc antibodies (9E10 [800ug/ml], diluted
1:50) in PBS with 3% BSA/1% glycine. The cells were then washed three times with
PBS and incubated for 1 h with Cy3-labeled goat anti-mouse antibody ([1.5mg/ml],
diluted 1:500) (Jackson ImmunoResearch). All procedures were carried out on ice. The
cells were then washed three times in PBS, mounted under Citifluor (Agar Scientific)
and viewed using a LEICA TCS NT confocal microscope. Excitation and emission

wavelengths used were 568nm and 590nm, respectively.

2.3.3 PKCI1/14-3-3/PKC _interaction studies
2.3.3.1 Chemical crosslinking

BS3  [Bis(Sulfosuccinimidyl)  suberate] is a  water-soluble  N-
hydroxysuccinimide ester (NHS-ester) with a spacer arm length of 11.4A. Primary
amines are principle targets for NHS-esters and the e-amino group of lysine is the only
amino acid that reacts significantly with NHS-esters. Previous studies have observed
synergistic inhibition of PKC activity in the presence of PKCI and 14-3-3 proteins.
Therefore, crosslinking experiments were carried out to identify whether PKCI and 14-

3-3 (from brain) are able to form a complex.

Equimolar concentrations of PKCI and 14-3-3 (6itM) were mixed and made up
to 100ul in PBS + 1mM DTT. A freshly prepared solution of BS3 (Pierce) in PBS was
added to the reaction tubes (a molar ratio of 150:1 BS3: PKCI/14-3-3 was used) and
incubated at room temperature for 2 h. The reaction was stopped by the addition of
100mM Tris-HCI] pH7.5. Reaction mixes were analysed on 12.5% SDS-PAGE and
protein bands were either visualised by staining with Coomassie blue or analysed by

Western blotting with an anti-PKCI antibody (1:1200).

2.3.3.2 GST pull-down assay

2x106 COS-1 cells were lysed in 1 ml of buffer A (1% Triton X-100, 25mM
Tris-HCl pH7.5, 150mM NaCl, 1mM DTT, ImM EDTA, 1mM EGTA, 20mM NaPF,
ImM Na3 VOy4, 1mM Na,P,0,, 1mM leupeptin, ImM PMSF, 1mM benzamindine and
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2ug/ml aprotonin). Lysates were centrifuged and the supernatant incubated with 20ug
of GST or GST-PKCI fusion protein for 2 h at 4°C. 30ul of glutathione-Sepharose
beads were added and incubated for a further 1 h. The binding mixtures were washed 4
times with 1ml of buffer B (PBS, ImM DTT, ImM EDTA, 1mM benzamindine and
2ug/ml aprotonin) and analysed by SDS-PAGE. Electrotransfer to immobilon-P
membrane was carried out using standard procedures (Towbin et al, 1979).
Immunoblotting (with rabbit anti-14-3-3 and mouse anti-PKC monoclonal antibodies)
was conducted as outlined in Martin et al. 1993. Antigens were visualised with the
enhanced chemiluminescent (ECL) detection system (Amersham, UK) and exposed to

X-ograph blue X-ray film.

2.3.3.3 Co-transfection/immunoprecipitation

Co-transfection and immunoprecipitation studies were carried out to investigate

the possibility of an interaction between PKCI, 14-3-3 and PKC in cells. The PKCJII
clone was a kind gift from Prof. Peter Parker, ICRF, London.

2 x 106 COS-1 cells were transfected with 5ug of each plasmid (pcDNA3.1/Zeo
(+)-PKCI-myc, pcDNA3.1/Zeo (+)-14-3-30-HA, or PKCBII-pCO2). COS-1 cells
were harvested by trypsinisation, washed twice in HeBS (20mM HEPES pH7.05,
137mM NaCl, SmM KCl, 0.7mM Na,HPO,, 6mM D(+) Glucose) and counted using a
haemocytometer grid. 2 x 10° cells were resuspended in 2501 HeBS containing Spug
plasmid DNA and 50pg sonicated herring sperm carrier DNA. The suspension was
dispensed into a 0.4cm Bio-Rad electroporation cuvette and pulsed at 250V/125uF
using a Bio-Rad Gene Pulser with capacitance extender. The cells were allowed to rest
at room temperature for 10 min before seeding into 100mm tissue culture dishes in
complete medium and cultured for 48 h. The cells were lysed with 1ml of buffer A (1%
Triton X-100, 25mM Tris-HCI pH7.5, 150mM NacCl, 5% glycerol, ImM DTT, 1mM
EDTA, ImM EGTA, 20mM NaF, ImM Na,VO,, ImM Na,P,0,, ImM leupeptin,
ImM PMSF, 1mM benzamindine and 2p1g/ml aprotonin). Lysates were centrifuged and

the supernatant incubated overnight with constant rotation at 4°C with 9E10 anti-myc
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antibody (5u1g) to allow binding to the transfected myc-tagged PKCI. Protein-A
Sepharose beads (15ul, Pharmacia) were added and the immunoprecipitates were
incubated for a further 1 h at 4°C and washed five times with 1ml of buffer B (1%
Triton X-100, 25mM Tris-HCl pH7.5, 150mM NaCl, 20mM NaF, 5% glycérol).

Bound proteins were eluted from the protein-A Sepharose beads with 15ul of 4x SDS

sample buffer and analysed by SDS-PAGE. Western blot analysis was carried out
using anti-HA ([500pg/ml], 1:5000 dilution) or anti-PKCP antibodies, ([250pg/ml],

1:250 dilution, Transduction Labs).

2.3.3.4 PKC assays of immunoprecipitates

To test the possibility of an interaction between PKCI and PKCp, plasmids
encoding PKCI and PKCBII (5ng) were transiently co-transfected into COS-1 cells as
described in 2.3.3.3. PKC assays were carried out on the immunoprecipitates to
investigate the presence of PKC activity associated with PKCI.

The cells were serum starved for 24 h and PKC assays were performed on
quiescent cells using the MARCKS peptide as a substrate. Forty eight hours post
transfection, cells were lysed and PKCI was immunoprecipitated with the anti-myc
(9E10) antibody overnight at 4°C, washed five times with 1ml of buffer (1% Triton X-
100, 25mM Tris-HCI pH7.5, 150mM NaCl, 5% glycerol) and washed once in 1ml of
20mM Tris-HC1 pH7.5. PKC activity was measured using the mixed micelle vesicle
assay. Micelles were freshly prepared by drying together, under a stream of nitrogen:-
8ul diacylglycerol (10mg/ml in chloroform:methanol, 1:2) and 15l phosphatidylserine
(20mg/ml in chloroform:methanol, 1:2). 100ul of 0.3% v/v Triton X-100 in 20mM

Tris-HC1 pH7, was added to the dried lipid, vortexed and incubated for 5 min at 30°C.

PKC assay conditions
5ul mixed micelle vesicles, 10ul CaCl, (1.1mM), 5ul MARCKS peptide
(0.399mM) and 10l ATP mix (74mM MgClp, 68.7mM ATP, 0.35pul of (y-32P) ATP

(27 kBg/nmol ATP) was added to 25l immunoprecipitates in 20mM Tris-HC1 pH7.5.
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The reaction was incubated at 30°C for 10 min and 25ul was spotted onto P81
phosphocellulose paper. Unbound 32P-ATP was removed by thorough washing in
75mM phosphoric acid. The amount of 32p radioactivity incorporated into MARCKS

peptide was measured by scintillation counting.

2.3.4 Phosphorylation of PKCI

To investigate whether a kinase may associate with and phosphorylate PKCI in
cells, PKCI-myc was transfected into COS-1 cells as described in 2.3.3.3 and kinase
assays were performed on the PKCI immunoprecipitates. In general, the cells were
serum starved for 24 h and then stimulated with 30ng/ml Epidermal Growth Factor
(Sigma) and 10% FCS for 30 min at 37°C. PKCI-myc was immunoprecipitated
overnight at 4°C and the immunoprecipitates were washed five times with 1ml of cold
buffer (1% Triton X-100, 25mM Tris-HCl pH7.5, 150mM NaCl, 5% glycerol) and
then washed once in 1ml of kinase assay buffer (S0OmM HEPES pH7, 10mM MgCl,,
ImM DTT, 20uM ATP). To each time point the following was added, 25ul of kinase
assay buffer, 10uCi 32PyATP and incubated at 30°C for 15 min. The reaction was
stopped with the addition of 81l 4x SDS sample buffer, analysed on 15% SDS-PAGE

and subjected to autoradiography.

2.3.5 Affinity Chromatography of proteins that interact with PKCI
Glutathione-Sepharose affinity columns (5Sml bed volume) with ~10mg of GST
or GST-PKCI were pre-equilibrated in 20mM Tris-HCI pH7.5, 1mM EDTA, EGTA,
DTT, PMSF, leupeptin and 2pg/ml aprotonin. 30ml of cytosolic pig brain extract
(prepared as for rat brain extract, see 2.3.6.1) was loaded onto the columns at a flow
rate of 0.2ml/min. The column was washed with 50ml of buffer A 20mM Tris-HCl
pH7.5, 0.1% NP40 and 5% glycerol). Bound proteins were eluted with Buffer B
(20mM Tris-HCI1 pH7.5, 0.1% NP40, 5% glycerol, IM NaCl) using a 50ml linear
gradient of 0 to 1M NaCl and 1ml fractions were collected. All procedures were carried

out at 4°C.
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Protein-containing fractions were concentrated using centricon-10 filters and
electrophoresed on a 14cm 12.5% SDS gel. The gel was stained for 10 min in 0.1%
Coomassie Blue, 50% methanol, 10% acetic acid and then destained (30% methanol,
10% acetic acid) for minimal time. Protein bands were excised and treated as follows.
200ul of 200mM ammonium bicarbonate (ABC)/50% acetonitrile (Rathburn) was
added and gel slices were incubated for 30 min at 30°C, this was repeated a further two
times to ensure elimination of the coomassie stain. The protein bands were then treated
with 200ul 50mM DTT/200mM ABC for 1 h at 30°C, washed twice in 200mM ABC
and subjected to alkylation with S0mM iodoactamide/200mM ABC for 20 min in the
dark at room temperature. The gel was washed extensively in 200mM ABC and
subjected to trypsin (Worthington, TPCK-treated) digestion (0.5)g trypsin per pg of
protein) overnight at 30°C. Peptides were extracted with the addition of 200ul 60%
acetonitrile/0.1% trifluoracetic acid, sonicated for 1 h and later dried in a speedvac
vacuum centrifuge and analysed by electrospray and ion-trap mass spectrometry as

described in Dubois et al. (1997b).

2.3.6 Characterisation of the PKCI/munc18-1 interaction
2.3.6.1 Western blot analysis of the PKCI/munc18-1 interaction

Four freshly frozen rat brains were homogenised in 40 ml of 50mM Tris-HCI
pH7.5, 100mM NaCl, 10% glycerol, ImM EDTA, EGTA, PMSF, DTT, benzamidine,
2ug/ml aprotonin and leupeptin. Triton X-100 was then added to a final concentration
of 0.1% and the mixture was incubated at 4°C for 2 h with constant agitation and
subsequently clarified by centrifugation at 15,000 rpm for 30 min at 4°C, followed by
ultracentrifugation at 35,000 rpm for 2 h at 4°C. GST-PKCI or GST (30ug) were
added to the supernatant (Iml) and incubated with gentle mixing for 2 h at 4°C.
Glutathione-Sepharose 4B beads (15ul) were added and the mixture was incubated for
a further 2 h at 4°C. Beads were then washed five times in ice-cold 20mM Tris-HCI

pH7.5, 5% glycerol and 0.1% Triton X-100. Samples were analysed by SDS-PAGE
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and Western blotting (Towbin et al., 1979) using anti-munc18-1 antisera ([250ug/ml],

1:5000 dilution, Transduction Labs).

2.3.6.2 Direct association between PKCI and munc18-1

Purified munc18-1 (20pg) was incubated with 60pug of GST-PKCI or GST in
Iml of 20mM Tris-HC1 pH7.5, 150mM NaCl, 0.1% NP40, 10% glycerol and 1mM
DTT for 2 h at 4°C. Glutathione-Sepharose 4B beads (15ul) were added and the
mixture was incubated for a further 2 h at 4°C. Beads were then washed five times with
1ml of ice-cold 20mM Tris-HCI pH7.5, 10% glycerol and 0.1% NP40. Proteins bound
to the beads were solubilised in 15ul of 4x SDS sample buffer and subjected to SDS-
PAGE and Western blotting using an anti-Munc18 antibody. GST-Munc18-1 (60ug)

was also incubated with 20ug of PKCI as detailed above and Western blot analysis was

performed using an anti-PKCI antibody (1:1000 dilution).

2.3.6.3 Surface plasmon resonance (SPR) spectroscopy

SPR spectroscopy enables the monitoring of binding events between two or
more molecules in real time. Biomolecular binding events cause changes in the
refractive index at the surface layer, which are detected as changes in the SPR signal.
During a binding analysis SPR changes occur as a solution is passed over the surface of
a sensor chip. A sensor chip CMS5 is a surface plasmon resonance biosensor consisting
of three layers: glass, thin (50nm thick) gold layer and the hydrophilic matrix
(carboxylated dextran) to which proteins can be coupled. One of the components in the
interaction is immobilised on the surface and the other flows over the surface in free
solution.

SPR spectroscopy was performed on a BIAcore 2000 (Pharmacia Biosensor) at
a flow rate of Sul/min at 22°C. The interaction between PKCI and munc18-1 was
investigated by immobilisation of anti-GST antibody (30pg/ml) using the amine
coupling method to the sensor chip CMS5. GST-PKCI (8.25uM) or GST-Munc18-1

(16uM) was then captured on immobilised anti-GST antibody. Purified munc18-1
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(10nM-10puM) and PKCI (15-80uM) in HBS buffer (10mM HEPES pH7.5, 3mM
EDTA, 150mM NaCl) were passed through the surface. Munc18-1 (0.2-7uM) was also
passed over a GST (0.2uM) surface as a control. The association and dissociation rate

constants were determined by using biaevaluation 2.0 software.

2.3.7 Effect of PKCI/muncl8-1 complex formation on the interaction of

muncl8-1 with Syntaxin 1A

To determine whether munc18-1 complexed with PKCI was able to bind
syntaxin 1A, 1.5uM of GST-PKCI and 0.3uM muncl8-1 were preincubated for 30
min at 4°C with constant rotation and 1ml of 1% Triton solubilised rat brain extract was
added and incubated as described previously in 2.3.6.1. Western blotting was carried
out with anti-syntaxin 1A antisera (1:10,000 dilution).

Binding studies were also carried out using purified syntaxin 1A (1-265),
muncl8-1 and GST-PKCI. 1.5uM GST-PKCI and 0.3uM muncl8-1 were
preincubated for 30 min at 4°C, 1.5uM syntaxin was added and the reaction mixture
made up to 1ml with 20mM Tris-HCl pH7.5, 150mM NaCl, 0.1% NP40, 10%
glycerol and 1mM DTT. The samples were incubated for 2 h at 4°C with constant
rotation. Glutathione-Sepharose 4B beads (15ul) were added and the mixture was
incubated for a further 2 h at 4°C. Beads were then washed five times with 1ml of ice-
cold 20mM Tris-HCI pH7.5, 10% glycerol and 0.1% NP40. Proteins on the beads
were solubilised in 15ul of 4x SDS sample buffer and subjected to SDS-PAGE and

Western blotting using anti-munc18 and anti-syntaxin 1A antisera.

2.3.8 Effect of PKCI on neurotransmitter release
2.3.8.1 Growth hormone assay on PC12 cells

The ability to co-transfect cells with two different plasmids allows the labelling
of vesicles with growth hormone and permits the investigation of the effect on the

secretory pathway of expression of a second exogenous protein in the same cell.
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Subcellular fractionation and immunofluorescence reveals two distinct populations of
vesicles in PC12 cells:
a) Dense core vesicles containing the regulated secretory protein human
growth hormone (hGH), along with the endogenous neurotransmitter
nore;\ié‘lii%c.

b) Low density vesicles containing synaptophysin but not growth

“

hormone or nore[;};;fne (Schweitzer and Paddock, 1990).
The transiently transfected hGH in PC12 cells is expressed in secretory vesicles which
undergo regulated exocytosis, hGH undergoes calcium-dependent secretion similarly to
endogenous catecholamines. Therefore, secretion is measured by growth hormone
release. GH released into the medium and retained in the cells was measured using a

radioimmunoassay (Nichols Institute, CA) (Fig. 6).
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Fig. 6 Study of exocytosis: use of growth hormone

Schematic representing lipofectAMINE co-transfection of PKCI-myc and growth
hormone into the large dense core vesicles in PC12 cells. 48 h post transfection, the
cells were stimulated with K* and Ca*. Release of the expressed growth hormone was

measured using a radioimmunoassay.
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The immunoassay incorporates two monoclonal antibodies specific for the
growth hormone. The two antibodies (one is radiolabeled and the other coupled to
biotin) bind to distinct epitopes on the hGH molecule and form a sandwich complex.
The addition of an avidin coated plastic bead to the reaction allows for specific means of
binding the sandwich complex to a solid phase as shown in the schematic below.

Avidin coated bead-Biotin Ab(1)-hGH-Ab(2) I'*labelled
Since the formation of a sandwich complex occurs only in the presence of a hGH
molecule, the radioactivity of the avidin bound sandwich complex is directly
proportional to the amount of hGH in the sample.

6 x 105 cells were plated onto collagen (22.4ug/ml, ICN Biochem) coated
60mm tissue culture dishes and were transfected 24 h later with lipofectAMINE as
described in 2.3.2.2. Equal amounts (5ug) of plasmid (GH-pcDNA3.1/Zeo (+),
pcDNA3.1/Zeo (+), PKCI-myc-pcDNA3.1/Zeo (+)) was transfected into the PC12
cells. Forty eight hours post transfection, the PC12 cells were washed with
physiological salt solution (PSS: 140mM NaCl, 4.7mM KCl, 2.5mM CaClp, 1.2mM
MgSO4, 1.2mM KH>PO4, 20mM HEPES, pH7.4, 11mM glucose). Cells were
stimulated to secrete during a 15 min incubation at 37°C in PSS. Depolarisation-
induced secretion was investigated in elevated K*-containing solution (PSS containing
60mM KClI and 85mM NaCl). To measure the amount of GH retained in the cells, the
cells were lysed with 1ml of PSS, 0.5% NP40 for 10 min on ice. The cells were
centrifuged at 13,000 rpm for 10 min at 4°C and the cell lysates were analysed for hGH

secretion.

2.3.8.2 Microinjection and electrophysiology

To investigate a possible role for PKCI in synaptic vesicle exocytosis, PKCI
was microinjected into squid Loligo pealei. Microinjection and electrophysiological
recording were performed as described in Adler ef al. 1991; Hunt et al. 1994. Three
microelectrodes were introduced into stellate ganglia from the squid Loligo pealei (Fig.
7).
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Fig. 7 The squid stellate ganglion with the giant synapse

Schematic representation of the squid stellate ganglion with the giant axon, showing the
positions of the three microelectrodes. Action potentials were elicited by stimulation of
the presynaptic axon with microlectrode a which was filled with KCl. Microelectrode b
was used for protein injection and recording of presynaptic action potentials and post

synaptic action potentials were recorded using microelectrode c.
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One microelectrode (a) was placed into the presynaptic axon to elicit an action
potential once every 30sec. A second microelectrode (b), used for both microinjection
and recording of presynaptic action potentials, was introduced directly into the
presynaptic terminal. The third electrode (c), introduced into the post synaptic axon,
recorded postsynaptic potentials generated during evoked synaptic transmission.

Proteins were dialysed in 50mM HEPES-KOH, pH7.2, 400mM KCI,
overnight at 4°C and stored at -70°C. PKCI and munc18-1 to be microinjected were
dissolved in injection solution (250mM Potassium isothionate, 100mM taurine, 50mM
HEPES pH7.2, 200mM KCl) containing fluorescein isothiocyanate (FITC)-dextran
(100uM, 10 kDa) (Molecular Probes, Eugene, OR). The concentration of proteins in
the micropipette (World Precision Instruments) varied from 60-314uM (PKCI) and
10uM munc18-1. Co-injection of PKCI (78uM) and munc18-1 (7.8uM) was also
investigated. All experiments were carried out at 15°C using the following apparatus,
Grass S48 stimulator, Pico Spritzer II (General valve Corporation), Micromaster
microscope (Fisher Scientific), Axoclamp 2B (Axon Instruments) and Tele-
thermometer VS1, all data were recorded on COMPAQ DESKPRO mv400 computer.

These experiments were carried out with Keiko Tokumaro in Prof. George
Augustine’s laboratory at the Marine Biological Laboratory, Woods Hole,
Massachusetts, U.S.A.
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CHAPTER 3

RESULTS
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DNA MANIPULATION AND PROTEIN PURIFICATION

3.1 Cloning, expression and purification of human PKCI

PKCI was cloned from a human T-cell (AZAP-70) library using the polymerase

chain reaction. The cDNA was inserted into the expression vector pGEX2T and
sequenced in both directions to verify the nucleotide sequence of human PKCI.

The recombinant protein was expressed in Escherichia coli as a GST fusion
protein. GST-PKCI was purified using standard procedures and cleaved by thrombin,
leaving two additional amino acids at the N-terminus (glycine and serine). Thrombin
activity was inhibited by the addition of ImM PMSF (a thrombin and general serine
protease inhibitor). Mono Q anion-exchange chromatography was used as a final
purification step. PKCI eluted as a single peak from Mono Q at a salt concentration of
300mM NaCl and was approximately 99% pure as judged by SDS-PAGE (Fig. 8).
Fractions containing PKCI were typically 3-7mg/ml as measured by the Bio-Rad
protein assay and stored at -70°C.

Electrospray mass spectrometry (ESMS) analysis confirmed the molecular

weight and that human PKCI was a single molecular species. The molecular weight of

PKCI was determined to be 13945.35 + 0.48 daltons (Da) as shown in Fig. 9. The

calculated molecular weight for PKCI is 13946 Da.
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Fig. 8 Purification of human PKCI

(a) Mono Q anion-exchange chromatogram of PKCI.
PKCI eluted as a single peak at a salt concentration of 300mM NaCl. Peak of protein

was collected in fractions 10, 11 and 12.

(b) Coomassie Blue-stained 12.5% SDS-PAGE of Mono Q fractions. The molecular

weight of PKCI is approximately 14 kDa. Fractions of PKCI appear to be

approximately 99% pure. Molecular weight markers in kDa are shown.
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Fig. 9 Electrospray mass spectrometry of human PKCI
Purified PKCI (100pmol) was introduced to the ESMS source. The peaks represent the

different mass/charge (m/z) ratios of the protonated state of PKCI. Analysis of the data

gave a molecular mass of 13945.35 t 0.48 Da. The calculated molecular weight for

PKCI is 13946 Da. The spectra shows that PKCI was a single molecular species.
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PKCI STRUCTURAL STUDIES

3.2 Three-dimensional structure of PKCI

Elucidation of the three-dimensional structure of PKCI was carried out as part

of a collaborative project with the X-ray crystallography group at NIMR.

3.2.1 Crystallisation of PKCI
Human PKCI (5mg/ml) crystallised within two-three days. Final conditions that

yielded crystals were 13-18% PEG 6000, 100mM sodium cacodylate pH6.5 at 4°C.
Human PKCI crystals belonged to the space group P2,2,2, with unit-cell dimensions of
a=46.1 A, b=77.3 A and c= 81 A (Fig. 10a).

Maize PKCI (10mg/ml) crystals were grown using 1.7M Ammonium Sulphate,

2% PEG 400, 100mM HEPES pH7.5, 1% n-octyl-B-D-glucopyranoside (BOG) at

180C. Maize PKCI crystals belonged to the space group P2,2,2, with unit-cell
dimensions of a= 92.64, b= 129.45 and ¢= 196.31 A (Fig. 10b).

3.2.2 Structure of PKCI

Human PKCI was crystallised (Fig. 10a) and data sets were collected to high
resolution (2.1 A). However, further work was not carried out as the structure of
human PKCI was published by another group (Lima et al., 1996).

Maize PKCI had been previously crystallised (Xiao et al., 1995b) but the
structure could not be solved due to the presence of a large number of generally related
dimers in the asymmetric unit. These dimers (i.e dimers of the PKCI dimer) were the
result of intermolecular disulphide bond formation through Cys107. Upon publication
of the three-dimensional structure of human PKCI, whose sequence shows 54%
identity with the maize sequence, the maize structure was solved using the molecular

replacement method (Fig. 11).
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Fig. 10 Crystals of PKCI

(a) Human PKCI crystals

Average crystal dimensions were 550um x 60pm x 60pm. Crystals belonged to the

orthorombic (P2,2,2,) space group.

(b) Maize PKCI crystals
Average crystal dimensions were 110um x 100um x 40um. Crystals belonged to the

orthorombic (P2,2,2,) space group.
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Fig. 11 Structure of the maize PKCI dimer

(a) Secondary structure of the PKCI dimer with the positions of a subset of the
conserved residues in the PKCI family. The blue cylinders represent o-helices and f3-

sheets are shown as red arrows.

(b) Ribbon diagram of the maize PKCI dimer. The positions of Cys107, His 51 and the

Histidine triad proposed to be implicated in binding zinc/nucleotides are highlighted in

monomer 1. o-helices are denoted by purple spirals and B-sheets as blue arrows.
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PKCI is a dimer, each monomer consists of five stranded antiparallel B sheet

structure with two o helices. The two monomers associate to form a ten stranded [

sheet structure with the typical right-handed twist. No zinc ion was observed in the
maize PKCI structure. Similarly, there was no zinc in the three-dimensional structure of
human PKCI, but these authors proposed that the HIT motif (His110, 112, 114) was
not involved in binding zinc (Lima ef al., 1996). The imidazole group of His110 is not
in a position to co-ordinate a metal ion with His112 and His114. It has nevertheless
been proposed that His51, which is completely conserved throughout the family could
act as a third zinc ligand in combination with His112 and His114.

One striking feature of the maize PKCI structure is an exposed cysteine residue
at position 107 (which is a Ser in the human sequence). Cysteine and histidine are
typical amino acids that often co-ordinate metal ions such as zinc in proteins (e.g. zinc
finger motifs). Although zinc was added to the crystallisation buffers, no zinc was
detected in the crystal structure. This could be explained by the fact that Cys107 which
is near the HIT motif may be important in co-ordinating a metal ion together with
His112 and 114 and thus causing zinc-induced secondary structural changes previously
observed with maize PKCI. However, as Cys107 was most likely involved in the
formation of intermolecular disulphide bonds between PKCI dimers it was not able to
co-ordinate a zinc ion and hence no zinc was detected in the crystal structure. To test
this hypothesis, the thiol group on Cys107 was blocked using iodoacetamide and CD

studies were carried out using the carboxyamidomethylated maize PKCI.

3.3 Zinc binding studies

3.3.1 CD and fluorescence studies

CD spectra of recombinant human and bovine PKCI were recorded (Fig. 12a
and 12b) in the presence and absence of zinc. The spectra confirmed a secondary
structure similar to that of native bovine PKCI (Pearson et al., 1990), thereby

suggesting correct folding of the recombinant protein. In contrast to CD

95



Fig. 12 Circular dichroism of human and bovine PKCI

(a) CD spectra of recombinant human PKCI (0.3mg/ml) in a Imm cuvette. Addition of
2mM EDTA produced no change in the spectrum (labelled apo). To a fresh sample of
PKCI, 15mM zinc chloride was added. In the presence of zinc, there was no change in
the spectrum. The slight difference in spectra in the presence of excess zinc was

probably due to precipitation of PKCI or dilution.

(b) CD spectra of recombinant bovine PKCI (0.2mg/ml) in a Imm cuvette. Sample

was treated as described above.
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data reported with maize PKCI (Robinson et al., 1995), there was no evidence of
zinc-induced secondary structural changes to either human or recombinant bovine
PKCI. The slight difference observed with human PKCI is probably due to dilution
or protein precipitation as the shape of the spectra remained the same in the presence
or absence of zinc.

As Lima et al. (1996), had proposed that His51 was involved in the co-
ordination of a zinc ion with His 112 and His 114, His51 was mutated to Ser and
used for CD and fluorescence studies. The H51S mutant was purified essentially as

described for the wild-type protein. Mass spectrometry analysis gave a molecular

mass of 13894.33 £ 0.42 Da which confirmed the H51S mutation (Fig. 13).

Fluorescence analysis was performed on the wild-type and H51S mutant

human PKCI (Fig. 14). A 59% quench in tryptophan fluoresence and a small shift

in the A max from 351nm to 347nm was observed upon addition of SOuUM zinc to

10uM wild-type human PKCI. However, this effect was irreversible upon addition

of a 100-fold excess of EDTA. The tryptophan fluorescence of the H51S mutant
human PKCI was quenched by 71% compared to that of the wild-type protein (Fig.
14b) thus indicating that H51S mutant human PKCI may be denatured. This is
consistent with CD studies on H51S mutant human PKCI (Fig. 15) which show
that it is largely unstructured.

Since solving the crystal structure of maize PKCI (Hirshberg, Kerai and
Aitken, in prep), it became apparent that Cys107 (a Ser in human and bovine
PKCI) which is near the HIT motif may be the third amino acid involved in co-
ordinating a zinc ion and thus causing structural changes previously observed in CD
spectra. In order to block the thiol group on Cys107, recombinant maize PKCI was
purified using the same experimental procedures as described for human PKCI and

was treated with iodoacetamide. The iodoacetamide treated protein was assayed

using ESMS which gave a molecular mass of 14429.5 + 0.33 Da (Fig. 16).
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Fig. 13 Electrospray mass spectrometry of H51S mutant human

PKCI
Purified mutant PKCI (100pmol) was introduced to the ESMS source. Analysis of the

data gave a molecular mass of 13894.33 £ 0.42 Da. This mass confirmed that His51

was mutated to Ser. The calculated molecular weight of H51S mutant PKCI is 13895.9
Da.
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Fig. 14 Fluorescence spectra of human PKCI

(a) Fluorescence spectra of recombinant wild-type PKCI (10uM). Addition of 50uM

zinc caused a 59% decrease in tryptophan fluorescence. However, this was irreversible

in the presence of excess EDTA (SmM).

(b) Fluorescence spectra of recombinant H51S mutant PKCI (10uM). Addition of
50uM zinc did not cause a relatively large change in tryptophan fluorescence as

observed with the wild-type PKCI but there was a shift in the Amax from 351nm to

342nm. The fluorescence of the mutant was quenched by 71% in comparison to that of

the wild-type protein.

Spectra were recorded with an excitation wavelength of 280nm and have been corrected

for dilution.
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Fig. 15 Circular dichroism of H51S mutant human PKCI
CD spectra of mutant PKCI (0.2mg/ml) show that H51S mutant PKCI is not structured

like the wild-type PKCI. There is some loss of [B-sheet structure and an increase in

random coil structure.
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Fig. 16 Electrospray mass spectrometry of carboxyamidomethylated

maize PKCI

Carboxyamidomethylated maize PKCI (100pmol) was introduced to the ESMS source.

Analysis of the data gave a molecular mass of 14429.5 £ 0.33 Da. This mass confirmed
that Cys107 was carboxyamidomethylated as there was an increase in the mass by 57
daltons (due to the iodoacetamide). The calculated molecular weight for

carboxyamidomethylated maize PKCI is 14430.44 Da. The deconvoluted spectra is

shown.

105



100 144295 ]

%

o mass
13750 14000 14250 14500 14750 15000

106



An increase in the mass of maize PKCI by 57 daltons confirmed that Cys107
was carboxyamidomethylated. The carboxyamidomethylated maize PKCI was used for
subsequent CD studies.

CD spectra of the wild-type and thiol-blocked maize PKCI in the presence and
absence of zinc were recorded (Fig. 17). Consistent with Robinson ef al. (1995) zinc-
induced secondary structural changes were observed with the wild-type maize PKCI
(Fig. 17a). However, no such change was observed with the thiol-blocked maize PKCI
(Fig. 17b). These studies implicate Cys107 in the co-ordination of a zinc ion in maize

PKCIL
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Fig. 17 Circular dichroism of maize PKCI

(c) CD spectra of recombinant maize PKCI (0.6mg/ml) in a Imm cuvette. Addition of

zinc (1:1 monomer protein concentration) caused a shift in the spectrum (labelled +Zn**)

which was consistent with the formation of -sheet at the expense of o-helix.

(d) CD spectra of carboxyamidomethylated maize PKCI (0.6mg/ml). The spectra of
modified maize is the same as that of the apo maize spectra. Addition of zinc under

those conditions described above did not cause a change in the spectrum.
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PKCI FUNCTIONAL STUDIES

3.4 PKC inhibition

PKC activity was measured under a range of PKCI concentrations (0-20uM).

In contrast to reported studies using maize and bovine PKCI, the data shows that
human PKCI has no inhibitory effect on PKC activity (Fig. 18b). In the presence of
maize PKCI (which by itself shows little inhibition of PKC activity), there is
synergistic inhibition of PKC by 14-3-3 (Robinson et al., 1995). PKC activity was also

measured under a range of recombinant 14-3-3 concentrations to determine the IC,,.

Half maximal inhibition by 14-3-3 was obtained at a concentration of 0.9uM (Fig.

18a). To investigate the combined effect of human PKCI and 14-3-3 on PKC activity,

PKC assays were performed under a range of PKCI concentrations in the presence of

0.9uM 14-3-3. Although PKCI alone has no effect on PKC activity, when assayed

together with 14-3-3, synergistic inhibition of PKC activity was observed (Fig. 18a and

18b). In the presence of 14-3-3, half maximal inhibition by PKCI was obtained at a

concentration of 4.5uM. These studies suggest that PKCI may interact with 14-3-3.

3.5 PKC(CI1/14-3-3/PKC interaction studies

As synergistic inhibition of PKC activity was observed with PKCI and 14-3-3,
the possibility of an interaction between PKCI, 14-3-3 and PKC was investigated using

a number of in vitro and in vivo studies.

3.5.1 In vitro_studies

To investigate whether PKCI and 14-3-3 associate, BS® [Bis (Sulfosuccinimid-
yl) suberate] was used as a cross linker (Fig. 19). Lanes 3 and 4 show that PKCI and
14-3-3 are able to form dimers. Although, the bands for PKCI are not clearly visible on

the gel, there is some evidence for PKCI to form dimers. Lanes 6-8 are samples taken

110



Fig. 18 PKCI inhibition of PKC
Mixed brain PKC was incubated in the dispersion assay, with MARCKS peptide as

substrate with:

(a) arange of recombinant 14-3-3 concentrations.

Half maximal inhibition by 14-3-3 was obtained at a concentration of 0.9uM.

(b) a range of human PKCI concentrations in the presence and absence of 0.9uM 14-3-

3. No inhibitory effect was observed on PKC activity by PKCI alone. However, in the

presence of 14-3-3, half maximal inhibition by PKCI was obtained at a concentration of

4.5uM.
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Fig. 19 PKCI/14-3-3/PKC interaction studies (in vitro)

Coomassie Blue-stained 12.5% SDS-PAGE of PKCI (6uM) and 14-3-3 (6uM) in the

presence (+) and absence (-) of BS’ chemical cross-linking agent. Lanes 1-2 show
monomeric PKCI and 14-3-3, lanes 3-4 show PKCI and 14-3-3 in the presence of
BS®. Lane 5 is a mixture of PKCI and 14-3-3 in the absence of BS®. PKCI and 14-3-3
were incubated for a total of 2 h in the presence of BS® and samples were taken at 30
min (lane 6), 1 h (lane 7) and 2 h (lane 8) during the incubation. A combination of both
monomeric and dimeric forms of both proteins are visualised in lanes 6-8. Molecular

weight markers in kDa are shown.
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at different time points during the 2 h incubation. Under these conditions the presence
of both monomeric and dimeric PKCI and 14-3-3 was detected. However, a complex
of 14-3-3 and PKCI was not observed. Western blot analysis using anti-PKCI
antibodies was performed to investigate whether the band between 43 and 67 kDa was a
complex of PKCI and 14-3-3, or dimeric 14-3-3 (data not shown). PKCI was not
detected and this band corresponded to a dimer of 14-3-3. There was no evidence for a
direct interaction between PKCI and 14-3-3 from chemical cross-linking studies.

The ability of endogenous 14-3-3 and PKC (from COS-1 cell lysate) to bind to
recombinant GST-PKCI was investigated using a GST-pull down assay. Consistent
with the cross-linking studies it has not been possible to show that 14-3-3 or PKC
interact with human PKCI (Fig. 20a and 20b). Although, these studies suggest that
PKCI does not interact with PKC or 14-3-3, it is possible that the affinity between
PKCI and 14-3-3/PKC is weak and PKCI cannot displace the interaction of 14-3-
3/PKC with other endogenous proteins. To overcome this problem, PKCI, 14-3-3 and

PKC were cotransfected into mammalian cells.

3.5.2 In vivo_studies

To investigate the possibility of an interaction between PKCI, 14-3-3 and PKC
in vivo, human PKCI was myc-epitope tagged. PKCI was myc-epitope tagged since
the PKCI antibodies available were of poor quality. The presence of the myc tag
permits immunoprecipitation and Western blot analysis of PKCI using the anti-myc
antibody.

PKCI was myc-epitope tagged at the N-teﬁrﬁnus using PCR mutagenesis and
cloned into the mammalian expression vector, pcDNA3.1/Zeo (+), for transient
transfection and immunofluorescence studies. PKCI was tagged at the N-terminus since
this region is not well structured and the presence of a ten amino acid tag probably
would be unlikely to interfere with protein-protein interactions.

Transient transfection studies showed that PKCI-myc was poorly expressed in

mammalian cells. PKCI-myc was not detected in detergent soluble cell lysates (Fig. 21,
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Fig. 20 PKCI does not associate with 14-3-3 or PKC (in vitro)

(a) GST-PKCI (20png) and GST (20png) were incubated with detergent soluble COS-1

cell lysates and subsequently immobilised on glutathione-Sepharose beads. After
washing, proteins bound to the beads were eluted with sample buffer, analysed by
SDS-PAGE and immunoblotted with antibodies specific to PKCa, B, y. Lane a

represents proteins eluted from GST-PKCI or GST and lane b represents samples of

COS-1 cell lysates. Molecular weight markers in kDa are shown.

(b) GST-PKCI (20pg) and GST (20ug) was incubated with detergent soluble COS-1

cell lysates and subsequently immobilised on glutathione-Sepharose beads. After
washing, proteins bound to the beads were eluted with sample buffer, analysed by
SDS-PAGE and immunoblotted with antibodies specific to 14-3-3. Molecular weight

markers in kDa are shown.
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Fig. 21 Expression of human PKCI in mammalian cells

Western blot of detergent soluble cell lysate and PKCI-myc immunoprecipitated from
detergent soluble cell lysate with the anti-myc (9E10) monoclonal antibody. Cells were
transfected with vector alone (control) or with vector expressing PKCI-myc (labelled
PKCI-myc). PKCI-myc is only detectable in immunoprecipitates (IP) and not in cell
lysate fractions (labelled lysate). Bands observed at 30 and 46 kDa represent the light
and heavy chains of immunoglobulins, which are 25 and 55 kDa respectively.

Molecular weight markers in kDa are shown.

118



AN 1l ©

4

VVVV

>

)

<

(

KA\

ARRRAN

**2

D2 > ),



lane 2) but only detected when immunoprecipitated with the anti-myc (9E10) antibody
(lane 4). Increasing the time allowed for protein expression to occur (24-72 h) did not
significantly enhance the amounts of PKCI immunoprecipitated (data not shown).

Previous reports using the yeast two hybrid system had suggested that PKCI

may interact with PKCP. The ability of PKCI to interact with 14-3-3 or PKCo/PKCp

was investigated in COS-1 cells. PKCI-myc, 14-3-3(-HA and PKCP were co-

transfected into COS-1 cells. PKCI or 14-3-3 were then immunoprecipitated and

Western blot analysis was performed using anti-PKCa, anti-PKCP, and anti-HA

antibodies. In agreement with the in vitro studies, it has not been possible to detect an

association between PKCI and PKCa., (Fig. 22a), PKCP (Fig. 22b) or 14-3-3( (Fig.

22c¢).
From the in vitro and in vivo studies, there is no evidence for an interaction
between PKCI and PKC. These results were rather surprising as Lima et al. (1996) had

previously suggested that PKCI may interact with the N-terminal regulatory domain of

PKCB, in a yeast two hybrid assay. The possibility remained that Western blot analysis

may not have been sensitive enough to detect an association between PKC and PKCI.
Therefore, PKC assays were performed on PKCI-myc immunoprecipitated from COS-
1 cells. PKC activity was also measured in cell lysates to ensure PKC expression.

Moreover, a significant increase in the amount of PKC activity associated with the co-

transfected PKCB-PKCI-myc immunoprecipitates was not detected when compared to

the amounts of PKC activity associated with the control PKCI-myc immunoprecipitates
(Fig. 23). PKC activity was detected when COS-1 cells transfected with vector were
immunoprecipitated with the anti-myc antibody. However, when compared with the
levels of activity detected with the PKCI-myc transfection both were found to be

similar.
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Fig. 22 PKCI/14-3-3/PKC interaction studies (in vivo)

(a) Plasmids encoding PKCI-myc (5ug) and 14-3-3-myc (Sug) were transfected into

COS-1 cells. Forty eight hours post transfection, detergent soluble cell lysates were
subjected to immunoprecipitation (IP) of PKCI and 14-3-3 proteins with an anti-myc
(9E10) monoclonal antibody. The resulting immunoprecipitates were immobilised on
protein A-Sepharose beads, washed and fractionated by SDS-PAGE. Proteins bound to

the beads were analysed by SDS-PAGE and immunoblotted with antibodies specific for

PKCa.

(b) Identical to (a) except that PKCI-myc (5ug), 14-3-3-myc (5ug) and PKCB (5ug)
were transfected into COS-1 cells. Proteins bound to the beads were analysed by SDS-

PAGE and immunoblotted with antibodies specific for PKC.

(c) PKCI-myc (5ug) and 14-3-3-HA (5ug) were co-transfected into COS-1 cells, 14-3-

3-HA alone was transfected as control and immunoprecipitated with an anti-HA
antibody. Forty eight hours post transfection, PKCI was immunoprecipitated from the
detergent soluble cell lysate with the anti-myc antibody. The immunoprecipitates were
immobilised on protein A-Sepharose beads washed, subjected to SDS-PAGE and with

antibodies specific for the HA-epitope.

Bands observed at 29 and 50 kDa represent the light and heavy chains of
immunoglobulins, which are 25 and 55 kDa respectively. Molecular weight markers in

kDa are shown.
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Fig. 23 PKC assays on PKCI immunoprecipitates

Plasmids encoding PKCI-myc (5pg) and PKCP (5ug) were co-transfected into COS-1

cells and 48 h post transfection PKCI was immunoprecipitated from the detergent
soluble cell lysate and immobilised on protein A-Sepharose beads. PKC assays were
performed on the cell lysates and on the washed immunoprecipitates using the

MARCKS peptide as a substrate. Results are shown as the amount of **P radioactivity

(cpm) incorporated into the MARCKS peptide. Data are mean + SEM (bars) and are

representative of three individual experiments.
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3.6 _Phosphorylation of human PKCI

PKCI-myc plasmid or pcDNA3.1/Zeo (+) vector (as a control) was transfected
into COS-1 cells. Kinase assays were performed on the immunoprecipitates to
investigate whether PKCI may be phosphorylated by an associated kinase.
Phosphorylation of PKCI by was not detected (Fig. 24). Under conditions of serum
starvation and stimulation of cells with epidermal growth factor, PKCI was also not

found to be phosphorylated (data not shown).

3.7 Localisation of human PKCI

The subcellular localisation of PKCI was not clear as reported data were
inconsistent (Brzoska et al., 1996; Klein et al., 1998). Therefore, the localisation of
PKCI was investigated using indirect immunofluorescence. Human embryonic kidney
293 cells were transfected with lipofectAMINE and cells were processed 48 h later for
immunofluorescence. Cells transfected with vector alone were used as controls. The
data shows that PKCI is localised mostly to the plasma membrane (Fig. 25). Under
conditions of serum starvation and stimulation of cells with various growth factors, the

localisation of PKCI did not change (data not shown).

3.8 Identification of human PKCI interacting proteins

One of the major reasons why the detection of protein-protein interactions
involving PKCI using transfection and immunoprecipitation studies has proved to be a
difficult task could be due to the fact that PKCI is expressed at very low levels in cells.
Therefore, a GST-PKCI affinity column was used to identify proteins in brain which
may interact with PKCI.

To identify PKCI interacting proteins, total pig brain homogenate (see Materials
and Methods) was applied to a GST-PKCI column (5ml bed volume). Bound proteins
were eluted with a NaCl gradient of 0-1M and 1ml fractions were collected. Analysis of

the eluates by SDS-PAGE followed by Coomassie Blue staining revealed that a total of
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Fig. 24 Kinase assay of PKCI immunoprecipitates

To investigate whether a kinase may associate with and phosphorylate PKCI in cells,
PKCI-myc and pcDNA3.1/Zeo (+) (as a control) was transfected into COS-1 cells.
PKCI-myc was immunoprecipitated from the detergent soluble cell lysate 48 h post
transfection and immobilised on protein A-Sepharose beads. After washing the beads,
kinase assays were performed on the immunoprecipitates which were subsequently
analysed on 15% SDS-PAGE and subjected to autoradiography. Molecular weight

markers in kDa are shown.
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Fig. 25 Cellular distribution of PKCI in 293 cells

PKCI-myc-pcDNA3.1/Zeo (+) or pcDNA3.1/Zeo (+) was transfected into human
embryonic kidney 293 cells by lipofect AMINE. Cells were fixed 48 h post transfection
and processed for immunofluorescence using a mouse anti-myc antibody (9E10). PKCI

is localised to the plasma membrane of 293 cells. Control experiments with vector alone

were blank. The white bar represents a scale of 10p.
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