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Abstract

The annexing are a major, novel class of calcium/phospholipid-binding 

proteins, the functions of which are unknown. To date, there are thirteen members 

of this family cloned from species diverse as humans to Dictyostelium. The canonical 

annexin structure comprises four internal repeats- each of approximately 70 amino 

acids, with the exception of annexin VI, a 68 kDa protein comprised of eight repeats. 

Annexing I and II are known to be in vivo substrates for cellular protein kinases. To 

date, of all the other annexing, only annexin VI has been shown to be phosphorylated 

in whole cells. Since phosphorylation is known to play a major role in signal 

transduction and cell transformation, the aim of this project was to characterize the 

phosphorylation of annexin VI.

In studies using murine Swiss 3T3 fibroblasts, it became apparent that annexin 

VI is phosphorylated in a growth-dependent manner on both serine and threonine. 

However, an unexpected result was that the majority of phosphorus (when cells were 

^^Pi-labelled over a 24h period) was incorporated into two novel phospho-entities 

(which I call phospho-X and phospho-Z) that were not known phosphoamino-acids. 

Many proteins are post-translationally modified, and in many instances the 

identification of these modifications can provide insight into the proteins’ function.

There are several post-translational modifications in which phosphorus forms 

part of the structure, including ADP-ribosylation and the glycosylphosphatidylinositol 

(GPI) anchor. However, these possibilities were eliminated on the basis of metabolic 

labelling experiments. Mass spectroscopy suggested that phospho-X was a low 

molecular weight entity.

Due to either the chemical nature of the post-translational modification or the 

peptide to which it was attached, conventional site-mapping techniques were 

ineffective in identifying the modified residues in annexin VI. However, limited 

chemical cleavage with N-chlorosuccinimide clearly indicated that annexin VI is 

modified at more than one site, one lying close to the N-terminus and the other in the 

C-terminal half of the protein. To facilitate the site-mapping studies, annexin VI was 

expressed in the heterologous cell-line A431 by stable transfection. Annexin VI in 

the transfected cells was shown to incoiporate phospho-X and phospho-Z.



In conclusion, these data describe both a potentially novel post-translational 

modification of annexin VI and a model system for its further study.
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Chapter 1

Introduction

1.1 Calcium- An Overview.

More than a century ago our knowledge of the biological importance of 

calcium began with the serendipitous discovery made by Sydney Ringer, who showed 

that calcium was needed for contractility of the heart (1883). By the early 20th 

Century researchers had become aware that the normal biological activity of many 

tissues and cells depended on specific concentrations of calcium. The functions of 

calcium in biological systems are not only multifaceted but also fundamental in nature. 

In addition to being the major constituent of bone, calcium exerts significant effects 

on the structural and functional properties of biomembranes. Calcium is important in 

maintaining the normal permeability of cells by its ability to protect against lysis upon 

mechanical, pH, or osmotic stress (Diamond, 1969). Calcium has a relatively high 

affinity for negatively charged sites on the surfaces of cells, indicating roles for 

calcium in influencing excitable membranes, cell permeability and cell communication 

(Williams, 1990). In addition, calcium has essential roles in the function of ion 

channels and in its ability to induce microtubule depolymerization (Loewenstein, 

1978).

Calcium is a cofactor for many extracellular enzymes and proteins, and 

although it plays a vital role in extracellular processes such as blood clotting and 

complement activation, it is not essential in the physiological sense because changes 

in extracellular calcium concentration neither initiate nor regulate the process 

concerned (Campbell et a i ,  1983). In contrast, in the mediation of intracellular
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activities, it is the change in calcium concentration within the cell which at least partly 

triggers the response of the cell to a given stimulus (Kretsinger, 1975), be it physical, 

electrical or chemical. There are many phenomena in which a rise in intracellular 

calcium appears to be the trigger for cell activation, including cell movement (muscle 

contraction, chemotaxis), secretion (neurotransmitter, endocrine hormone release, and 

exocrine secretion), cell division (cell transformation and egg fertilization), and 

intermediary metabolism (glycogen and lipid degradation) (Campbell, 1983). These 

physiological activities arise as a consequence of a change in the concentration of free 

calcium inside the cell brought about by primary stimuli, either releasing a store of 

calcium from within and/or causing calcium to enter the cell from outside.

There is an enormous gradient in calcium concentration across the cell 

membrane. In external body fluids the calcium concentration is typically held at a 

fixed level (> 1 mM) and exists in equilibrium or close to equilibrium with the 

calcium reserves in bone. Normally, the cell cytoplasmic calcium concentration is 

maintained below 100 nM by energy-dependent processes which are used to pump 

calcium outwards (Williams, 1990). Cells have developed a complex and interrelated 

system of ion gates, exchangers and pumps in their membranes which maintain this 

extraordinarily low level of calcium, thereby allowing the potential to respond to 

fluxes of calcium (Smith and Dedman, 1990). The medium through which this flux 

regulates cellular activity is calcium-binding proteins.

1.2 Calcium-binding Proteins

As mentioned above, the calcium ion is employed in most eukaryotic cells as 

a "second messenger", mediating the transfer of information from the cell surface 

membrane to numerous specific sites within the cell. The most important group of 

polymeric calcium ligands identified to date are proteins which are capable of binding 

the calcium ion with high affinity and specificity. There must be a link between 

stimulus and response, and the study of various calcium-binding proteins has provided 

insight into this link.

The intermediary between the elevation of intracellular calcium in response to 

an agonist and the physiological response is typically a calcium-binding protein, be 

it a calcium-dependent enzyme or a calcium-dependent modulating protein
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(Wasserman, 1991). Well studied examples of both these types of calcium receptor 

proteins are protein kinase C and calmodulin or troponin C, respectively (Smith and 

Dedman, 1990). The intracellular calcium-responsive proteins are characterized by 

relatively high affinity calcium-binding sites which allow the protein to bind calcium 

as the intracellular free calcium concentration increases from 10  ̂ M to 10  ̂ M or 

greater upon cell activation (Wasserman, 1991).

1.3 The EF-hand Calcium-Binding Proteins

The largest single category of calcium-binding proteins bind calcium through 

a helix-loop-helix structure known as the "E-F" hand (Tufty and Kretzinger, 1975). 

The discovery by Ebashi and Ebashi (1965) of a calcium-binding protein, troponin, 

which regulates muscle contraction marked an important step forward in understanding 

the molecular mechanism of intracellular calcium as a regulator. By the end of the 

1970’s it became clear that related proteins exist in most, if not all eukaryotic cells 

(Campbell, 1983). The "E-F" hand family includes members that contain between two 

and eight EF-hands, and several authors have proposed that proteins of this group 

evolved through successive gene duplication events from a protein containing a single 

EF-hand (Ferret et al y 1990).

The calmodulin family of proteins are the most widely distributed of EF-hand 

proteins, and are found throughout eukaryotic phyla (Kretsinger et al, y 1991). Upon 

binding calcium, calmodulin can activate a number of enzymes, including adenylate 

cyclase, protein kinases, and calcium ATPase (Wasserman, 1991). Calmodulin binds 

calcium (up to 4 mol of calcium per mole of protein) and as a result, changes 

conformation to expose a hydrophobic region which is believed to be the site at which 

it interacts with its cellular ligands (Thompson, 1988). By far the most intensively 

studied of all calcium-binding proteins, calmodulin regulates numerous essential 

physiological processes including energy and biosynthetic metabolism, cell motility, 

muscle contraction, exocytosis, cytoskeletal assembly, and intracellular modulation of 

both cAMP and calcium concentrations (Wylie and Vanaman, 1988). The most 

obvious hallmark of the calmodulin family is the specialized calcium-binding loop 

structure. Although almost every protein in the family has this feature, only certain 

of the members (including calmodulin and troponin C) retain four functional calcium-
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binding domains (Wylie and Vanaman, 1988). In contrast, the myosin light chains, 

parvalbumin, S-100, and others have had various segments deleted or evolved for 

specialized uses (Goodman, 1979). Indeed, p l l ,  a member of the S-100 family, has 

selective mutations in all its EF-hands, rendering it unable to bind calcium.

While calmodulin is a common constituent of all eukaryotes, more specialized 

calcium-dependent regulator proteins have evolved in different kingdoms depending 

on evolutionary needs and physiological needs (Wylie and Vanaman, 1988). For 

example, troponin C appears to have evolved as a specialized form of calmodulin 

which has become almost exclusively dedicated to the regulation of muscle contraction 

in animals (Smith and Dedman, 1990). Another example is aequorin, a photoprotein 

which partly regulates the light associated behavioral responses of primitive 

invertebrates (Goodman, 1979). The calmodulin family is an excellent example of the 

power of gene duplication mechanisms both for forming an individual multidomain 

protein and for providing genetic diversity while maintaining a high degree of 

structural and functional conservation (Wylie and Vanaman, 1988). Evolutionary gene 

duplication events such as these are not exclusively associated with this group of 

calcium-binding proteins, as similar mechanisms may underlie diversity in the 

annexins (see later).

Another group of EF-hand containing proteins which has sequence similarity 

with the calmodulin family are the S-100 proteins (Dannies and Levine, 1971). The 

S-100 proteins are a large group of small, acidic calcium-binding proteins that are 

expressed in a cell-type-dependent manner (Kligman and Hilt, 1988). Although S-100 

proteins were originally thought to be specific to the nervous system, a variety of S- 

100 proteins are expressed in other tissues (Donato, 1990). The amino acid sequences 

of many S-100 proteins have been tightly conserved in a wide variety of organisms 

ranging from protozoa to man (Cocchia et a l,  1985; Moore, 1984), all of them 

containing two EF-hands (Hilt and Kligman, 1991). In contrast to calmodulin, the 

distribution of particular S-100 proteins appears to be restricted to specific cell-types, 

but like calmodulin, the binding of calcium to the EF-hand regions in the S-100 

proteins induces a conformational change which exposes hydrophobic domains of the 

protein (Hilt and Kligman, 1991). Although the S-100 proteins have been well 

characterized in a physicochemical sense, their biological functions are less clear.
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One consequence of the efforts of laboratories worldwide in cloning and 

characterizing the EF-hand proteins, is that the evident amino acid sequence 

homology, conservation of calcium-binding sites, and similarities of gene organization 

all suggest that these calcium-binding proteins evolved from common ancestors. If 

conserved structure reflects conserved function then this strong conservation within 

calcium-binding proteins implies an important biological role for these proteins. This 

argument is not limited to the EF-hand family of calcium-binding proteins, as there 

exists another recently discovered group of proteins called the annexins, which are 

also broadly expressed, both phylogenetically and within cells and tissues.

1.4 The Annexins and Proposed Functions

As mentioned above, research into calcium-binding proteins was spurred by the 

discovery that calcium could act as a second messenger in stimulus-response coupling. 

Until recently, the "calcium-binding protein" field was dominated by the EF-hand 

proteins. However, over the last five to ten years it has become apparent that another 

major group of calcium-binding proteins exists, namely the annexins. Members of the 

annexin family have been independently discovered by many laboratories in various 

fields of research. Inevitably, their simultaneous discovery in numerous physiological 

contexts led not only to problems of nomenclature, but also to the premature 

designation of function.

Various potential functions of the annexins that have been proposed include 

involvement in exocytosis (Creutz, 1992; Burgoyne, 1992), synaptic vesicle trafficking 

(Walker, 1982; Sudhof et a i ,  1984; Boustead et aL, 1990), and cytoskeletal 

interactions (Shadle et a/., 1985; Gerke et a i ,  1990; Owens et a l ,  1984; Moss et a l,

1990). Others hypothesize that annexins function as anticoagulants (Maki et a/., 1992; 

Funakoshi et a/., 1987; Grundmann et a i ,  1988), phospholipase A 2  inhibitors and anti

inflammatory proteins (Blackwell et a/., 1980; Pepinsky et a i ,  1986; Russo-Marie, 

1992), and as calcium channels (Rojas et al., 1990; Huber et a/., 1992). Some of 

these functions will be further examined in this chapter but it is imperative to note that 

these suggested roles are primarily based on biochemical properties of the annexins, 

and have yet to be unequivocally demonstrated in vivo.
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1.5 General Properties of the Annexins
To date, the annexin family consists of ten mammalian members (annexins I- 

VIII, XI, and the recently cloned intestinal-specific annexin, ISA (Wice and Gordon, 

1992)) and annexins have also been found in several lower phyla, including 

Drosophila (annexins IX and X- Johnston et al., 1990), Hydra (annexin XII- 

Schlaepfer et al., 1991), Dictyostelium (annexin VII- Doring et al., 1991) and higher 

plants (Smallwood et al., 1990). Annexins are also broadly expressed within cells and 

tissues (Moss, 1992). Two criteria exist that define a protein as a member of the 

annexin family (Moss, 1992). Firstly, it must be able to bind to phospholipids in a 

calcium-dependent manner, and secondly, it must contain multiple repeats of a 

conserved 70 amino-acid domain. The typical annexin core, which is comprised of 

four or (in the case of annexin VI) eight repeats contains the calcium and 

phospholipid-binding sites (Crompton et al., 1988a). A highly conserved 17 amino 

acid consensus sequence, sometimes referred to as the endonexin fold, contains some 

of the coordinating amino-acids for the calcium ion and is located within each repeat. 

The canonical annexin structure is schematically shown in Figure 1.1.

Variable
N-termlnal
domain

Conserved repeats 
(calcium and phospholipid-binding)

- c

Figure 1.1. The canonical Annexin structure. A typical four-repeat annexin is shown.

The N-terminus of each annexin is unique with respect to both length and 

amino acid composition. It is therefore this region that is hypothesized to account for 

the individual, and specific functions of each annexin (Crompton et al., 1988a). It has 

been further proposed that the core domain common to the annexins (which harbors 

the calcium and phospholipid-binding sites) may serve a subcellular targeting role, 

directing the annexin to the correct compartment following synthesis (Moss, 1992).
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The divergent N-terminal sequences of the annexins are likely to be important 

regulatory regions in that they contain sites of modification. Hence, the N-termini of 

annexin II and annexin XI bind p l l  and calcyclin, respectively (Glenney et al., 1986; 

Towle and Treadwell, 1992). The phosphorylation sites of annexins I and II are found 

within their respective N-termini (see p.27) and proteolytic cleavage of the N-terminus 

of some annexins alters their calcium sensitivity (Drust and Creutz, 1988). Annexin 

VII (synexin) possesses one of the longest N-termini (167-189 amino acids), and may 

play a role in the binding of cytoskeletal proteins (Pollard et al., 1992), and ISA is N- 

terminally myristoylated (Wice and Gordon, 1992). In addition to N-terminal 

variation, alternative splicing may generate further functional diversity for certain 

members of the annexin family. Annexins VII and XI are alternatively spliced in their 

N-termini (Magendzo et al., 1991; Towle et al., 1992), and annexin VI is alternatively 

spliced within its core domain (see later).

1.6 Annexins Bind Calcium and Phospholipids

As mentioned above, a property common to all annexins is their ability to bind 

calcium and negatively charged phospholipids, and this accounts (at least in part) for 

the localization of annexins to the inner leaflet of plasma membranes of eukaryotic 

cells. The specific lipid composition of membranes influences the calcium 

requirements of the annexins (Bazzi and Nelsestuen, 1991). Since the binding of 

calcium and lipid is linked, one cannot specify a representative calcium-binding 

constant for a given annexin without also specifying the lipid present (Creutz, 1992). 

It is also important to consider the stoichiometry of the bound/unbound form of the 

annexin to calcium and phospholipids, and what this implies in a physiological sense. 

The kinetics of a binding reaction where three components (protein, lipid and calcium) 

are involved implies that the apparent sensitivity of a given annexin to calcium may 

vary widely (Creutz, 1992).

A common feature of the four-repeat annexins is the presence of three calcium- 

binding sites- two calcium sites are located invariably in repeats II and IV and one 

may be in either repeat I (all annexins except I and II) or in  (annexins I and II) 

(Huber et al., 1992). According to Huber et al.(1992), annexin I binds calcium ions 

with dissociation constants in the micromolar range, although the calcium affinity is
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strongly increased in the presence of phospholipid. In addition to the aforementioned 

calcium-binding properties of the annexins (which were primarily characterized as a 

result of crystallography studies), the calcium-binding site in the third repeat of 

annexin II has also been characterized by site-directed mutagenesis (Thiel et al.,

1991).

1.7 Annexins and Phospholipase A2 Inhibition

Perhaps the most controversial proposed role of the annexins is their putative 

function as anti-inflammatory proteins. The anti-inflammatory role of the annexins 

is based on their ability to inhibit phospholipase Aj (PLAj) in vitro. Activation of 

PLA2  generates arachidonic acid via the hydrolysis of phospholipids, and arachidonic 

acid is the synthetic precursor to a group of potent activators of inflammation, 

prostaglandins and leukotrienes (Davidson et al., 1987). Glucocorticoids have long 

been known to block inflammation and have been shown by some workers to induce 

expression of annexins, particularly annexin I (Pepinsky et al., 1986; Wallner et al., 

1986). Prior to the discovery of the annexin family, it was thought that annexin I 

(lipocortin) was a specific inhibitor of PLA  ̂ (Flower, 1984). However, it has now 

been clearly demonstrated that PLAj inhibition is a consequence of calcium-dependent 

sequestration of phospholipids by annexins, and hence, depletion of substrate for PLA2  

(Russo-Marie, 1992; Davidson et al., 1987). Therefore, the arguments for implicating 

annexins as regulators of PLA2  activity remain inconclusive, particularly in an anti

inflammatory role, but a possible role may still exist for some annexins as intracellular 

PLA2  inhibitors in signalling pathways.

1.8 Annexins in Exocytosis

One of the more likely proposed functions that is presently receiving much 

attention is the role of annexins in exocytosis. In numerous eukaryotic cells a rise in 

cytosolic calcium stimulates the release of the molecular contents of secretory vesicles. 

Although the calcium signal itself is well recognized, the mechanism(s) by which 

calcium receptor proteins mediate this signal and act in membrane fusion still needs 

to be defined. Several annexins are able to promote the calcium-dependent 

aggregation of isolated secretory vesicles (Creutz, 1992). Early attempts to isolate
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cytosolic proteins able to bind to chromaffin granules in a calcium-dependent manner, 

revealed that several members of the annexin family (annexins I, II, IV, V, VI, and 

VII) did so at micromolar calcium levels (Burgoyne, 1992). Three members of the 

annexin family have received special attention as proposed mediators of exocytosis, 

these being annexin VII (synexin), annexin II (calpactin) and annexin I (lipocortin). 

In 1978 synexin was identified as a protein that catalyzes chromaffin granule 

aggregation (Creutz et al.), and subsequently other annexins were found to also 

aggregate chromaffin granules (Creutz etal., 1987; Summers and Creutz, 1991), with 

annexin II showing the highest calcium sensitivity (Breckinridge and Aimers, 1987; 

Drust and Creutz, 1988). The observation that annexin II was able to aggregate 

granules at physiologically relevant calcium concentrations suggested that annexin II 

might be able to mediate membrane-membrane interactions leading to exocytosis. 

Annexin II exists either as a monomer (heavy chain, p36), or as a heterotetramer in 

association with its light chain (pSbjpl I2 ) (Gerke and Weber, 1984). Interestingly, the 

heterotetramer can aggregate chromaffin granules, whereas the monomer is ineffective 

(Drust and Creutz, 1988), although in the aggregation of phospholipid vesicles, the 

annexin II monomer is almost as effective as the tetramer (Powell and Glenney, 1987; 

Blackwood and Ernest, 1990). Only annexins I and II appear to be able to aggregate 

and stimulate fusion of phospholipid vesicles (Creutz, 1992).

Synexin was originally identified as the active principle that promoted adrenal 

medullary chromaffin granule aggregation when the granules were incubated with 

crude cytosolic extracts (Creutz et al., 1978). Synexin bound to the chromaffin 

granules at 5 to 10 pM calcium (Creutz and Sterner, 1983) and acted as a "glue" 

rather than an enzyme that catalyzed changes in the membrane surface (Creutz, 1992). 

However, chromaffin granule aggregation required much more calcium (-200 pM) 

(Creutz et al., 1978), and it was later found that isolated synexin undergoes self

association in the presence of calcium, and that this event has the same calcium 

dependence as membrane aggregation (Creutz et al., 1979; Zaks and Creutz, 1988; 

Zaks and Creutz, 1991). This "self-association" theory of annexin-annexin interaction 

is further supported by crystal stmcture observations. The crystal structure of annexin 

V has recently been described (Huber et al., 1990), and suggests that the multiple 

calcium- and phospholipid-binding sites of the annexins (the core domain) are located
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on one side of the planar molecule. It has been proposed that membrane-bound 

annexin molecules on two membranes might thus self-associate through their 

cytoplasmic faces to promote membrane aggregation (Creutz, 1992).

One key problem which argued against the thesis that the annexins may be 

mediators of membrane fusion is that their calcium affinities seemed too high (Pollard 

et al.y 1992). For example, synexin has a half maximal calcium-binding affinity of 

200 pM, whereas it has been shown that the calcium concentration in resting 

chromaffin cells is below 100 nM and that physiological stimulation caused the level 

to rise only as high as 500-1000 nM (Pollard et al., 1992). However, the discovery 

that the average concentration of free calcium in the cytoplasm might not be an 

accurate indicator of the calcium concentration near the membrane surface (where 

membrane contact/fusion processes actually occur), and that the concentration of 

calcium immediately beneath the open calcium channel in the plasma membrane could 

be as high as 1 mM (Simon and Llinas, 1985), have made the annexins more 

attractive candidates for their role in exocytosis (Pollard et al., 1992).

1.9 Annexins and Ion Channel Activity

The proposed theory that annexins V and VII have ion channel activity is 

particularly interesting, and has received much attention with the recently reported 

crystal structure of annexin V (Huber et a i ,  1990; Huber et al., 1991; Huber et al., 

1992). Each of the four repeats of annexin V, and (given the sequence homology 

between annexins) presumably those of annexin VII, is folded into a compact domain 

of similar structure in which five alpha-helices, wound into a right-handed superhelix, 

build up one domain (Huber et al., 1992). The four domains are arranged in an 

almost planar, cyclic array, with the center of the molecule being a very prominent, 

hydrophilic pore, which is thought to be associated with the calcium-selective channel 

found in annexins V and VII (Pollard et al., 1992). The molecule has an overall flat, 

slightly curved shape with two faces, one convex and one concave, with the convex 

face harboring aU the calcium-binding sites (Huber et al., 1992). Because the 

annexins are quite distinct from integral membrane proteins in that they lack a well- 

defined transmembrane domain, the mechanism by which annexins V and VII 

interacted with the membrane to provide an ion pathway remained obscure until
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recently. The generation of gated ion channels by these annexins provides evidence 

for a profound membrane rearrangement, with the ion selectivity and gating properties 

suggested to reside in the protein (Huber et al., 1992). Calculations of electrostatic 

potential of annexin V reveal that the protein exerts a strong electrical field in the 

region of the protein-membrane interface, and in this way could influence membrane 

rearrangement through an electroporation effect (Karshikov et al., 1992).

As a result of independent discoveries of annexins in various laboratories, 

premature assignment of function occurred, usually based on the context (and often 

within the tissue) in which the annexin was discovered. It is important to note that 

this has been a review of the annexins and their potential functions. Other functions 

have been proposed which I have chosen not to go into in detail. With so many 

proposed functions based largely on in vitro observations and biochemical data it is 

difficult to ascertain an established role of annexins in vivo. Indeed, it is the 

elusiveness of function, and yet the hope of discovery, that provides the intrigue and 

impetus in annexin research.

1.10 Annexin VI- Properties and Proposed Functions

(i) General Properties

In accordance with all other annexins, annexin VI is composed of repeated 

conserved domains. However, annexin VI is the only known annexin that contains 

eight repeats, suggesting that it may have arisen as a consequence of gene duplication 

of one of the four repeat annexins (Crompton et al., 1988a). Annexin VI is comprised 

of 673 amino acids and contains a comparatively short N-terminal tail with a longer 

linker sequence between the two four-domain cores (Dedman and Kaetzel, 1992). 

Homology is greatest between repeats I and V, II and VI, IE and VE, IV and VEI in 

both nucleotide and amino acid sequences, further supporting the gene duplication 

theory (Crompton et al., 1988b). Human and mouse annexin VI cDNAs have been 

cloned and sequenced (Sudhof et al., 1988; Crompton et al., 1988b; Moss et al.,

1988), with the derived amino acid sequences sharing 95% homology (sequence 

identity) between the two species (Moss et al., 1988). Recently, bovine annexin VI 

cDNA was partially sequenced, and the interpreted bovine amino acid sequence was
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also 95% identical to the corresponding portions of the human sequence (Creutz et al., 

1992). Two distinct cDNAs were reported for annexin VI, one lacking an 18 

nucleotide domain encoding the amino acid sequence VAAEIL close to the start of 

the seventh repeat (Crompton et al., 1988b). This deletion was also found to occur 

in mouse (Moss et al., 1988), and is now known to be the result of an alternative 

splicing event (Moss and Crumpton, 1990). Hence, VAAEIL corresponds to a very 

short 18 nucleotide exon (Smith and Moss, personal communication) and annexin VI 

is visualized as a 68 kDa polypeptide doublet on SDS-PAGE gels. W hether or not 

the annexin VI isoforms have distinct physiological functions or even biochemical 

properties remains unknown. The structure of annexin VI is schematically represented 

in Figure 1.2.

A lternative splice site

Annexin VI

VAAEIL

Figure 1.2. Schematic representation of Annexin VI structure, showing the eight repeats and the 
alternative splice site.

Annexin VI has a single high affinity binding site for calcium with a of 1.2 

pM (Owens and Crumpton, 1984). In the absence of phospholipids, monomeric 

annexin VI binds up to 4 moles of calcium with micromolar affinity (Matthew et al., 

1986; Mani and Kay, 1989). However, in the presence of phospholipids, annexin VI 

has been reported to bind 8 moles of calcium per mole of protein (Yoshizaki et al.,

1989), which can perhaps be explained by the observation that calcium and 

phospholipids cause self-association of the protein to form a complex (Newman et al., 

1989; Zaks and Creutz, 1991). Although the purified protein has a single high affinity 

calcium-binding site there are actually six putative calcium sites, one each in repeats 

I, II, IV, V, VI, and VIII (Huber et al., 1992). Annexin VI binds to membranes at 5- 

10 pM calcium (Sudhof et al., 1984), and therefore one may expect that like the 

calpactin tetramer (annexin II), it might be able to promote membrane aggregation 

(Creutz et al., 1992). In contrast to synexin (annexin VII) which apparently needs to
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self-associate to promote membrane aggregation, annexin VI (which already exists in 

a "duplicated" form) might aggregate membranes as a monomer (Creutz et aL, 1992). 

Surprisingly, it was found that annexin VI aggregates membranes only at very high 

concentrations of calcium (> 1 mM), and actually inhibits membrane aggregation by 

other annexins (Zaks and Creutz, 1990; Pollard and Scott, 1982). Nevertheless, 

studies in which annexin VI was crystallized in phosphatidylethanolamine monolayers 

suggest that a trimer of the protein may be the functional form in the presence of 

calcium (Newman et a l,  1989).

Annexin VI was first identified as a major component of the non-ionic, 

detergent-insoluble residue of B-lymphoblastoid plasma membrane (Davies et a l ,  

1984; Owens and Crumpton, 1984). Annexin VI is expressed in most tissue types, 

although the protein is usually confined to highly specific cell types within each tissue 

(Clark et a l ,  1991). Within cells that express annexin VI, immunohistochemical 

studies showed that annexin VI is generally diffuse and cytoplasmic, although 

antibody staining data suggests that annexin VI associates particularly with the 

sarcoplasmic reticulum and perhaps the endoplasmic reticulum (Dedman and Kaetzel,

1992) (see later). There is good correlation between annexin VI expression and 

hormone secreting cells, with positive staining in the islet cells of the pancreas, the 

Leydig cells of the testis, and cells of the adrenal cortex (Clark et al., 1991). Annexin 

VI was found to be absent in most epithelia with some important and interesting 

exceptions. Annexin VI is strongly expressed in certain secretory epithelia, most 

notably in the ductal epithelial cells of the salivary glands and non-lactadng breast, 

and the sweat glands and their ducts (Clark et a l ,  1991). The observation that the 

epithelia of lactating breast failed to stain for annexin VI suggests functional 

regulation of protein expression. Another interesting finding was that annexin VI 

appeared to be developmentally regulated in B- and T-lymphocyte differentiation, thus 

annexin VI was not found in the proliferating B cells of the germinal center of the 

lymph nodes, but was found in mature small lymphocytes (Clark et a l ,  1991).

(ii) Proposed Functions

As with all annexins, various functions have been proposed for annexin VI, 

some of which include functions that have been suggested for all members of the 

family. Annexin VI has therefore been suggested to exhibit an anti-inflammatory role

24



(Ahn et a i ,  1988), and an anticoagulant role (Maki et a i ,  1992). In fact it has been 

reported that of all annexing, annexin VI displayed the strongest inhibitory activity on 

blood coagulation (Maki et al., 1992). As mentioned earlier however, both the 

inhibition of phospholipase Aj and the inhibition of blood coagulation by annexing can 

be explained (at least in part) by their sequestration of phospholipids in the presence 

of calcium (Iwasaki et al., 1987). Consequently, the inhibitory activity is either 

completely abolished or severely decreased by supplementation of phospholipid 

substrate (Chaps et al., 1988). So although these observations conform to the 

biochemical properties of the annexing in general, they are unlikely to be the specific 

functions of annexin VI.

Several more plausible in vivo roles for annexin VI have been proposed, 

including a role in excitation-contraction coupling in muscle cells. Upon membrane 

depolarization in muscle cells, the sarcoplasmic reticulum (SR) responds by releasing 

calcium (Martonosi, 1984), which subsequently causes muscle contraction (Leavis and 

Gergely, 1984). The mechanism by which the SR responds to the depolarization of 

the transverse tubular system by releasing calcium is not known. Immunolocalization 

studies revealed that annexin VI in skeletal muscle is localized around individual 

myofibrils and is associated with the terminal cistemae of isolated SR membranes 

(Hazarika et al., 1989; Hazarika et al., 1991a; Hazarika et al, 1991b). Observations 

suggest that annexin VI may be associated with the luminal surface of the SR (Diaz- 

Munoz et a i ,  1990). Electrophysiological studies on artificial lipid bilayers containing 

vesicles enriched in the ryanodine-sensitive calcium-release channel allowed for 

measurement of several conductance properties of individual channels (Dedman and 

Kaetzel, 1992). It was found that the addition of annexin VI to the trans chamber 

produced striking changes in the gating properties of the calcium-release channel (the 

ryanodine receptor). As such, annexin VI increased the open probability of the 

channel from approximately 30% to 75%, and increased the mean open time by 

greater than 50-fold (Dedman and Kaetzel, 1992). Annexin VI has therefore been 

proposed to be a candidate for a physiological modulator of the calcium-release 

channel in the sarcoplasmic reticulum (Diaz-Munoz et al., 1990).

However, there are reasons why this may not be a specific in vivo role for 

annexin VI. Firstly, as described above, annexin VI has been reported to be expressed
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in many non-muscle tissues, with high concentrations in liver, placenta, and endocrine 

cells (Smith and Dedman, 1986; Edwards and Crumpton, 1991; Clarke et a/., 1991). 

It therefore seems unlikely that annexin VI should have such a specific role in 

modulation of calcium release from sarcoplasmic reticulum in muscle cells. It is 

possible that annexin VI is associated with membranous intracellular organelles such 

as the endoplasmic reticulum (Dedman and Kaetzel, 1992; Hazarika et al., 1989; 

Hazarika et a i ,  1991a; Hazarika et a i ,  1991b), and therefore perhaps plays a more 

general role in calcium release. Although there is no defined cellular mechanism by 

which annexin VI could be transported across the sarcoplasmic or endoplasmic 

reticulum membrane (as the annexins do not possess N-terminal signal sequences), 

there are examples of proteins lacking signal sequences being secreted. Indeed, 

annexin I is selectively secreted by the human prostrate gland and does not involve 

targeting to the endoplasmic reticulum by a hydrophobic signal sequence (Christmas 

et a i ,  1991). The mechanism by which annexin I is secreted remains unknown, but 

demonstrates that a novel secretory pathway must exist. The movement of annexins 

into and across membranes may be associated with the ability of the annexins to bind 

and fuse membrane vesicles (Dedman and Kaetzel, 1992).

Annexin VI has recently been reported to be required for the budding of 

clathrin-coated pits (Lin et a i ,  1992), implying that annexin VI has a role in receptor- 

mediated endocytosis. Internalization of macromolecules requires the coordinate 

control of ligand sequestration and plasma membrane budding (Anderson, 1991; 

Brodsky, 1988; Goldstein et a i ,  1985). Coated pits are composed of planar clathrin 

lattices (Larkin et a i, 1986) that invaginate in the budding process (Heuser and 

Anderson, 1988). This budding reaction is essential for the intracellular movement 

of molecules between membrane compartments, and in vitro reconstitution has 

provided a method by which the molecular components involved can be identified 

(Mellman and Simons, 1992; Pfeffer and Rothman, 1987). Cytosolic components are 

required only for the final pinching off step in the budding reaction, and it is in this 

severing of the stalk that annexin VI has been proposed to function (Lin et a i ,  1992). 

This hypothesis (that annexin VI is necessary for the budding of clathrin-coated pits) 

was proposed based on the observation that brain cytosol, immuno-depleted of annexin 

VI, was less able to support budding activity, and that budding activity could be
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restored by the addition of purified annexin VI. However, the human cell line A431, 

which has recently been used in a cell-free system to reconstitute the early steps of 

endocytosis, including budding and scission of coated pits to yield vesicles (Graham 

Warren, personal communication; Smythe et a i ,  1989), does not express annexin VI 

(Crompton et a i ,  1988b; also see Chapter 4). In view of this, it seems unlikely that 

annexin VI is involved in the general process of endocytosis in vivo.

To date, most studies have attempted to postulate cellular functions of annexin 

VI on the basis biochemical properties and tissue expression. Ideally, annexin VI 

function needs to be evaluated in vivoj and care must clearly be taken in the 

interpretation of in vitro derived data.

1.11 Annexins and Phosphorylation

Protein phosphorylation plays a major role in signal transduction, cell growth 

and division, and cell transformation. Identification of protein kinase substrates often 

reveals key regulatory proteins involved in these processes.

(/) Annexins I and II as tyrosine kinase substrates

Annexins I and II are major cellular substrates for phosphorylation by the 

epidermal growth factor receptor (EGF-R) (Haigler gf a/., 1987; Pepinsky and Sinclair, 

1986) and pp60'' ®”' tyrosine kinases (Erikson and Eiikson, 1980; Radke and Martin, 

1979) respectively. Although the phosphorylated tyrosine residues in both annexins 

are located at analogous positions in their primary structures, the kinases demonstrate 

a high degree of substrate specificity, i.e. ppbO"' ®”' will not efficiently phosphorylate 

annexin I, and annexin II is a poor substrate for the EGF-R (Haigler and Schlaepfer, 

1992).

Annexin I was first identified as a major 35 kDa substrate for the EGF- 

R/kinase in the A431 carcinoma cell line which strongly overexpresses the EGF- 

receptor (Fava and Cohen, 1984; De et al., 1986; Pepinsky and Sinclair, 1986). 

Annexin I is phosphorylated by the EGF-R on Tyr-21 (De et al., 1986; Valentine- 

Braun et al., 1987). Tyr-21 in annexin I is preceded N-terminally by several acidic 

residues, which resembles the sites of tyrosine phosphorylation in certain other protein 

substrates, including the major autophosphorylation site of the EGF-R (Haigler and
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Schlaepfer, 1992).

Annexin II was originally identified as a major cellular substrate of pp60'' ®"̂, 

the tyrosine kinase encoded by the transforming oncogene of the Rous sarcoma virus 

(RSV) (Erikson and Erikson, 1980; Radke and Martin, 1979; Radke et o/., 1980). The 

N-terminal 29 amino acids of annexin II contains the binding site for p i 1 (amino acids 

1-12) and the pptiO"' ®"' phosphorylation site (Tyr-23) (Gerke, 1992). In vivo tyrosine 

phosphorylation was observed in chicken embryo fibroblasts after RSV infection and 

in a RSV-transformed rat kidney cell line (Gerke and Weber, 1984).

(ii) Annexins I and II as Protein Kinase C (PKC) substrates

Both annexins I and II can serve as substrates for the phospholipid-dependent 

protein kinase C (PKC), which displays a specificity for serine and threonine residues 

(Summers and Creutz, 1991; Schlaepfer and Haigler, 1988; Gould et a i ,  1986). The 

sites at which annexins I and II are phosphorylated by PKC have also been located 

within their N-terminal domains, close to the sites of tyrosine phosphorylation (Gould 

et a i ,  1986; Johnsson et al. 1986; Schlaepfer and Haigler 1988). Annexin I can be 

phosphorylated by PKC on threonine-24, serine-27, and serine-28. Annexin II can be 

phosphorylated on serine-11 and serine-25, with serine-25 being the major site of 

phosphorylation by PKC (Barnes et al., 1991). Serine phosphorylation occurs 

following phorbol 1 2 -myristate 13-acetate-treatment of various cell lines and is also 

readily observed in vitro (Gould et al., 1986; Johnson et al., 1986).

Although annexins I and II appear to be physiological substrates for two 

different kinases (EGF-R/PKC and pp60'' ®'̂ /PKC, respectively) that play key roles in 

intracellular signal transduction and cell transformation, the functional significance of 

these phosphorylation events are difficult to evaluate.

(Hi) Annexins as substrates for various other protein kinases

Annexins I and II have also been proposed to be cellular targets of other 

protein kinases. Most notably, annexins I and II are phosphorylated on tyrosine in 

vitro by the insulin receptor tyrosine kinase (Karasik et al., 1988) and the tyrosine 

kinase encoded by the fps  oncogene of the Fujinami sarcoma virus (Hayashi et al.,
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1987; Hagiwara et a i, 1988). Phosphorylation of other annexins has been difficult to 

demonstrate, although several are readily phosphorylated in vitro. Thus, annexins III, 

IV and VI were reported to be in vitro substrates for PKC (Cornera et a i ,  1989; 

Weber et a i ,  1987).

(iv) Annexin VI phosphorylation

Annexin VI has also been reported to be a physiological substrate for PKC- 

in an intracellular situation where annexins I, II and VI may be co-localized annexins 

I and VI were preferred substrates for PKC (Stoehr et a i ,  1990; Barnes et al. 1990; 

Comera et a i  1989). However, the requirement for relatively high calcium 

concentrations (=>0.5 mM) in these experiments suggests that PKC-mediated 

phosphorylation of annexins may take place only in restricted intracellular 

compartments, where calcium concentrations may transiently reach levels much higher 

than those that are normally found intracellularly (Barnes et a i ,  1990).

The in vivo phosphorylation of annexin VI had not been unequivocally 

designated at the commencement of this investigation. Subsequently, annexin VI was 

indeed found to be phosphorylated in intact Swiss 3T3 fibroblasts and human T- 

lymphoblasts, in response to stimulation with foetal calf serum and interleukin-2 , 

respectively (Moss et a i ,  1992). The aim of this thesis was thus to investigate the 

phosphorylation of annexin VI.
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Chapter 2

Materials and Methods

2.0 Materials

Pre-stained molecular weight markers were from BRL, Life Technologies, Inc. 

(Bethesda, MD).

Protein gel-electrophoresis reagents were obtained from Sigma, U.K., unless 

otherwise noted. Pre-mixed acrylamide was purchased from National Diagnostics.

Phosphoamino-acid standards (phosphoserine, phosphothreonine, and 

phosphotyrosine) were obtained from Sigma, U.K.

Phosphorous-32 (as orthophosphoric acid-HCl free) (8500-9120Ci/mmol) and 

[2 -̂ H]/wy<9 -inositol (10-20Ci/mmol) were from Du Pont (U.K.) Limited (Stevenage, 

Hertfordshire). [2-^H]adenine (20 Ci/mmol) was from Amersham International 

(Amersham, Buckinghamshire, UK).

Phosphate-free and inositol-free medium were kindly supplied by The Cell 

Production unit at ICRF (Lincoln’s Inn Fields).

Pertussis toxin was a gift from Dr James Staddon, ICRF, Lincoln’s Inn Fields. 

N-chlorosuccinimide and all proteases were purchased from Sigma (U.K.). 

The 1 Kb DNA-Ladder was obtained from Gibco, BRL (U.K.)

Agarose (ultra-PURE) was purchased from BRL, Life Technologies, Inc. (MD,

USA).

The pBluesciipt II phagemid was purchased from Stratagene (La Jolla, CA). 

The pRc/CMV vector was purchased from Invitrogtn Corp. (U.K.).

All other reagents were of the highest grade commercially available.
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2.1 Cell lines used in this Study and their Derivations

Swiss 3T3 Mouse embryo fibroblast

A431 Human squamous carcinoma

Jurkat J6  Human leukaemic T cell lymphoblast

Cell lines were obtained from Dr. E. Rozengurt’s laboratory (I.C.R.F., 

Lincoln’s Inn Fields). All cell culture reagents were obtained from GIBCO BRL, 

unless otherwise noted.

2.2 Maintenance of Cell Cultures

Swiss 3T3 fibroblasts were grown in DMEM (Dulbecco’s modified minimum 

essential medium with 4.5 g/1 glucose) containing 10% (v/v) foetal calf serum (FCS). 

3T3 cultures were grown at 10% CO2  in a humidified incubator at 37®C and 

subcultured weekly at 1:40 for ongoing cultures (90 mm dish) and 1:20 for cultures 

to be used at subconfluence within the following week (30 mm dish).

A431 cells were grown in DMEM containing 10% (v/v) FCS. A431 cells were 

grown at 10% CO2  in a humidified incubator at 37°C and subcultured weekly at 1:80 

for ongoing cultures (90 mm dish) and 1:40 for cultures to be used at subconfluence 

within the following week (30 mm dish).

Swiss 3T3 and A431 cells were subcultured at confluence by trypsinization in 

0.25 % Trypsin/EDTA in phosphate-buffered saline (PBS). The cells were washed 

twice in PBS before trypsinization. Stock cultures (90 mm dishes) were fed twice 

weekly with fresh DMEM containing 10%(v/v) FCS.

J6  cells were grown in RPMI 1640 (ICN Flow) containing 5% (v/v) FCS. J6  

cells were grown at 5% CO2  in a humidified incubator at 37°C and maintained at ~ 6  

X 1 0  ̂ cells/ml.

Frozen stocks of all cell lines were kept in 90% FCS, 10% DMSO (Dimethyl 

sulphoxide) (v/v) in liquid nitrogen. For Swiss 3T3 cells, which transform naturally 

in culture after approximately 2 0  passages, new cultures were generated from frozen 

stocks every two months.

2.3 SDS-PAGE

Discontinuous SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis) was performed by the method of Laemmli (1970) in a vertical slab 

gel unit (Model SE 400, Hoefer Scientific Instruments). The acrylamide to bis- 

acrylamide ratio was 30:0.8% (w/v)(Protogel, National Diagnostics) and the Protogel 

concentrations were 10% and 4% in the separating and stacking gels respectively, 

unless peptide analysis was performed (15% separating gel) or higher resolution was 

necessary (7% separating gel). Gel slabs were 1.5 mm thick. Typically, the gels were 

run at 50 volts overnight or 150 volts during the day. SDS-PAGE was carried out in 

the presence of a reducing agent (2-Mercaptoethanol).

2.4 Western Blotting

Western blotting was performed essentially as described by Towbin et al., 

1979, in an Electroblot Transfer Apparatus (Trans-blot™ Cell, Bio-Rad Ltd.). Blotting 

was performed overnight at 0.28A or during the day at 0.48A. Typically the 

membrane used was Immobilon P (Millipore), although nitrocellulose was used 

occasionally.

After Western blotting, the membrane was removed and (unless otherwise 

specified) blocked in either a 3%(w/v) gelatin or 7%(w/v) Marvel (in PBS containing 

0.05%(v/v) Tween) solution for 1 hr. For the majority of immunoblots, the first 

antibody used was a rabbit anti-(human annexin VI) immunoglobulin (IgG) fraction 

(MC2) that was prepared by standard methods (Johnstone and Thorpe, 1982) from a 

polyclonal antiserum of proven specificity (Crompton et a l ,  1988b), raised against 

purified denatured human tonsil annexin VI. A second antiserum (SS3) was generated 

against the alternative splice peptide (VAAEIL) as previously described (Moss and 

Crumpton, 1990) and recognized only the upper band of the annexin VI doublet on 

a Western blot. Another antiserum used in immunoblotting techniques, N2, was 

generated by immunization of rabbits with a synthetic peptide corresponding to the 1 0  

N-terminal amino acids of human annexin VI (AKPAQGAKYR). This peptide was 

kindly prepared by Dr. J. Rothbard (ICRF) and the IgG fraction was purified from 

whole serum in a manner similar to that for MC2 and SS3 (Johnstone and Thorpe, 

1982). N2 was characterized by Dr. S. Moss (personal communication) and was 

found to recognize both bands of the annexin VI doublet on Western blotting. Cross

reactivity was inhibited by pre-incubation of N2 with the antigenic peptide.
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demonstrating the specificity of this antiserum.

Colour development of membranes was achieved using goat anti-(rabbit IgG) 

IgG coupled to horseradish peroxidase (Sigma) with 4-chloronaphthol (Sigma) as 

colour reagent or goat anti-(rabbit IgG) IgG coupled to alkaline phosphatase (Sigma) 

with colour development achieved using Western Blue (Promega).

2.5 Immunoprécipitation

Cells were grown as described and lysed in 10 mM Tris-HCl buffer, pH 7.4, 

containing 50 mM NaCl, 1% Nonidet P-40 (v/v), 25 mM ethylenediaminetetraacetic 

acid (EOTA), 30 mM sodium pyrophosphate, 50 mM NaF, and 0.1 mM Na^VO  ̂

(600pl/30 mm dish). Prior to lysis, Ipl RNAse A (lOmg/ml) and protease inhibitors 

were added to the lysis buffer. All protease inhibitors were used at the final 

concentration of 1.0 pM and included chymostatin, leupeptin, pepstatin, and 

phenylmethylsulphonylfluoride (PMSF). Cells were lysed on ice for 2 min. Lysates 

were centrifuged at 10,000 x g for 10 min at 4°C to remove nuclei and whole cells, 

and the supernatants were retained for immunoprécipitation. Immunoprécipitation was 

achieved by the addition of lOpg MC2/10® cell equivalents and lOOpl 10% (w/v) 

protein A-Sepharose (Pharmacia) in PBS. Sodium dodecyl sulphate (SDS) was added 

to the lysates to give a final concentration of 0.5%, as MC2 was found to 

immunoprecipitate optimally at this SDS concentration. Samples were mixed by 

rotation at 4°C for at least 3h, briefly pelleted by centrifugation, and washed several 

times (6 - 8  x) in PBS. Samples were finally resuspended in an equal volume of SDS- 

PAGE sample buffer (125 mM Tris-HCl pH 6 .8 , 2% (w/v) SDS, 10% (v/v) glycerol, 

5% (v/v) 2-mercaptoethanol and 0.02% (w/v) Bromophenol blue). Samples were 

heated at 95®C for 5 min and subjected to SDS-PAGE.

2.6 p^-Pi]-IabeIling in vivo

Swiss 3T3 and A431 cells were grown in 30 mm dishes, allowed to form a 

confluent monolayer, and then subjected to serum starvation for 72 hrs. For Swiss 

3T3s, this treatment arrests them in the Gq/Gj phase of the cell cycle (Dicker and 

Rozengurt, 1980). Prior to radio-labelling, cells were washed briefly in phosphate-free 

DMEM. Cells were incubated in 90% phosphate-free DMEM containing 10%(v/v)
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dialyzed FCS. 1.5 mCi/dish pPi]-orthophosphate (370 MBq/ml) was added (unless 

otherwise noted) immediately after the addition of the phosphate-free medium and the 

cells returned to culture for a maximum period of 24 hrs .

2.7 Phosphoamino-acid Analysis

Both 1-D and 2-D phosphoamino-acid analyses were performed as described 

by Cooper et al. (1983) and Kamps and Sefton (1989). Following Western blotting, 

the portion of the Immobilon P containing [^^Pi]-labelled annexin VI was revealed by 

autoradiography, excised and placed in the bottom of a screwtop Eppendorf tube. The 

amount of ^̂ Pi incorporated into the samples was determined at this time by Cerenkov 

c.p.m. The piece of Immobilon membrane was washed in a large volume of water to 

remove glycine and SDS and dried. Before acid hydrolysis, the membrane was 

rewetted briefly in methanol and rinsed in water. Acid hydrolysis was accomplished 

by the addition of 150pl constant boiling 6 M HCl (Sigma) and incubation at 110®C 

for 1 hr (unless otherwise noted). This is an arbitrary length of time, as longer 

hydrolysis will result in the complete removal of phosphate from amino acids and a 

shorter time period can result in too little liberation of free amino acids. As pointed 

out in Cooper et al. (1983), shorter periods of hydrolysis (1 hr) favor the recovery of 

phosphotyrosine and phosphoserine, whereas longer times of hydrolysis (4 hr) increase 

the relative yield of phosphothreonine. In all instances where phosphoamino-acid 

analysis was performed, the period of acid hydrolysis was 1  hr, except when the acid 

sensitivity of phospho-X/-Z was being investigated. Following HCl-hydrolysis, the 

samples were centrifuged, transferred to a new tube, and dried in a Speedvac with a 

NaOH trap. The hydrolysates were resuspended in lOpl of the buffer that was to be 

used in the first dimension of electrophoresis, which contained 15 parts of buffer to 

1  part of cold phosphoamino acid standards ( 1 . 0  mg/ml of each phosphoserine, 

phosphothreonine, and phosphotyrosine in deionized water).

(i) 1-Dimensional Phosphoamino-acid Analysis

Hydrolysates were resuspended in lOpl pH 3.5 buffer (CH3 COOH, pyridine, 

H2 O, (v/v) 50:5:945) containing cold phosphoamino acid standards and spotted onto 

0.1mm cellulose TLC plates (Camlab). TLC in 1-D was accomplished by 

electrophoresis for 45 minutes (1 kV) at pH 3.5 on a multiphor II electrophoresis
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system (Pharmacia LKB Biotechnology, Uppsala, Sweden).

(ii) 2 -Dimensional Phosphoamino-acid Analysis

Hydrolysates were resuspended in lOpl pH 1.9 buffer (formic acid (8 8 %), 

CH3 COOH, H2 O, (v/v) 50:156:1794) containing cold phosphoamino acid standards. 

The first dimension was performed in the pH 1.9 buffer for 20 min at 1.5 kV. The 

plate was allowed to dry before it was turned 90° anticlockwise and rerun in pH 3.5 

buffer (as above) for 16 minutes at 1.3 kV. Both dimensions were performed using 

the Hunter thin layer electrophoresis unit HTLE 7000 (CBS Scientific, Inc., Del Mar, 

CA). The TLC plates used were 0.25mm glass-backed silica plates (Camlab), as silica 

plates were found to give higher resolution than cellulose plates in 2-D (personal 

communication, Peter Parker, ICRF). 2-D phosphoamino-acid analyses were 

performed at the Ludwig Institute (Ridinghouse St., London) with the kind assistance 

of Bemd Pulverer.

2.8 Mass Spectroscopy

Mass spectroscopy was performed at the London School of Pharmacy by David 

Carter. Fast Atom Bombardment (FAB) was carried out on a VG ZAB SE (Fisons, 

U.K.). The matrix was thioglycerol, glycerol, and TFA. Peaks seen at 93 Daltons 

(and multiples of 93 Da) are due to the presence of glycerol in the matrix (personal 

communication, David Carter).

2.9 Purification of Annexin VI from Swiss 3T3 fibroblasts

Annexin VI was purified from growing and quiescent Swiss 3T3 cells, kindly 

provided by Maureen Harrison from the Cell Production Unit at ICRF (Lincoln’s Inn 

Fields). Approximately 5 x 10̂  cells of each type were grown on microcarrier beads 

in 10.0 L cultispheres. After allowing the beads to settle, they were washed (x3) with 

PBS containing 0.2%(w/v) EDTA by centrifugation for 5 min at 2000 rpm (JA14 

rotor, Beckman J2-MC centrifuge) at 4°C. Cells were removed from the microcarrier 

beads by digestion of the beads in PBS containing Dispase (1.5 mg/ml)(Boehringer 

Mannheim, Germany), 5 mM MgClj and 1.8 mM CaClg for 8  min at 37°C. The Core 

buffer used in the purification process was 75 mM NaCl, 5 mM MgCl^, 1 mM 

dithiothreitol, and 10 mM HEPES. After digestion of the beads, the cells were
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pelleted by centrifugation (2000g, 10 min), and resuspended in Core buffer containing 

protease inhibitors (same as those used in the immunoprécipitation protocol above), 

2% Triton X-100, and 5mM EGTA. The cell suspension was carefully homogenized 

in a dounce tissue grinder (Wheaton Inc., Millville, NJ) on ice until the solution 

appeared homogeneous. The homogenate was centrifuged at 10,000g (JA17 rotor) for 

10 min to pellet the nuclei/whole cells. The supernatant had CaClj added to a final 

concentration of 2 mM and was dialyzed against 1.0 liter of Core buffer containing 

2% Triton X-100 and 2 mM CaCli (x2). The supernatant was centrifuged at 50,000g 

(JA20.1 rotor) for 3 hrs to generate a microsomal pellet. The microsomal pellet was 

homogenized on ice in Core buffer containing 1% Triton X-100 and 2 mM CaClz and 

regenerated by centrifugation at 50,000g for 1 hr. The microsomal pellet was 

homogenized in this manner and washed in Core buffer containing successively less 

Triton X-100 (Ix 1% TX-lOO, 2x 0.1% TX-lOO, 2x 0% TX-lOO) and 2 mM CaCl  ̂

before being regenerated. Finally, the microsomal pellet was homogenized in Core 

buffer containing 2 mM EGTA. The supernatant was retained and dialyzed against 

Core buffer containing 2 mM EGTA and 20 mM Tris-HCl, pH 7.4 (x2) before the 

generation of the final microsomal pellet.

At this point in the purification process, most of the annexins should be found 

in the supernatant. An SDS-gel containing samples from each step in the purification 

process was stained with Coomassie blue (Coomassie Brilliant blue R-250, Sigma). 

A duplicate gel was Western blotted with the anti-(annexin VI) antibody (MC2). The 

result of these tests confirmed that the final EGTA supernatant was indeed an 

"annexin supernatant" and this was therefore subjected to FPLC (fast protein liquid 

chromatography) to isolate the different annexins.

2.10 Fast Protein Liquid Chromatography (FPLC)

FPLC was performed with the kind assistance of Geraint Thomas (Physiology 

Dept., UCL). The annexin supernatant was dialyzed against 20 mM Tris-HCl pH 7.4, 

2 mM EGTA and run through a Mono-Q HR 5/5 column (Pharmacia, Uppsala, 

Sweden) at room temperature. Bound proteins were eluted using a linear NaCl 

gradient ranging from 0 to 0.5 M NaCl. The solutions used in this instance were 20 

mM Tris-HCl, pH 7.4 containing 2 mM EGTA (solution A) and 20 mM Tris-HCl, pH
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7.4, containing 2 mM EGTA and 0.5 M NaCl (solution B). The flow rate was 1 

ml/min and fractions were collected at one minute intervals. The absorbance was 

measured at 280 nm and the absorbance unit equalled 1 . 0  with full-scale deflection.

2.11 Peptide Sequencing

The identity of proteins purified by FPLC was established by peptide 

sequencing. Sequence analysis was kindly performed by Darryl Pappin (ICRF). 

Briefly, peptides were covalently immobilized onto 8  mm acrylamine substituted 

PVDF membrane discs (Sequelon-AA membranes, Millipore Corp), as according to 

CouU et a/., 1991. Washed membrane discs were then subjected to solid-phase Edman 

degradation, essentially as described by Laursen et a i ,  1989, using a Milligen 

sequenator.

2.12 [2-^H]adenine-LabelIing

Swiss 3T3 fibroblasts (30mm dishes) were quiesced by serum starvation, as 

previously described for [^^Pi]-labelling. [2-^H] adenine-labelling was performed 

essentially as described by Staddon et a i ,  1991. The cultures were washed twice in 

PBS and then incubated for 24 hrs with 1.0 ml of DMEM/10%(v/v) FCS containing 

100 pCi [2-^H]adenine per 30mm dish (~3 x 10̂  cells). Where indicated, 100 ng 

pertussis toxin (50 pg/ml) was added to the culture two hours prior to cell lysis. 

Whole cell lysates and immunoprecipitates (using MC2) were analyzed for [2- 

^H]adenine incorporation into annexin VI by SDS-PAGE and autoradiography.

2.13 [2-^H]inositol-labelling

Swiss 3T3 fibroblasts (30mm dishes) were quiesced as above. Before 

labelling, the cells were washed twice in inositol-free medium and incubated for 24h 

in inositol-free medium/10%(v/v) FCS) and lOOpCi [2-^H]myo-inositol. Following cell 

lysis, cellular proteins were collected by acetone precipitation, and annexin VI was 

immunoprecipitated with MC2. Acetone precipitation was carried out by adding 700pl 

acetone to 500 pi of lysate on ice for 1 hr, and centrifugation in a minifuge (13,000 

rpm) at 4®C for 10 minutes. The supernatant was removed (residual liquid was 

removed by speedvac) and the protein pellet resuspended in SDS-PAGE sample
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buffer. The acetone precipitated proteins and immunoprecipitated-annexin VI were 

analyzed by SDS-PAGE and subsequent autoradiography. In this instance, as in [2- 

^H]adenine-labelling, the gel was stained with Coomassie Blue, and then soaked in 

Amplify^^ (Amersham) with gentle agitation for 30 min. The gel was dried under 

vacuum at 80®C and exposed to Hyperfilm™-MP (Amersham) for a period of 6  weeks.

2.14 Cyanogen Bromide (CNBr) Cleavage

In attempt to map the modified sites of annexin VI, the protein was subjected 

to chemical cleavage. Prior to CNBr cleavage, annexin VI was electroeluted from a 

gel slice in 50 mM NH4 HCO3  containing 0.01% SDS. The gel slice was cut into ~2 

mm pieces and subjected to a constant current of 10 mA (-25 V) for -  21 hrs. The 

voltage was reversed for 90 seconds before recovery from electroelution to prevent 

any protein from sticking to the dialysis membrane. CNBr cleavage was performed by 

Darryl Pappin (ICRF) on electroeluted annexin VI, as described by Luo et al. (1990). 

Annexin VI eluted from the gel was resuspended in 100 pi of CNBr(10 mg/ml) in 

70% TFA. After vortexing, CNBr cleavage was allowed to proceed in the dark, at 

room temperature overnight. After cleavage, the CNBr solution was dried down for 

30 min and 50 pi Tris-HCl /guanidinium chloride, pH 6 . 8  solution and 10 pi methanol 

were added. After vortexing, sonication and centrifugation in a microfuge, 6  pi of 0.1 

M dithiothreitol in methanol was added. The solution was left in a 37°C oven for 2 

h to complete the reduction. At this time, 6.0 pi of 0.3 M vinyl pyridine in methanol 

was added, mixed and incubation proceeded at 3TC  for a further 2 hrs. Of this 

solution, 70 pi was subjected to RP-HPLC.

2.15 V8 proteolysis

V 8  digestion was performed by Darryl Pappin. Annexin VI was electroeluted 

from a preparative gel as described above. V 8  protease (2.0 pg) was added and 

incubated for 6  hrs at 37°C with gentle agitation every hour. Digestion was then 

allowed to proceed overnight at room temperature with no agitation. Peptides were 

resolved by RP-HPLC.
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2.16 Reverse-phase High Pressure Liquid Chromatography (RP-HPLC)

Reverse-phase HPLC was carried out by Dr Darryl Pappin. Following 

overnight digestion/cleavage, peptides were purified by reverse-phase HPLC. The 

peptide mixture (-70 pi) was injected directly onto an aquapore RP- 8  C8  column 

(2.1mm X 100mm) equilibrated with 0.05% v/v trifluoroacetic acid (TFA). Peptides 

were then eluted with linear gradients of 0.03% v/v TFA in acetonitrile at flow rates 

of 0.2 ml/min and column temperatures of 50°C. The column eluate was monitored 

at both 2 2 0  nm and 280 nm, and 1 0 0  pi fractions were collected.

2.17 Cleveland Mapping

Cleveland Mapping was performed as described in Cleveland et al. (1977), 

with a few modifications. [% ]-labelled annexin VI was immunoprecipitated from 

Swiss 3T3 whole cell lysates (as previously described), subjected to gel electrophoresis 

on a 10% SDS-gel, and visualized by autoradiography. The band was excised from 

the gel with a razor blade, rinsed in cold water and trimmed to 5mm. The gel slice 

was soaked for 30 min with occasional swirling in 10 ml 0.125 M Tris/HCl, pH 6 .8 , 

0.1% SDS, ImM EDTA, and 0.001% bromophenol blue, and then pushed to the 

bottom of a sample well of a second 15% SDS-gel with a spatula. These sample 

wells were wider than usual sample wells (5.4 mm) and filled with the same buffer 

that the gel slice was soaked in (no bromophenol blue). The gel solutions of the 

second gel also contained 1 mM EDTA and were cast with a longer than usual 

stacking gel (5 cm). The upper electrode buffer also contained 1 mM EDTA. Spaces 

around the gel slice were filled by overlaying the gel slice with 0.125 M Tris/HCl, pH 

6 .8 , 0.1% SDS, 1 mM EDTA, and 20% glycerol. lOul of the above mentioned buffer 

containing 10% glycerol and either 40pg or 400pg trypsin was overlayed into the 

sample well. Samples were run into the gel at 5mA. After the bromophenol blue had 

entered approximately 1 cm into the gel, the current was turned off for 60 min. The 

current was turned back on at 20 mA and run until the dye front reached the bottom. 

Tryptic digestion proceeded directly in the gel during electrophoresis. Peptides 

generated by tryptic proteolysis were revealed by autoradiography.
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2.18 Limited Proteolysis with Chymotrypsin

This procedure was based on the observations of Dedman and Kaetzel (1992) 

who demonstrated that partial proteolysis of annexin VI with chymotrypsin produced 

resistant 37 kDa cores. In this laboratory, it was found that partial digestion occurred 

when ~10.0 pg of purified annexin VI was treated with 0.3 pg of chymotrypsin for 15 

min at 37°C. The reaction was stopped by the addition of SDS-sample buffer, and the 

fragments analyzed by SDS-PAGE and Western blotting.

2.19 Partial Peptide Mapping using N-Chlorosuccinimide (NCS)

NCS cleavage was carried out as described by Lischwe and Ochs (1982). 

P^Pi]-labelled annexin VI was immunoprecipitated from Swiss 3T3 whole cell lysates 

as previously described, subjected to gel electrophoresis on a 10% SDS-gel, and 

visualized by autoradiography. The gel slice was excised and washed in a 50 ml 

Falcon tube on a shaker at room temperature with 25 ml of water for 2 x 10 min. The 

gel slice was then washed with 10 ml of urea/HjO/CHjCOOH (1 g/1 ml/1 ml) for 2 x 

10 min. NCS-cleavage was for 30 min at room temperature in 0.015 M NCS in 5 

ml urea/HjO/CHjCOOH. Following cleavage, the gel slice was washed in water and 

equilibrated by washing 3 times (30 min per wash) in 10% glycerol, 15% B- 

mercaptoethanol, 3% SDS, and 0.0625 M Tris-HCl, pH 6 . 8  (10 ml). The gel slice was 

pushed to the bottom of the sample well of a second gel. Peptides were resolved by 

subsequent electrophoresis on a 15% SDS-gel and revealed by autoradiography.

2.20 Preparation of Total Cellular RNA and Northern blotting

Total cellular RNA was prepared by the RNAzol method (Chomcyzymski and 

Sacci, 1987). Cellular RNA was isolated from A431 cells and T-lymphoblasts (Jurkat 

J6 ) and denatured in 24% formamide, 5% formaldehyde, 10 mM sodium acetate pH

7.0 at 65°C for 15 min. RNA samples were loaded onto a 1.8% agarose gel 

containing 6 % formaldehyde, 10 mM sodium acetate, and electrophoresed at 0.17 

V/cm/hr. The Northern blot performed to confirm the absence of annexin VI in A431 

cells involved the gel electrophoresis of varying amounts of RNA isolated from both 

cell types. In this instance, 20.0 pg of A431 RNA and 1.0, 5.0, 10.0, and 20.0 pg of 

T-cell RNA were analyzed. The RNA was transferred to a nylon membrane, Hybond-
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N (Amersham) by capillary blotting and cross-linked by U.V. (Church and Gilbert, 

1984). Hybridization of Northern blots was performed as described by Church and 

Gilbert (1984), using the A2 probe described in Crompton et al. (1988b) for annexin 

VI mRNA. The blot was stripped and re-probed for glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as an internal control. Blots were subjected to 

autoradiography by exposing the filter for 24 h to X-ray film (Kodak XAR-5) at -70°C 

with intensifying screens.

2.21 Annexin VI cDNA Clones

Two annexin VI clones, namely A2 and 10.6, were isolated from a k g tll T- 

leukaemia cell J6  library (Crompton, et al., 1988b). The two cDNA clones were -2 .0  

kb and -0 .5  kb in length respectively, and together comprised the entire annexin VI 

cDNA. The two clones were obtained individually in the pBluescript II KS plasmid 

(pBS). Preparation of the two pBS plasmid DNAs was by the alkaline lysis method 

(Maniatis et al., 1982) and is a modification of the method of Ish-Horowicz and Burke 

(1981). The plasmid DNA isolated was quantified by measuring the absorbance at 

260 nm.

2.22 Restriction Digests, DNA Purification, and Ligation

Restriction enzymes were purchased from Gibco BRL, and were used 

according to the manufacturers specifications. It was necessary to isolate 10.6 from 

pBS/10.6 by complete EcoRl digestion and to linearize pBS/A2 by partial EcoRl 

digestion. Digests were analyzed by agarose gel-electrophoresis and visualized by 

ethidium bromide staining and long-wave U.V. Desired DNA fragments were excised 

for purification, from agarose gels using Geneclean II (Bio 101, La Jolla, CA). 

Ligations were performed as recommended (Maniatis et al., 1982) using T4 DNA 

ligase (Boehringer Mannheim, UK). Geneclean II was used in all instances of DNA 

purification with the exception of the purification of CMV/Anx VI (see below) used 

for transfection. In this case, purification of plasmid DNA by precipitation with 

polyethylene glycol (Sambrook et al., 1989) was employed.
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2.23 Vectors

The pBluescript II phagemid (Stratagene, La Jolla, CA) was used for 

transformation of the E. coli strain, XL 1-Blue with the full-length cDNA of annexin 

VI. This vector is a 2.95 kb colony-producing phagemid with a synthetic polylinker 

containing 21 unique restriction sites. The pBluescript (pBS) vector contains a portion 

of the lacZ gene. When bacteria are plated on indicator plates containing IPTG 

(isopropyl-p-thio-galactopyranoside) which stimulates production of P-galactosidase 

in XL 1-Blue, the bacterial colonies appear blue due to hydrolysis of the substrate, X- 

gal. The multiple cloning site (MCS) is located within this gene, therefore insertion 

of nucleotide sequence interrupts the lacZ gene, and the bacteria no longer have a 

functional P-galactosidase protein. When a cloned insert is present, the colonies 

therefore appear white.

The pRc/CMV vector (Invitrogen Corp., U.K.) was used for the stable 

transfection of A431 cells with the full-length cDNA of annexin VI. This expression 

vector was chosen as the cytomegalovirus (CMV) promoter offers high level 

constitutive transcription. The pRc/CMV vector also contains the neomycin resistance 

gene facilitating the selection of G418 (Genedcin) resistant, transfected A431 cells.

2.24 Transformation of E. coli by High Voltage Electroporation

Preparation of competent E. coli (XLl-Blue)(Bullock et at., 1987) was 

performed in this laboratory by Dr Wen-jun Shen. The cells could be aliquoted and 

stored for several months at -70°C without a significant decrease in efficiency. 

Electroporation was carried out according to Sambrook et at. (1989). For 

transformation, frozen cells (XL 1-Blue) were thawed on ice. Approximately 10 ng 

of DNA was mixed with 40 pi of cell suspension in a 0.1 cm electroporation cuvette 

(Bio-Rad). A high voltage electric pulse was discharged by the ElectroPorator 

(Invitrogen Corp.) with the settings at 50 pF, 150 A, and a field strength of 1.5 

kV/cm. After the pulse, the cells were immediately mixed with 1.0 ml pre-warmed 

medium and transferred to a 3TC  incubator with constant agitation for 1 hr. 

Approximately 200 pi of the cell suspension was plated out on LB agar (Gibco BRL) 

plates with the appropriate antibiotics, and incubated overnight. Successful 

transformants were identified by blue/white selection (pBluescript) and restriction
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enzyme analysis of DNA minipreps (pRC/CMV).

2.25 Calcium phosphate-mediated transfection of A431 cells

Transfection was performed essentially as described by Graham and Van der 

Eb (1973). On the day before transfection, exponentially growing A431 cells were 

replated at -lOVcm^ on 90 mm culture dishes. The cultures were incubated for 24 hrs 

at 37°C in a humidified incubator in an atmosphere of 10% CO2 . For each 90 mm 

plate, the calcium phosphate-DNA precipitate was prepared as follows: DNA (~10.0 

pg) and 0.1 X TE (1 mM Tris-Cl, pH 8.0, 0.1 mM EDTA) were mixed to a volume 

of 220 pi and 3 Ipl of 2.0 M CaClz was added slowly. The mixture was then added 

to 250 pi 2 X HEPES-buffered saline (HBS) (280 mM NaCl, 10 mM KCl, 1.5 mM 

Na2 HP0 4  2 H2 O, 12 mM dextrose, 50 mM HEPES), with gentle mixing. The solution 

was maintained at room temperature for 30 minutes to allow a fine precipitate to form, 

after which the mixture was pipetted up and down once to resuspend it before addition 

to the cells. The calcium phosphate-DNA suspension was then added to the medium 

above the cell monolayer, whilst gently rocking the plate by hand. This procedure 

was carried out in duplicate for pRC/CMV/Anx VI DNA and control pRC/CMV DNA 

alike. The A431 cells with the calcium phosphate-DNA precipitate on them, were 

returned to the humidified incubator (37°C) for 24 h. The medium was then removed, 

the monolayer was washed once with PBS, and pre-warmed, non-selective medium 

was added.

After a further 24 h incubation (to allow expression of the transfected genes), 

the cells were trypsinized and replated in selection medium. One 90 mm dish was 

trypsinized and spht into 3 x 90 mm dishes. The selection medium used in this 

instance was DMEM containing Geneticin (Gibco BRL, Life Technologies Ltd., 

Paisley, Scotland). Geneticin (also known as Antibiotic G-418 Sulfate) is an 

aminoglycoside and is toxic to both prokaryotic and eukaryotic cells. The resistance 

genes are bacterial in derivation but they can be expressed in eukaryotic cells and 

efficient expression is achieved when the Neo DNA sequence is linked to eukaryotic 

DNA. The pRC/CMV vector used in the transfection of A431 cells with annexin VI 

cDNA contains the Neo  ̂ gene (see inset of vector, p.81). Therefore, successfully 

transfected cells (with either pRC/CMV/Anx VI or the vector alone, pRC/CMV)
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would express a functional neomycin phosphotransferase gene and would be resistant 

to Geneticin (Southern and Berg, 1982). Geneticin was added to cultures at 400 pg/ml 

to select stable transformants. The medium was changed every 2 days thereafter to 

remove the debris and dead cells, and the resistant cells were allowed to grow into 

colonies. After 2 weeks, resistant colonies were picked and isolated as clones in 

multiwell plates (12 well). Six clones of pRC/CMV/Anx VI transfected A431 cells 

and two clones of pRC/CMV transfected A431 cells were propagated and maintained,. 

Expression of annexin VI in these clones was determined by SDS-PAGE and Western 

blotting of whole cell lysates.
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Chapter 3 

Characterization of the Phosphorylation of Annexin VI

3.1 Background

As mentioned earlier (see Introduction, page 27) annexins I, II and VI are the 

only annexins known to be phosphorylated in vivo. At the time this study began, the 

phosphorylation of annexin VI had only been reported in vitro (Stoehr et al., 1990; 

Barnes et al., 1990; Kenton et al., 1989). These in vitro studies have produced some 

contradicting and possibly misleading results regarding the phosphorylation of annexin 

VI. For example, Kenton et al. (1989) reported that phosphotyrosine was detected in 

annexin VI after treatment of isolated human placental plasma membrane vesicles 

with epidermal growth factor, macrophage colony stimulating factor or transferrin. 

Barnes et al. (1990) reported that annexin VI was a good EGF receptor substrate in 

human placental microsomal membranes. Given the promiscuity of tyrosine kinases 

out of context, these observations are unlikely to be an accurate representation of 

genuine cellular events. Kenton et al. (1989) also reported that annexin VI undergoes 

rapid phosphorylation on tyrosine in unstimulated membrane vesicles, an observation 

which may similarly not reflect normal cellular events. Under no circumstances has 

annexin VI been found to be a substrate of receptor tyrosine kinases in intact cells and 

this will be examined more closely later in this chapter. Kenton et al. (1989) also 

reported that annexin VI was not phosphorylated by protein kinase C, in contrast to 

other groups who have reported that annexin VI is a substrate for protein kinase C 

(Barnes et al.,1990; Stoehr et a i ,  1990). Currently, although there is no conclusive 

data to prove either case in vivo, certain factors suggest that annexin VI may indeed 

be a physiological substrate for protein kinase C. Firstly, the in vivo phosphorylation 

of annexins I and II by protein kinase C indicates that members of this family can 

act as suitable substrates. Secondly, the observation that the N-terminal domain of
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annexin VI contains a serine residue in a position analogous (but not homologous) to 

those phosphorylated in vivo in annexins I and U.

Because protein phosphorylation is one major mechanism by which cells 

respond to extracellular signals and regulate cellular activity, I investigated the in vivo 

phosphorylation of annexin VI.

3.2 Annexin VI Phosphorylation in Swiss 3T3 Fibroblasts

Initial findings showed that annexin VI phosphorylation differs from that of 

annexins I and II in two major respects. Firstly, the phosphorylation of annexins I and 

II appears to occur rapidly in stimulated cells or exists constitutively in some 

transformed cells, whereas the phosphorylation of annexin VI appears to be growth- 

dependent (Moss et a/.,1992). Studies in which annexin VI was immunoprecipitated 

from [^^Pi]-labelled Swiss 3T3 fibroblasts (synchronized by quiescence) over a 32 h 

period showed that prolonged serum stimulation (12-24 h) was necessary to achieve 

phosphorylation. Maximal annexin VI phosphorylation occurred at 24 h, just prior to 

the period of maximal DNA synthesis (S-phase), as judged by [ -thymidine 

incorporation. Phosphorylated annexin VI was not detectable during the first 8  h, 

appeared at low levels between 1 2  and 2 0  h, and fell slightly as the cells entered 

mitosis (M-phase). In these experiments, annexin VI phosphorylation was examined 

in a synchronous population of fibroblasts induced to cycle from quiescence with 

foetal calf serum (FCS). Similar data were also obtained from synchronous 

populations of human T-lymphoblasts induced to cycle with recombinant interleukin-2 

(rIL-2) (Moss et a i ,  1992). Consistent with these data, it was also found that in an 

asynchronous population of exponentially growing fibroblasts, the level of annexin VI 

phosphorylation remained fairly constant over the labelling period. It was also shown 

that changes in the level of annexin VI phosphorylation did not simply reflect 

fluctuations in the expression of annexin VI protein during the cell cycle, as the level 

of annexin VI as a proportion of total cellular protein remained constant.

Swiss 3T3 fibroblasts were used in most experiments, as these were found to 

yield a greater amount of phosphorylated annexin VI than other cell types (eg. human 

T-lymphoblasts) (Moss et a i ,  1992). In a typical experiment, approximately 2 x 10̂
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Swiss 3T3 cells were labelled with 9mCi for 24 hours in phosphate-free medium 

(figure 3.1). Annexin VI was immunoprecipitated from whole cell lysates with a 

polyclonal antibody (MC2), subjected to SDS-PAGE, and visualized by 

autoradiography, as described in Materials and Methods (p.33). Figure 3.1 (left panel) 

shows the result of such a labelling experiment. Under these conditions, the 

phosphorylated band at 6 8  kDa (annexin VI) contained ~5,000-8,000 Cerenkov cpm. 

Annexin VI runs at 6 8  kDa on a SDS-gel, somewhat less than it’s predicted molecular 

weight of 74 kDa, based on amino acid constitution. There was no apparent mobility 

shift of annexin VI associated with phosphorylation (results not shown). As 

mentioned earlier (see Introduction, p.23), alternative splicing gives rise to two 

annexin VI isoforms, and hence is visualized as a doublet on a Western blot analysis, 

as seen in figure 3.1 (right panel). However, phosphorylated annexin VI appears as 

a rather broad single band due to limitation of resolution on a 10% SDS-gel, as the 

phosphorylated doublet can be resolved on a 7% SDS-gel (data not shown).

? 97 kDa

Annexin VIe
m

(68 kDa) -► 68 kDa

1 43 kDa

Figure 3.1. [^^Pi]-IabeIIing of Annexin VI.
Approximately 2 x10® Swiss 3T3 fibroblasts were labelled with 9 mCi ^̂ Pi for 24 hours in phosphate-free 
medium. Quiescent cells were driven into the cell cycle by the simultaneous addition o f dialyzed foetal calf 
serum. Cells were lysed and annexin VI was immunoprecipitated with a polyclonal antibody (MC2), 
subjected to SDS-PAGE and autoradiography. In this instance, 7000 Cerenkov c.p.m. was incorporated into 
annexin VI (left panel). A Swiss 3T3 whole cell lysate (-10* cells) was subjected to SDS-PAGE and 
Western blotting (right panel). Aimexin VI was visualized with a polyclonal antibody (MC2) and anti-rabbit 
IgG conjugated to horseradish peroxidase. Colour development was with 4-chloronaphthol. The positions 
of molecular weight markers are indicated.
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3.3 Phosphoamino-acid Analysis of Annexin VI

In order to determine the phosphoamino-acid composition of annexin VI, 

immunoprecipitated material (as shown in fig. 3.1- left panel) was subjected to SDS- 

PAGE, transferred to Immobilon-P by Western blotting, and the radioactive band 

excised. One-dimensional (1-D) phosphoamino-acid analysis revealed that annexin VI 

was phosphorylated on serine and to a lesser extent, threonine only after several hours 

of cell stimulation (figure 3.2).

• I

] .  ■>

-  P-X

-  P-Ser -  P-Ser

-  P-Thr t -  P - Thr

-  P-Tyr i -  P-Tyr

1 2  1 6  2 0  2 4  2 8  3 2
Time (hr)

2 8

Figure 3.2. 1-D Phosphoamino-acid Analysis of Annexin VI. [^^Pi]-labelled annexin VI was
immunoprecipitated from synchronous populations of Swiss 3T3 fibroblasts at various stages in the cell 
cycle. The protein was subjected to SDS-PAGE, Western blotting and 6 M HCl hydrolysis. TLC was 
performed electrophoretically at pH 3.5 in one dimension (panel a). The positions o f free phosphate (Pi), 
phosphoserine (P-ser), phosphothreonine (P-thr), phosphotyrosine (P-tyr), and phospho-X (P-X) are indicated. 
The phosphoamino-acid profile of p34'‘*''̂  immunoprecipitated at 28h is also shown (panel b).

Note that phosphotyrosine was not detected in annexin VI at any time-point.

1-D phosphoamino-acid analysis also revealed data which led to the conclusion that 

annexin VI phosphorylation differs from that of annexins 1 and n in another aspect. 

Despite the unequivocal designation of phosphoserine and phosphothreonine, the 

majority of the which incorporated into annexin VI migrated with a slightly
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greater mobility than phosphoserine, but behind free phosphate (PJ. This is shown 

as P-X in Figure 3.2 When p34‘̂‘*̂  ̂was immunoprecipitated from the same cell lysate 

at 28 h, phosphoamino-acid analysis revealed only the predicted phosphotyrosine and 

phosphothreonine (Gould et a/., 1991), indicating that the unassigned phospho-moiety 

was not an artefact of the system. Moreover, the 1-D phosphoamino-acid analysis was 

a highly reproducible result.

The discovery of this uncharacterized phosphate-containing moiety (termed 

phospho-X), and particularly the observation that the majority of the phosphate 

appeared to be incorporated into this entity, prompted a detailed investigation into 

annexin VI phosphorylation, and this forms the central theme of this thesis.

Initial data and a priori reasoning suggested that phospho-X was not a novel 

phosphoamino-acid. To date, there are three phosphorylhydroxyamino acids found in 

cellular proteins: phosphoserine, phosphothreonine and phosphotyrosine. Other 

phosphorylated residues identified in proteins include thioesters of cysteine, 

phosphoramidates of lysine and histidine, and acid anhydrides of glutamic and aspartic 

acid (Cooper et a l ,  1983). According to Cooper et a l ,  of all the potential phosphate 

esters of the natural amino acids, only the three phosphorylhydroxyamino acids 

mentioned above have reasonable chemical stability to extremes of pH. Taking this 

into account, the appearance of phospho-X on 1-D phosphoamino-acid analysis 

following acid hydrolysis ( 6 M HCl for 1 h at 110® C) was the first indication that 

phospho-X may not be a phosphoamino-acid.

2-D phosphoamino-acid analysis confirmed the presence of phosphoserine and 

phosphothreonine, and also revealed that the spot corresponding to phosphothreonine 

in 1-D phosphoamino-acid analysis was actually a combination of both 

phosphothreonine and another uncharacterized phospho-moiety termed phospho-Z 

(figure 3.3). Comparison of the 2-D phosphoamino-acid analysis of annexin VI with 

known phosphoamino-acid analyses (Cooper et a l ,  1983; Kamps and Sefton, 1989) 

yielded no conclusive interpretations regarding the identities of phospho-X and 

phospho-Z. Interestingly, the association of phospho-X and phospho-Z with annexin 

VI was found to be highly sensitive to acid hydrolysis, as revealed by phosphoamino- 

acid analyses following varying times of treatment with 6 M HCl (figure 3.3). 

Virtually all the recoverable phospho-X and phospho-Z were liberated from annexin
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VI within 20 minutes of acid treatment, whereas the appearance of phosphoserine and 

phosphothreonine required longer hydrolysis time (1-3 h). These data suggest that 

phospho-X and phospho-Z are not phosphoamino-acids and are linked :o annexin VI 

via an acid sensitive linkage. It is possible that phospho-X and phospho-Z might be 

part of a larger single complex given the simultaneous appearance of bo:h during acid 

hydrolysis. It is also conceivable that phospho-X and phospho-Z may be linked to 

annexin VI via a serine residue, and this will be considered further in Chapter 4.

Figure 3.3. 2-D
Phosphoamino-acid Analysis 
of Annexin VI. [^^Pi]-labelled 
annexin VI was 
immunoprecipitated from 
Swiss 3T3 fibroblasts at 24h 
after serum stimulation. 
Following SDS-PAGE and 
Western blotting, [^^Pi]- 
labelled annexin VI was 
subjected to 6 M HCl 
hydrolysis for periods of 20 
min, Ih, and 3h, as indicated 
by panels A, B, and C, 
respectively. First and second 
dimensions were carried out 
electrophoretically at pH 1.9 
and pH 3.5, respectively. 
Phosphoserine, free phosphate, 
phospho-X (p-X) and 
phospho-Z (p-Z) are indicated 
on the figure. The predicted 
places of phosphothreonine 
and phosphotyrosine are also 
shown.

A
P-X

P-Z

B

C
p-ser

p-thr

p-tyr

3.4  Characterization o f Phospho-X  and Phospho-Z

On the basis of their high mobility on thin layer chromatography in 2-D 

phosphoamino-acid analysis, it can be inferred that phospho-X and phospho-Z are
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either highly charged and/or very small molecules. The latter proposal is supported 

by two observations. Firstly, modified annexin VI exhibits a virtually identical 

mobility to the unmodified form on SDS-PAGE, and secondly, mass spectroscopy (fast 

atom bombardment), suggests that phospho-X has a molecular weight of 180 daltons 

(Figure 3.4) (see following page)
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Figure 3.4. Mass Spectroscopy of Phospho-X.
Figure 3.4a. FAB (Fast Atom Bombardment) analysis of TLC-cellulose plate, 
representing the background profile. The large peak seen at 93 Da (and 
multiples thereof) is an artefact due to glycerol present in the matrix.
Figure 3.4b. FAB (Fast Atom Bombardment) analysis of Phospho-X, showing 

a peak of relatively high abundance at 180 Da.
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Figure 3.4a shows the FAB (fast atom bombardment) spectrum of the TLC 

(thin layer chromatography) cellulose plate only and therefore represents the 

background profile. Figure 3.4b shows the FAB data from the area of the cellulose 

plate corresponding to phospho-X (as judged by autoradiography). This shows a 

relatively large peak at M.Wt.=180 Da which is clearly not present in the background 

profile, suggesting this to be the molecular weight of phospho-X. Despite the 

sensitivity of this technique, the amount of phospho-X generated from 2-D TLC 

phosphoamino-acid analysis by immunoprécipitation of annexin VI from 2 x 10® 

fibroblasts was nevertheless close to the limits of detection by FAB analysis.

In order to gain a more precise determination of the molecular weight of 

phospho-X (and phospho-Z), I attempted (in collaboration with Dr. Darryl Pappin, 

ICRF) time-of-flight mass spectroscopy. Two alternative strategies were devised 

whereby phospho-X and phospho-Z might be investigated using this technique. 

Firstly, it was anticipated that the modified annexin VI isoform could be distinguished 

from the two unmodified forms of annexin VI (the two splice forms), assuming that 

linkage of phospho-X and phospho-Z produced a detectable molecular weight change 

with a sufficiently high stoichiometry. The second proposed technique was aimed at 

the analysis of peptides as opposed to the whole protein, i.e. peptide fingerprinting. 

In peptide fingerprinting, the protein is subjected to proteolysis (eg. using 

chymotrypsin or V 8  protease) and a profile is generated based on the molecular 

weight of each peptide. Since each peptide has a unique mass, and given that one can 

predict the peptide fingerprint based on known protease-sensitive sites within the 

amino-acid sequence, it is therefore possible identify the molecular weight of each 

peptide generated and therefore to recognize a modified peptide as an apparent 

anomaly.

As mentioned earlier, it is known that annexin VI is post-translationally 

modified only in growing cells and not in quiescent cells. Based on this observation, 

it became apparent that if annexin VI could be purified from quiescent and growing 

3T3s, then a peptide analysis based on M.Wt. could be generated from both, and any 

discrepancy in peptide mass between the two profiles would indicate a modified 

peptide. In this respect, it would be possible not only to locate where in the protein 

the modifications exist (phosphorylated amino acids and otherwise modified amino
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acids) but also the molecular weights of phospho-X and phospho-Z. However, to 

utilize either system (time-of-flight mass spectroscopy or peptide fingerprinting) the 

minimum amount of annexin VI required is ~1.0 microgram. It was therefore 

necessary to first purify annexin VI from quiescent and growing Swiss 3T3 fibroblasts 

in appropriate (microgram) quantities.

3.5 Purification of Annexin VI from Swiss 3T3 fibroblasts

No published method previously existed for the purification of annexins from 

fibroblasts, so a protocol was devised based on procedures previously used to purify 

annexins (Owens and Crumpton, 1984; Rothut et a l ,  1987; Tait et a l ,  1988), 

exploiting the ability of annexins to bind calcium-dependently to phospholipid 

membranes. Purification of annexin VI from ~ 5 x 10̂  quiescent and -  5 x 10̂  

growing cells (generously provided by the cell culture facility at ICRF) was performed 

as described in Materials and Methods (p.35). Cells were lysed into a buffer 

containing the calcium-chelator, EGTA, under which conditions the annexins are 

retained in the supernatant when the nuclei/whole cells are pelleted. The nuclear 

pellet was discarded and the microsomal pellet was generated in the presence of 

calcium, promoting the association of the annexins with the membranes. The 

membrane pellet was washed several times to minimize non-specific membrane- 

protein interaction. After the last wash (all washes in buffer containing calcium), the 

microsomal pellet was finally resuspended in buffer containing EGTA, releasing any 

proteins associated with the membranes in a calcium-dependent manner into the 

supernatant. The results from such a purification are shown in Figure 3.5.

Figure 3.5a is a Coomassie-blue stained protein gel showing representative 

samples from each step in the purification protocol. The nuclei/whole cell pellet was 

generated by centrifugation at 10,000g for 10 minutes. The proteins found in this 

pellet are shown in lane 1. Lanes 2-6 show the proteins found in successive calcium 

washes. After each wash, the microsomal pellet was generated by centrifugation at 

40,000g for 30 minutes. The microsomal preparation was washed in buffer containing 

2mM calcium until protein bands (as judged by Coomassie-blue staining) were no 

longer detectable in the supernatant, as seen in lane 6 . Lane 7 shows a sample of the
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microsomal pellet after washing with EGTA and is representative of those proteins 

associated with the membrane in a non-calcium dependent manner. Lane 8 shows the 

proteins found in the supernatant following EGTA-extraction of the microsomal pellet. 

The majority of the proteins found in this supernatant are annexins. At least seven 

mammalian annexins have molecular weights within the range 32-36 kDa, of which 

representatives are apparent as a series of bands in the mid-30 kDa range (lane 8). 

Based on their observed molecular weights and the known distribution of family 

members, these most likely correspond to annexins I, n, IV and V. Annexin VI can 

be seen in lane 1 as a relatively faint polypeptide doublet at -68  kDa.

200 kDa

97 kDa

68 kDa

i
43 kDa

29 kDa

8 7 6  5 4  3 2 1

Figure 3.5a. Purification of Annexin VI from growing Swiss 3T3 Fibroblasts. 
Annexin VI was purified from approximately 5 x 10’ growing Swiss 3T3 
fibroblasts. This Coomassie-blue stained gel shows protein samples from each 
successive step in the purification protocol: lane 1 - nuclei/whole cell pellet; 
lane 2-6 - successive 2 mM Ca'̂ '" washes; lane 7 - microsomal pellet; lane 8 - 
supernatant following EGTA-extraction (Annexin Supernatant).

The constituents of the "annexin supernatant" were further purified by FPLC 

(Fast Protein Liquid Chromatography) (Figure 3.5b), as described in Materials and
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Methods (p.36). The mixture was run through a mono-Q column and the proteins 

were eluted using a linear NaCl gradient ranging from 0 to 0.5 M NaCl. The results 

are shown in Figure 3.5b, which shows the FPLC profile superimposed with the salt 

gradient.

F igure 3 .5b . FPLC  
Profile o f the ’Annexin  
Supernatant’. The
E G T A  - e  X t r a c t e d 
supernatant (lane 8 - 
fig . 3.5a) was run 
through a mono-Q  
c o lu m n . B o u n d
proteins were eluted 
using a NaCl gradient 
ranging from 0  to 0,5  
M  NaCl. Peaks a, b, c, 
d, and e were further 
analyzed (see fig. 3.5c).
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Five proteins corresponding to the five major peaks a, b, c, d, and e were 

eluted from the column under these conditions. Murine annexin VI was eluted from 

the mono-Q column at -0 .3  M NaCl (peak e). This differs from human annexin VI 

in that murine annexin VI requires a higher salt concentration for dissociation. The 

FPLC fractions corresponding to these peaks were collected and further analyzed by 

SDS-PAGE (Figure 3.5c). Figure 3.5c shows those proteins that were isolated into 

unique fractions following FPLC and taken together, represent most of the proteins 

observed in lane 8 , figure 3.5a (excluding the proteins found in the flow-through). 

Due to their ionic properties annexins I and II do not bind to mono-Q (Stephen Moss,
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personal communication) and hence, were most likely present in the flow-through 

following FPLC.

97 kDa 

68 kDa

43 kDa

29 kDa 

18 kDa

Figure 3.5c. Coomassie-blue stained protein purification gel. Protein bands labelled a, b, c, d, and e 
correspond to those peaks seen in Figure 3.5b. Subsequent tryptic digests and peptide sequencing revealed: 
band a=annexin IV; band b=calcyclin; band c=(unidentified); band d=annexin V; band e=annexin VI (see 
Table 3.1).

Samples of the proteins designated as a, b, c, d, and e in Figure 3.5c (also 

corresponding to the peaks in fig. 3.5b) were subjected to digestion with trypsin, 

which hydrolyzes peptide bonds at the carboxyl end of lysine and arginine residues. 

Some of the peptides produced from tryptic proteolysis of these proteins were 

subjected to automated sequencing (performed by Dr Darryl Pappin, ICRF). These 

data are shown in Table 3.1. By comparing these peptide sequences with those in the 

EMBL database, it was possible to identify four of the five proteins. Thus, proteins 

a, b, d, and e were identified as annexin IV, calcyclin, annexin V and annexin VI 

respectively. Calcyclin is a 10 kDa, calcium and zinc binding protein that belongs to 

the S-100 protein family (Kuznicki and Filipek, 1987). Although several peptides 

from protein c were sequenced, there was no recognizable sequence in the EMBL 

database homologous to the tryptic peptides generated from this protein.
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Protein Peptide Sequence Idenhâedas

a NHLLHVFDEÏK Annexin IV

b LQDAEIAR Calcydin

XFLGK No Recognizable
0 XXVNFVPY’ Sequence In

XIVQFVXF Database

d LYDAYELK AnnexinV

e GSVHXFPEEXANQ Annexin VI
IMVSR

T ab le  3 .1 . Identity o f proteins a, b, c, d, and e  attained from peptide sequence 
hom ology in the EMBL database.

A similar protocol was employed for the purification of annexin VI from 

quiescent Swiss 3T3 fibroblasts. Approximately 0.5 mg of annexin VI was purified 

from independent populations of both growing and quiescent fibroblasts. 

Unfortunately, within the time constraints of this project, it has not been possible to 

perform more than a few preliminary experiments with the purified murine annexin 

VI. Attempts to analyze modified annexin VI by time-flight mass spectroscopy have 

so far proved unsuccessful due to the inability of annexin VI to ionize properly 

(Darryl Pappin, personal communication). However, it was possible to identify the 

two isoforms of annexin VI (the two splice forms) as distinct entities (data not 

shown), and it is anticipated that with on-going refinements, it may be possible to 

detect the modified isoform.

Another on-going strategy involves utilizing the purified protein to supplement 

immunoprecipitated material prior to mass spectroscopic analysis. Thus, if purified 

annexin VI from growing 3T3 cells is mixed with the in vivo [^^Pi]-labelled 

immunoprecipitated annexin VI, it might be possible to generate enough material on
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2-D phosphoamino-acid analysis to obtain a more accurate confirmation of the 

molecular weight of phospho-X and the molecular weight of phospho-Z.

3.6 ADP-Ribosylation

The preceding results showed that annexin VI was subject to a form of post- 

translational modification other than direct phosphorylation of an amino-acid. Given 

the relatively long labelling times, ^̂ Pi must clearly be integrated into multiple cellular 

pools. It was thus important to test for known post-translational modifications that 

included phosphorus as part of their structure. The reason for investigating ADP- 

ribosylation as the possible cause of modification of annexin VI was because phospho- 

X and phospho-Z migrate to points nearly coincident to those of ribose 

monophosphate and nucleoside monophosphates, respectively, in a 2-D phosphoamino- 

acid analysis (Cooper et a i ,  1983). Sydney Shall (1989) reported that removal of 

(ADP-ribose) from modified proteins yields ADP-ribose, which is probably hydrolyzed 

to AMP and ribose phosphate. Moreover, because the C-terminal domain of annexin 

VI shares some homology with the consensus sequence that is known to be ADP- 

ribosylated in G-proteins, this made ADP-ribosylation an even more intriguing 

possibility to investigate.

ADP-ribosylation reactions involve the transfer of the ADP-ribose portion of 

NAD^ to proteins. ADP-ribosyl transferase (ADPRT) enzymes are found in both the 

nucleus and the cytoplasm of eukaryotic cells. The physiological functions of the 

nuclear enzyme have been shown to include the regulation of DNA repair and nuclear 

ADPRT may also be involved in the regulation of cell differentiation (Shall, 1989). 

To date however, annexin VI has not reported in the nucleus of any cell type and is 

therefore unlikely to be modified by a nuclear ADPRT. The cytoplasmic ADPRTs are 

therefore much more likely candidates given that annexin VI is primarily a cytosolic 

protein. The cytoplasmic ADPRTs seem to catalyze only the formation of mono- 

ADP-ribosyl protein products. This is in contrast to the nuclear ADPRTs which 

synthesize homopolymers of ADP-ribose on acceptor proteins (Shall, 1989).

The basic mono-ADP-ribosylation reaction is: NAD"̂  + Protein —> Protein- 

ADP-ribose + Nicotinamide + Ĥ . To date, the ADPRT enzyme activities in animals 

are known to modify only three amino acids - arginine, histidine and cysteine residues
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(Shall, 1989). A number of bacterial toxins also have mono-ADPRT activity. These 

include Diphtheria, Pseudomonas, Pertussis, and Cholera toxins. Pertussis and cholera 

toxins modify G-proteins which regulate adenylyl cyclase activity, modifying cysteine 

and arginine residues, respectively. Because these toxins modify G-proteins, there is 

considerable interest in the possibility that endogenous ADPRT enzymes might 

regulate the activity of G-proteins in normal cells. As mentioned above, annexin VI 

shares some homology with G-proteins at the consensus sequence that is known to be 

modified.

The approach used was to investigate ADP-ribosylation in intact cells. [2- 

^H] adenine was used to metabolically label the cellular NAD^ pool. Labelled proteins 

were resolved by SDS-PAGE and detected by autoradiography, as shown in Figure 

3.6.

Figure 3.6. In vivo [2- 
^H]adenine-labellmg in Swiss 
3T3 Fibroblasts. 3.5 x ICf 
Swiss 3T3 cells were labelled 
with lOO^Ci [2-^H]adenine in 
the presence (lane 1) and 
absence (lane 2) of pertussis 
toxin (PT). The 40 kDa PT- 
substrate can be seen in lane 1 
(bottom arrow). The band seen 
in both lanes at -7 0  kDa is 
GRP78/BiP (see text).

200 kDa

97 kDa

68 kDa

43 kDa

29 kDa

Cultures of Swiss 3T3 cells were pre-labelled with [2-^H]adenine and then 

incubated with or without pertussis toxin. Fibroblasts labelled with [2-^H]adenine in 

the presence of pertussis toxin were used as a positive control, as pertussis toxin is 

known to catalyze the incorporation of adenine into a 40 kDa protein (Staddon, et a i .
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1992). The labelled 40 kDa pertussis toxin substrate can be seen in lane 1. The 

incorporation of label into other bands presumably occurred by normal endogenous 

cellular processes and is seen in lane 2. The labelled band at ~70 kDa in both lanes 

is GRP78/BiP (James Staddon, personal communication; Staddon, et a/., 1992). 

GRP78/BiP is a glucose-regulated protein also known as BiP, the immunoglobulin 

heavy chain binding protein. The results in Figure 3.6 are therefore in accordance 

with Staddon et aL (1992), who showed that incubation of Swiss 3T3 cells with [2- 

^H]adenine revealed the ADP-ribosylation of GRP78, an endoplasmic reticulum protein 

that assists in the processing of proteins destined for secretion or cell surface 

expression. The absence of a labelled band at 6 8  kDa in lanes 1 and 2 in whole cell 

lysates or when annexin VI was immunoprecipitated from the same sources (data not 

shown) led to the conclusion that annexin VI is not a substrate for ADP-ribosylation.

An alternative approach used in investigating ADP-ribosylation was to inhibit 

the reaction. In theory, if annexin VI was ADP-ribosylated, then the inhibition of 

ADPRT should lead to negligible incorporation of ^̂ Pi into annexin VI. A variety of 

inhibitors of ADPRT are known including nicotinamide, methyl xanthines, 3- 

methoxybenzamide (3MB), and 3-aminobenzamide (3AB) (Shall, 1989). In several 

experiments where Swiss 3T3s were labelled with ^̂ P in the presence or absence of 

3AB, no difference was detected in the amount of ^̂ P incorporated into annexin VI 

(data not shown). This observation further supported the conclusion that annexin VI 

is not ADP-ribosylated.

3.7 Post-translational Protein Modifications Involved in Protein 
Targeting

(f) Glycosyl-phosphatidyl inositol (GPI)-anchorage.

There are several post-translational modifications of proteins that involve 

covalent linkage to lipid derivatives. Since annexin VI binds to acidic phospholipids 

in a calcium-dependent manner, it seemed reasonable to investigate those post- 

translational modifications that combine both phosphate and lipid molecules. 

Eukaryotic cell-surface proteins can be anchored in the membrane by either a 

transmembrane sequence of hydrophobic amino acids or by a covalently attached
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glycosyl-phosphatidyl inositol (GPI) moiety (Masterson and Magee, 1992). More than 

sixty cell-surface proteins have been identified as having a GPI-anchor attached 

covalently to the C-terminal amino acid (Low, 1989; Masterson e ta l ,  1989). Although 

GPI-anchorage is predominantly a cell-surface occurrence, there is also the possibility 

of GPI-anchored molecules at the inner face of the plasma membrane (Ferguson and 

Williams, 1988; Zurzolo et aL, 1990).

Members of the annexin family are found in various subcellular pools, 

including cytosolic, nuclear, cell-surface and membrane-bound. Immunocytochemical 

studies have shown that annexins V and VI exist in a membrane-associated form in 

vivo (Owens et a i ,  1984; Pula et al., 1990). Blanchi et al. (1992) recently reported 

that pools of annexins Y and VI remain bound to membranes in a calcium-independent 

manner and can behave as integral membrane proteins. Moreover, subcellular- 

fractionation studies in Hut 78 cells, Jurkat cells, and Swiss 3T3s in this lab suggest 

that annexin VI exists in both membrane-bound and cell surface pools (unpublished 

data), although annexin VI is predominantly a cytosolic protein.

One approach to identifying a GPI-anchor is by metabolic labelling with 

radiolabelled precursors of anchor components, for example pH]-inositol (Masterson 

and Magee, 1992). The possibility that annexin VI may be covalently attached to GPI 

was thus investigated, by growing biosynthedcally active Swiss 3T3 fibroblasts in the 

presence of pH]-inositol. However, there was no evidence to suggest that [^H]- 

inositol was incorporated into annexin VI following immunoprécipitation, SDS-PAGE, 

and autoradiography (data not shown), demonstrating that annexin VI is not associated 

with the membrane via GPI-anchorage. Furthermore, the GPI-anchor is a large 

moiety, and it is unlikely that modification of annexin VI in this way would not 

significantly influence the mobility on SDS-PAGE.

(ii) Protein polyisoprenylation

Another post-translational modification involved in protein targeting is 

polyisoprenylation. Polyisoprenylation of proteins by alkylation of a C-terminal 

cysteine is a relatively recent discovery, involving the covalent attachment of 

polyisoprenoid moieties [famesyl (15 carbon) and geranylgeranyl (20 carbon)]. These 

modifications occur at carboxy-terminal motifs of the general type CAAX (C,
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cysteine; A, aliphatic; X, any other amino acid). It was decided to investigate the 

possibility of annexin VI being modified by prénylation on the basis of the following 

observations:

1) Most annexins (including annexin VI) contain a conserved cysteine residue 

in the C-terminus, which despite not conforming to the CAAX motif, is nevertheless 

found in a highly conserved region.

2) The polyisoprenoid precursors are biosynthesized as activated pyrophosphate 

derivatives, allowing the possibility that perhaps a polyisoprenoid phosphate 

intermediate is covalently attached to annexin VI.

3) Most prenyl groups are relatively small and all are hydrophobic. This fits 

conveniently with data described earlier in this chapter concerning phospho-X and 

phospho-Z.

Polyisoprenoids are derived from mevalonic acid via a pathway which 

culminates in the production of various cellular metabolites, including steroids 

(Masterson and Magee, 1992). The first step in the pathway is the production of 

mevalonic acid from hydroxymethyl-glutaryl-coenzyme A (HMG-CoA) catalyzed by 

the enzyme HMG-CoA reductase. There are several highly specific inhibitors of 

HMG-CoA reductase available, and one commonly used is mevinolin (Masterson and 

Magee, 1992).

However, when Swiss 3T3 fibroblasts were labelled with ^̂ Pi in the presence 

of mevinolin, no reduction was detected in the level of ^̂ P incorporated into annexin 

VI. These data suggest that annexin VI is not covalently attached to a phospho- 

polyisoprenoid moiety, or to other derivatives downstream of the HMG-CoA reductase 

pathway.

3.8 Summary

The "phosphorylation" of annexin VI occurs at a temporally distinct point from 

initial cell stimulation, and appears to be dependent on entry into the cell cycle. This 

is in marked contrast to the phosphorylation of annexins I and II, which occurs rapidly 

in response to various primary stimuli and the constitutive activity of transforming
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tyrosine kinases.

Annexin VI is phosphorylated on serine and, to a lesser extent, threonine, in 

growing cells. However, as judged by phosphoamino-acid analyses, the majority of 

phosphate is incorporated into two as yet unidentified phospho-moieties, termed 

phospho-X and phospho-Z. The data show that phospho-X and phospho-Z have high 

mobility in electrophoretic TLC and are highly acid sensitive, suggesting that they are 

not phosphoamino acids. Preliminary mass spectroscopic results show that phospho-X 

has a molecular weight of 180 Daltons. Phospho-X and phospho-Z are most likely 

not incorporated into annexin VI via ADP-ribosylation, GPI-anchorage, or 

polyisoprenylation mechanisms. The conclusion, therefore, is that annexin VI is 

subject to a novel post-translational modification.
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Chapter 4 

Where is Annexin VI Modified?

4.1 Site-mapping

In this chapter, I describe experiments aimed at the identification of the site(s) 

within annexin VI that is/are modified. It was intended that both the phosphorylated 

and the otherwise modified (phospho-X and phospho-Z) amino-acids be identified. 

In traditional site-mapping this entails establishing optimal conditions for the 

generation of peptides, usually by chemical cleavage or protease digestion. 

Conventionally, the peptides are derived from pre-labelled protein, subjected to HPLC 

(high pressure liquid chromatography), and then identified by direct sequencing.

(i) Site-mapping with cyanogen bromide (CNBr)

Cyanogen bromide (CNBr) chemically cleaves proteins on the carboxyl side 

of methionine residues. Based on the published sequence of murine annexin VI (Moss 

et aL, 1988) this procedure would be predicted to yield 23 peptides. In a typical 

experiment, ~2 x 10® Swiss 3T3 fibroblasts were labelled with 9 mCi ^̂ Pi and annexin 

VI was immunoprecipitated as described in Chapter 3 (see Fig. 3.1). Under these 

conditions, annexin VI incorporated -5,000-8,000 Cerenkov c.p.m. CNBr cleavage 

can be performed directly on the piece of gel corresponding to the desired protein, on 

nitrocellulose after transfer to the membrane, or the protein can be eluted from the gel 

and then cleaved (Luo et aL, 1990). In these experiments, electroelution of annexin 

VI from the gel proved to be highly efficient. The protocol for CNBr cleavage 

necessitated incubation of electroeluted protein in a 70% formic acid solution. As 

mentioned in the previous chapter, phospho-X and phospho-Z are highly acid 

sensitive, and as a result these phospho-entities were apparently released from the 

peptide(s) to which they were attached. These data can be seen in figure 4.1.
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F igu re 4.1. Cyanogen Bromide (CNBr) Cleavage o f Annexin VI. In vivo 
[^^Pi]-labelled annexin VI was electroeluted from the gel and cleaved with 
CNBr. Annexin VI peptides were separated by HPLC, and monitored by O.D. 
readings at 280 nm. l i i i s  result is shown in the upper panel.
HPLC fractions were collected every 30 seconds. The bar graph show n in the 
low er panel depicts the number o f c.p.m. associated with each fraction.

Figure 4.1 (upper panel) shows the HPLC profile, showing peptide peaks as 

judged by O.D. readings at 280 nm. HPLC fractions were collected every 30 seconds, 

and the c.p.m. associated with each fraction is seen in figure 4.1 (lower panel). 

Virtually all of the recoverable radioactivity corresponds to the flowthrough from the 

HPLC. This indicated that the chemical bonding of phospho-X and phospho-Z to the 

annexin VI peptide backbone was susceptible to hydrolysis during CNBr cleavage and 

that this technique was therefore inappropriate for site-mapping in this instance.

(ii) Site-mapping with Staphylococcal protease (V8)

Staphylococcal protease (VS) cuts at the carboxyl side of glutamate residues.
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and under certain conditions, aspartate. The conditions used in these experiments 

(high pH) restricted the activity of V 8  to glutamic acid residues, which should yield 

55 small peptides from murine annexin VI based on the published sequence. Again, 

radiolabelled annexin VI was electroeluted from a gel slice. Although V 8  digestion 

produced a range of apparently suitable peptides (figure 4.2-upper panel, see following 

page), a second problem was encountered, in that the phosphopeptide(s) of interest 

(i.e. the labelled peptides) were insoluble and could not be eluted from the HPLC 

column. This is illustrated in figure 4.2 (lower panel), where in this instance it was 

known that 3000 c.p.m. was associated with the peptide pool generated from annexin 

VI, however, only -100 c.p.m. was detected in the fractions collected following 

HPLC.

Further experiments with V 8  digestion confirmed that the radioactivity was 

indeed bound irreversibly to the column. It remains to be seen whether this is due to 

the hydrophobicity of the peptide itself or to the possible hydrophobic nature of 

phospho-X and phospho-Z. Nevertheless, it became clear at this point that the 

insolubility of the peptides produced by V 8  proteolysis rendered this an unsuitable 

path to pursue, and alternative methods were investigated.
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F igu re 4.2 . Staphylococcal protease (V 8) digestion o f  Annexin VI. In vivo 
[% ]-la b e lled  annexin VI was electroeluted from a gel slice and digested with 
V 8. Annexin VI peptides were separated by HPLC, as for Fig. 4 .1 ., and is 
show n in the upper panel. HPLC fractions were collected every 30  seconds. 
The bar graph (lower panel) depicts the number o f c.p.m. associated with each 
fraction.

4.2 Cleveland Mapping and Limited Proteolysis

Having established that traditional mapping techniques were not appropriate 

in this case, I then attempted to define in more general terms the modified "domains", 

i.e. is annexin VI modified in the N- or C- terminal half or both?

(i) Cleveland Mapping

Cleveland mapping is a method of peptide analysis that involves the limited 

proteolytic digestion of individual proteins cut from gels (Cleveland et aL, 1977). 

The pattern of the bands of peptides generated is characteristic of the protein substrate 

and the proteolytic enzyme and is highly reproducible. In this protocol annexin VI
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was visualized by autoradiography and excised from a 10% SDS-gel. The gel slice 

containing annexin VI was then placed into a well of a 15% SDS-gel and overlayed 

with trypsin. Tryptic digestion proceeded directly in the stacking gel during the 

subsequent electrophoresis.

Figure 4 J .  Cleveland peptide 
map of annexin VI following 
digestion with trypsin. [̂ ‘Pij- 
labelled annexin VI was 
visualized and excised from a 
10% SDS-gel. The gel slice 
was placed in the sample well 
of a second 15% SDS-gel and 
overlayed with trypsin. Lane 1 
and 2 represent 40pg and 
400pg trypsin, respectively.

68 kDa 

~ 55 kDa

-35 kDa

Figure 4.3. shows the result of a typical Cleveland map experiment. 

Encouragingly, limited digestion of annexin VI yielded peptide fragments (of 55 kDa 

and 35 kDa) that retained the metabolic label, and that were therefore amenable to 

further investigation.
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(ii) Limited Proteolysis

The native annexin VI protein is particularly susceptible to proteases in the 

linker region between domains IV and V (Dedman and Kaetzel, 1992). Hence, 

annexin VI is often bisected at this point, yielding the N- and C-terminal halves as 

peptides of almost equal molecular weight (Hazarika et a/., 1991a). The so-called 

protease resistant 33-37 kDa cores have been reported with various protease treatments 

including chymotrypsin, Staphylococcus V 8  protease, and Pronase E (Dedman and 

Kaetzel, 1992).

To aid the designation of the proteolytic products, two antibodies were 

employed, namely N2, an antibody raised against a peptide corresponding to the 10 

N-terminal amino acids of human annexin VI, and SS3, an antibody specific to the 

alternative splice site in repeat VII (see Materials and Methods, p.32 for antibody 

characterization). Since the epitopes for these antisera lie in the N- and C-terminal 

halves of annexin VI respectively, their use in conjunction with limited proteolysis 

could clearly help to pinpoint the region of modification. The antibody which 

recognizes the whole protein (MC2) was also used in these studies.

Limited proteolysis with chymotrypsin was thus investigated. Chymotrypsin 

preferentially hydrolyzes peptide bonds on the carboxyl side of aromatic residues 

(tyrosine, tryptophan, and phenylalanine) and of large hydrophobic residues. 

Chymotrypsin digestion was performed on purified human placental annexin VI and 

purified murine annexin VI (from Swiss 3T3 cells). Following SDS-PAGE, 

proteolytic products were investigated by Western blotting (Figure 4.4). In both cases 

(murine and human), it can be seen that the antibody to the whole protein (MC2) 

recognizes three peptides in the 33-37 kDa range (lane 1 of each panel). These may 

be predicted to be the N-terminal half (N), and two C-terminal halves, one containing 

(C+) and one lacking (C-) the alternative splice sequence. The identity of each band 

was investigated using the peptide antisera N2 and SS3. When the same digest was 

immuno-blotted with these antisera, each recognized only one of the three peptides, 

as can be seen in lanes 2 and 3 (SS3 and N2, respectively). For both human and 

murine annexin VI, N2 decorated the upper band (N), whereas SS3 recognized the 

middle band (C+). By inference, the lower band corresponds to the C-terminal half 

that does not contain the splice site (C-).

70



MC2 SS3 N2 MC2 SS3 N2

A n x  VI 68 kDa

1 2 3
Murine

43 kDa

W È
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Figure 4.4. Limited Proteolysis with Chymotrypsin. Purified murine (left 
panel) and purified human placental (right panel) annexin VI were subjected to 
partial digestion with 0.3 pg chymotrypsin. The reaction was terminated at 30  
minutes by the addition of SDS-PAGE sample buffer. The two reaction 
mixtures (miuine and human) were divided into 3 equal volumes and separated 
by SDS-PAGE. In lanes 1, 2, and 3, annexin VI was visualized by blotting 
with antibodies to the whole protein (MC2), the splice sequence (SS3), and the 
N-terminus (N2), respectively.

Subsequent experiments were performed in which purified murine 

annexin VI was mixed with [ % ] -labelled annexin VI immunoprecipitated from 

growing Swiss 3T3 cells. Analysis by Western blotting showed that although the 

same three peptides (seen in figure 4.4) were generated, the immunoprecipitated 

annexin VI seemed to be more susceptible to proteolysis. Autoradiography of a 

Western blot (in which the three peptides were visualized) revealed that there was no 

[^^Pi] associated with any of the peptides (data not shown). All the radioactivity was 

located at the dye-front, indicating that complete digestion of immunoprecipitated
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[^^Pi]-labelled annexin VI had taken place. The reason that purified annexin VI was 

mixed with immunoprecipitated annexin VI was because the amount of protein 

immunoprecipitated alone was insufficient for detection by Western blotting after 

partial digestion. In subsequent experiments where the [^^Pi]-labelled, 

immunoprecipitated annexin VI was mixed with the purified protein, it was always 

preferentially and rapidly digested (i.e. digested before the purified annexin VI) by 

chymotrypsin.

4.3 Partial Peptide Mapping Using N-Chlorosuccinimide (NCS)

Both Cleveland mapping and partial proteolysis with chymotrypsin depend on 

Western blotting with anti-peptide antisera to determine the identity of the 

radiolabelled portion of annexin VI. As discussed in the previous section, problems 

arose where insufficient protein (annexin VI) was immunoprecipitated to detect by 

Western blotting, once the protein had been partially hydrolyzed. Theoretically, one 

way around this problem is to generate peptides of known size, thereby eliminating 

the need for Western blotting. In this way, it would be possible to designate peptides 

by virtue of their size, given the availability of the published amino acid sequences. 

Of course, to utilize this method, the number of peptides generated must be low, and 

the peptides produced must also be readily distinguishable from each other by size. 

For these reasons, partial peptide mapping using N-chlorosuccinimide (NCS) was 

investigated.

NCS has been shown to be absolutely specific in cleaving tryptophanyl peptide 

bonds (Shecter et aL, 1976; Lischwe and Sung, 1977). Both human and murine 

annexin VI have two tryptophan residues. The protein sequence of annexin VI has 

673 amino acid residues, and the tryptophan residues are found at amino acid 192 and 

amino acid 343. Potential peptides produced by NCS cleavage are schematically 

shown in figure 4.5.
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Annexin VI N"

Complete Cleavage : ~20 kDa -14  kDa -3 5  kDa
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F igure 4 J  Schematic Representation o f  Potential Peptides Produced by N C S-C leavage o f  Annexin VI.

Under conditions of complete NCS cleavage, peptides with approximate 

molecular weights of 20kDa (N-terminal), 14kDa (middle), and 35kDa (C-terminal) 

would be generated. In contrast, partial cleavage would result in the creation of a -50  

kDa peptide(C-terminal) and a -35  kDa peptide (N-terminal). Empirically, it was 

found that partial cleavage occurred (Figure 4.6- see following page). Swiss 3T3 cells 

were P^Pi]-labelled and annexin VI was immunoprecipitated as previously described 

(p.47). A band corresponding to [% ]-labelled annexin VI was visualized by 

autoradiography and excised from the gel. The annexin VI band was found to contain 

-3600 c.p.m. in this instance. NCS-cleavage was carried out directly on the gel slice 

in a NCS/urea solution and loaded onto a 15 % resolving gel (Lischwe and Ochs, 

1982). As can be seen in Figure 4.6, subsequent visualization by autoradiography 

revealed the presence of three phosphopeptides on the resolving gel (in addition to 

some uncleaved annexin VI). These phosphopeptides were estimated to be have 

approximate molecular weights of 50 kDa, 35 kDa, and 20kDa.
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Figure 4.6 p P i] -labelled 
fragments generated following 
NCS-cleavage of Annexin VI. 
Swiss 3T3 cells were pPi]*  
labelled, immunoprecipitated 
and visualized on a 10% SDS- 
gel by autoradiography. The 
gel slice was subjected to NCS- 
cleavage, and annexin VI 
peptide fragments resolved on a 
15% SDS-gel.

68 kDa- 

50 kDa" 

35 kDa-

20 kDa-

By comparison of the molecular weights of these peptides and those of the 

potential peptides produced by NCS-cleavage, it was possible to infer the peptide 

structures of the [^^Pi]-labelled fragments (Figure 4.7). The -5 0  kDa and -2 0  kDa 

peptides must have been generated as a result of partial cleavage at tryptophan 192. 

The -3 5  kDa peptide could represent either or both halves of the protein with NCS 

preferentially cleaving at the tryptophan 343. It is possible to draw two conclusions 

from these data. Firstly, there is more than one site of modification, with at least one 

site between residues 1 and 192 (20 kDa peptide) and another site between residues 

193 and 673 (50 kDa peptide). Secondly, since a pPi]-labelled -1 4  kDa peptide was 

not observed, it can be concluded that there is no site of modification between 

residues 193 and 342- other experiments have shown that under these conditions, the 

14 kDa fragment is indeed generated (J. Theobald, personal communication).
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Figure 4.7 Inferred Peptide Structures of [^^PiJ-labelled Fragments following  
NCS-cleavage. Annexin VI repeats are represented as boxes.

To investigate the nature of these modifications further (i.e. phosphorylation 

and phospho-X/-Z attachment), 2-D phosphoamino-acid analysis was performed on 

each of the labelled peptides. These data can be seen in Figure 4.8.
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Figure 4.8 2-D Phosphoamino-acid Analysis of the [^^Pi]-labelled fragments of 
Annexin VI following NCS-cleavage. Panel A= 68 kDa (imcleaved annexin 
VI); panel B= -5 0  kDa peptide; panel C= -3 5  kDa peptide; panel D= -2 0  kDa 
peptide.
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Two-dimensional phosphoamino-acid analysis revealed that all three peptides 

(~50 kDa, ~35 kDa, and -20  kDa peptides) contained phospho-X, phospho-Z, and 

phosphoserine. These data further suggest that phospho-X and phospho-Z are part of 

a larger, single complex, in accordance with their simultaneous appearance following 

acid hydrolysis (as discussed in Ch. 3, p.50). These data also suggest that phospho-X 

and phospho-Z may be linked to annexin VI via a serine residue as all three (p-X, p-Z, 

and p-ser) were found consistently together.

4.4 Summary of Mapping Techniques

In summary, it was shown that traditional methods of site mapping could not 

be used to locate the post-translational modifications of annexin VI. CNBr cleavage 

proved unsuitable due to the acid sensitivity of phospho-X and phospho-Z. V 8  

digestion proved unsuitable due to the insolubility of the modified peptides. However, 

Cleveland mapping, limited proteolysis with chymotrypsin, and NCS-cleavage showed 

that cleavage of annexin VI into relatively large fragments could be informative. It 

was possible to infer that there is more than one site of modification in annexin VI, 

and that these sites lie in the C-terminal and N-terminal halves of the protein (but not 

in the middle). Apparently, each half of the protein is modified similarly, as phospho- 

X, phospho-Z, and phosphoserine were all found in each.
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4.5 A431 Cells as a Model System

In view of the difficulties encountered in the mapping techniques, an 

alternative, molecular biological approach was considered to further address the 

question, "where is annexin VI modified?". Thus, the remainder of this chapter 

concerns the evaluation of a model system in which an annexin VI cDNA was stably 

transfected into A431 epidermoid carcinoma cells. Since these cells do not express 

endogenous annexin VI (Crompton et al., 1988), they provide an ideal vehicle for the 

study of annexin VI phosphorylation/ post-translational modification.

The rationale for these experiments was that if A431 cells were transfected 

with annexin VI, and if it was subsequently found that annexin VI was post- 

transladonally modified in a similar way as observed in Swiss 3T3 cells, it would then 

be possible to carry out site-directed mutagenesis on the annexin VI cDNA and 

retransfect. Expression of mutant annexin VI in vivo by transfection into A431 cells 

might therefore reveal the sites of modification. Since these cells do not have 

endogenous annexin VI, comparisons between normal A431 cells and transfected 

A431 cells (both wild type and point mutated annexin VI) could therefore be made 

in morphological, biochemical and functional respects, hopefully also giving some 

insight into the role of annexin VI.

4.6 Characterization of A431 Cells

Prior to transfection with annexin VI, A431 cells were first examined for 

annexin VI expression, both by Western blotting (see Figure 4.13), and Northern 

blotting (Figure 4.9). PCR following first strand cDNA synthesis and subsequent 

Southern blotting of the fractionated PCR products confirmed that A431 cells do not 

express annexin VI (Dr Paul Smith, personal communication). Thus, using various 

methods, annexin VI was undetectable in these cells.
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Figure 4.9 A431 cells do not Express Detectable Levels of Annexin VI. 
Northern Blot of annexin VI in A431 and Jurkat cells. Cytoplasmic RNA was 
isolated from Jurkat cells and A 431 cells and probed for annexin VI (Anx VI) 
by Northern blotting, using the annexin VI A2 probe (Crompton, et a i,  1988). 
The blot was stripped and re-probed for GAPDH as an internal control. Lanes 
1-4 contained 2 0 ,1 0 ,5 , and lug Jiu-kat RNA, respectively, and lane 5 contained 
20ug A431 RNA.

4.6 The Construct for Transfection

Two annexin VI cDNA clones, namely A2 and 10.6, had previously been 

isolated from a ^gtl 1 T-leukaemia cell J6 library (Crompton et a i ,  1988b). The A2 

cDNA is -2 .0  kb in length and comprises the 5’ untranslated region and most of the 

open reading frame, terminating with an EcoRl site (Crompton et a i ,  1988b). The

10.6 cDNA clone is -0 .5  kb and contains the remaining short stretch of coding 

sequence and the 3’ untranslated region. Sequencing revealed that the Eco R1 site at 

the 3 ’ end of the open reading frame in A2 was coincident with that at the 5 ’ end of 

the open reading frame in 10.6 (Crompton, et a l, 1988b).

The first aim was therefore to ligate the two cDNA clones (A2 and 10.6) to 

produce a full-length annexin VI cDNA. A2 and 10.6 were subcloned into the 

pBluescript 11 KS- plasmid (pBs). 10.6 was extracted from its host plasmid by 

complete EcoRl digestion and pBluescript plasmid containing the A2 insert (pBsA2) 

was linearized by partial EcoRl digestion. The conditions of linearization of pBsA2
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were established empirically, and 10.6 was ligated to pBSA2. This is schematically 

represented in Figure 4.10.

F igure 4 .10 . Schematic 
R e p r e s e n t a t i o n  o f  th e  
construction o f the full-length 
cD N A  o f  A n n ex in  V I. 
L in e a r iz e d  p B S A 2  w as  
generated by partial EcoK  I 
digestion. 10.6 (0.5 kb) was 

ligated into pB SA 2.

EcoRI

ECORI

10.6 > 
(0.5 kb)pBluescript 

(3.0 kb) EcoR I

EcoRI

A2 
(2.0 kb)

E coR I

The ligation mixture, which comprised recircularized pBSA2 and pBSA2 

containing the 10.6 insert (pBSA2/10.6), was transformed into the E. coli strain, X L l- 

Blue by electroporation. Approximately 200 bacterial colonies were screened with the

1 0 . 6  probe, of which 2 0  were found to be positive (data not shown), indicating a 1 0 % 

efficiency of ligation.

Since 10.6 and pBSA2 were both generated using EcoRl sites, it was necessary 

to determine the orientation of 10.6. Predictive restriction maps using Stul, revealed 

that only one of the twenty clones (isolated from the colonies described above) was 

in the correct orientation.

The 2.5 kb full-length annexin VI cDNA (A2/10.6) was isolated from 

pBSA2/10.6 by Pstl/HindUl digestion, and correct orientation confirmed by another 

Stul digest which yielded the predicted 1.5 kb, 560 bp, and 450 bp fragments (data 

not shown). The annexin VI cDNA was ligated back into Pstl/Hindlll cut pBluescript 

and electroporated into XLlBlue. Successful transformation was judged by 

blue/white(X-gal) selection. Two clones were isolated of which one (Clone 1) was 

in the correct orientation [(5*-Hind III) and (3'-Xba 1)] to allow direct subcloning into 

the transfection vector, pRC/CMV. The pRC/CMV vector (Invitrogtn) is designed for 

stable expression in eukaryotic hosts, and utilizes the high level constitutive promoter 

of the cytomegalovirus (CMV). The other clone (Clone 2) was found to be in the

79



reverse orientation (as is seen in Figure 4.11) and might therefore be useful in any 

future antisense experiments.

Figure 4.11. Isolation of Two 
pBS/A2/10.6 Clones. A (BamH I 
restriction digest revealed that 
Clone 1 (lane 1) was in the 
correct orientation for direct 
subcloning into the transfection 
vector. Clone 1 (BamH. I digest 
generated two fragments of 4.6  
kb and 9(X) b. Clone 2 (lane 2) 
•BamH I digest generated 1.6 kb 
and 3.9 kb fragments, indicating 
anti-sense orientation.

4.0 kb I
3.0 kb J

2.0 kb_J
1.6 kb 4
1.0 kb 4

0.5 kb —\

1

The 5.4 kb phagemid, pRC/CMV was prepared for subcloning by ^^ndlll/XBa  

I digestion, with the CMV promoter 5' to the ^ n d l l l  site. The full-length annexin 

VI cDNA was ligated into the pRC/CMV vector, and this construct (pRC/CMV/Anx 

VI) was used to transform £. coU (XLl-Blue) by electroporation. The subsequent 

maxipreparation of plasmid DNA from transformed XLl-Blue was highly purified by 

precipitation with polyethylene glycol. The construct, pRC/CMV/Anx VI (Figure 

4.12- see following page) was ready for transfection into A431 cells.
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Hind X b a l

C M V  P ro m o te r\ Annexin VI cDNA

pRC/CMV/AnxVI
7.9 kb

F igure 4.12 The pRC/CMV/Anx VI construct used for Transfection o f A431 Cells. The 2.5 kb full-length  
annexin VI cDNA was ligated into the 5.4 kb pRC/CMV vector using the Hind III and Xba I restriction sites 
located in the polylinker. The CMV promoter was used to drive expression o f the inserted annexin VI 
cD N A  from the first ATG codon. Messenger RNAs were polyadenylated by the bovine growth hormone 
polyadenylation signal (BOH Poly A). The pRC/CMV vector also contains a neomycin resistance (Neo) 
gene for the selection of stable transformants.

4.7 Transfection of A431 Cells with pRC/CMV/Anx VI

Many methods have been developed for introducing cloned eukaryotic DNAs 

into cultured mammalian cells. In this case calcium phosphate-mediated transfection 

was chosen, as the uptake of DNA by cells in culture is markedly enhanced when the 

nucleic acid is presented as a calcium phosphate-DNA coprecipitate (Graham and Van 

der Eb, 1973). Approximately 20 pg of pRC/CMV/Anx VI DNA was used to 

transfect ~2 x 10  ̂A431 cells. A similar procedure was carried out for the transfection 

of A 431 cells with the pRC/CMV vector alone.

Following 24 hrs of incubation in non-selective medium (to allow expression 

of the transferred annexin VI gene to occur), the cells were replated in selection 

medium - normal growth medium containing Geneticin (Gibco BRL). The resistance 

genes are bacterial in derivation but they can be expressed in eukaryotic cells. 

Colonies of resistant cells were grown over the next few days, after which six distinct 

colonies were chosen and isolated as separate clones. Annexin VI expression was 

monitored in each of the six clones by Western blotting over the following two weeks, 

over which time expression appeared variable. Transient expression of annexin VI
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was found in two clones, namely clones 1 and 6, which exhibited high levels of 

expression early on (Figure 4.13). However, after two weeks these two clones were 

found to no longer express annexin VI. A contrasting pattern of expression was 

observed in clones 2 and 3. Clones 2 and 3 did not express annexin VI early on, but 

subsequently expressed high levels of annexin VI after two weeks (Figure 4.13), and 

during the following months were judged to be stable transformants. At no time did 

clones 7 and 8 (A431 cells only transfected with the pRC/CMV vector) or normal 

A431 cells express annexin VI.

M W Cl C2 C3 04 05 C6 07 08

01 02 03 04 05 06 07 08

n A 4 3 1

Figure 4.13. Isolation of Stable Transformants. Following calcium phosphate- 
mediated transfection, annexin VI expression was monitored by Western 
blotting. Clones 1-6 (C1-C6) represent neomycin resistant colonies of A431 
cells (whole cell lysates) transfected with pRC/CMV/Anx VI. Clones 7 and 8 
represent neomycin resistant colonies of A431 cells (whole cell lysates) 
transfected with pRC/CMV. A whole cell lysate of J6 cells was used as a 
positive control (+) and normal A431 cells (nA431) were also tested for 
expression of annexin VI. The top Western blot represents transient 
transformants (4 days after transfection) and the bottom Western blot represents 
stable transformants (2 weeks after transfection). In both cases the first 
antibody was MC2 and the second was a goat anti-rabbit IgG-alkaline 
phosphatase conjugate. Colour development was achieved using Western Blue.
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4.8 Post-translational Modification of Annexin VI in Transfected 
A431S

Investigation of post-translational modifications of annexin VI in transfected 

A 431 cells revealed that annexin VI is modified in a similar manner as seen in Swiss 

3T3s. Thus, when transfected A431s were p^Pi]-labelled (as described in the previous 

chapter) a comparable level of phosphate incorporation was detected (Figure 4.14). 

Consistent with previous data, murine annexin VI exhibited a greater mobility on 

SDS-PAGE.

68 kDa

43 kDa

Figure 4.14. [^*P]-labelling of Annexin VI in transfected A431 and Swiss 3T3 cells. Approximately 3 
X 10® A431s (lane 1) and 3T3s (lane 2) were labelled with 2 mCi per cell type for 24 horns in 
phosphate-free mediiun. Cells were lysed and annexin VI was immimoprecipitated with a polyclonal 
antibody (MC2), subjected to SDS-PAGE and autoradiography.

Two-dimensional phosphoamino-acid analysis showed that the post-translational 

modifications that occur to annexin VI in transfected A431 cells were identical to 

those in Swiss 3T3s. Thus the analysis revealed phosphoserine, phospho-X, and 

phospho-Z (Figure 4.15).
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Figure 4.15. 2-D  Phosphoamino-acid Analysis of Annexin VI from transfected A431 cells. [^^Pi]-labelled 
annexin VI was immunoprecipitated from transfected A431s at 24 h after serum stimulation. Following 
SDS-PAGE and Western blotting, [% ]-labelled annexin VI was subjected to 6 M HCl hydrolysis for Ih 
at 110°C. The origin, phosphopeptides, phosphoserine, phospho-X and phospho-Z are indicated on the 
figure.

This is an important finding in two respects. Firstly, this was the first cell type 

(other than Swiss 3T3s) in which the in vivo post-translational modifications of 

annexin VI were investigated. Therefore, it was very encouraging to find a similar 

pattern of phosphorylation and modification (phospho-X and phospho-Z). Secondly, 

these post-translational modifications are now known to occur in human and murine 

cells alike, and therefore do not represent an idiosyncracy of Swiss 3T3 cells.

4.9 Summary

A full-length annexin VI cDNA (2.5 kb) was constructed and successfully 

transfected into A431 cells. Two clones were found to be stable transformants and 

to express high levels of annexin VI.

Experiments showed that annexin VI is similarly post-translationilly modified 

in pRC/CMV/Anx VI -transfected A431 cells in the same way as in Sw:ss 3T3 cells, 

and thus provides a good model system for further investigation.
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Chapter 5

Discussion

5.1 Why Investigate Annexin VI Phosphorylation?

The impetus for studying annexin VI phosphorylation was based on the 

knowledge that in numerous instances, protein phosphorylation is an important 

method of functional regulation. Identification of intracellular targets for 

phosphorylation by activated protein kinases is central to the elucidation of stimulus- 

response coupling mechanisms. Perhaps one of the best examples of the importance 

of functional control by phosphorylation is The protein kinase is a

key regulator of eukaryotic cell cycle progression, and the activity of the kinase is 

controlled (at least partly) by phosphorylation of a tyrosine residue in the ATP- 

binding site (Gould et a l ,  1991). Given the functional significance of protein 

phosphorylation and the ongoing pursuit to identify the physiological function of 

annexin VI, the initial primary objective of this project was to characterize the 

phosphorylation of annexin VI and site-map the phosphoamino-acids.

5.2 Phosphorylation of Annexin VI

Initial results showed that annexin VI is phosphorylated in vivo on serine and 

threonine and varies with progression through the cell cycle (Moss et at., 1992). 

Maximal phosphorylation of annexin VI was found to occur at 24 h following serum 

stimulation of quiescent Swiss 3T3 fibroblasts. It is important to note that annexin 

VI phosphorylation was also induced in T-lymphoblasts by prolonged interleukin-2 

stimulation. Thus, correlation of annexin VI phosphorylation with cell cycle 

transition is substantiated by the demonstration of similar phosphorylation patterns 

in distinct cell types. Phosphorylation of annexin VI was never detected in quiescent 

cells. Studies performed just prior to the commencement of this project showed that
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stimulation of pre-labelled quiescent Swiss 3T3 fibroblasts with various mitogens 

also failed to induce detectable annexin VI phosphorylation (Stephen Moss, personal 

communication). Thus, stimulation with phorbol esters, EGF, platelet-derived growth 

factor, forskolin, bombesin, insulin and FCS (added both individually and in various 

combinations) did not result in annexin VI phosphorylation over a 1 h time course. 

These results indicate that phosphorylation is somehow correlated with cell growth 

and may be cell-cycle dependent; the implication being that annexin VI may have 

a growth-regulated function. Cell-cycle dependent phosphorylation may be an event 

exclusive to annexin VI within the annexin family, but many cellular proteins are 

functionally regulated by similar mechanisms during a mitogenic response. One 

such example is the retinoblastoma gene product, pl05RB (Buchkovich et a l ,  1989). 

Thus, pl05RB is not phosphorylated in quiescent cells (like annexin VI), but is 

phosphorylated during the latter stages of the cell cycle and dephosphorylated as 

cells exit log-phase growth and enter Gq. Expression, synthesis and turnover of 

annexin VI and pl05RB appear to be relatively constant throughout the cell cycle. 

Cell cycle-dependent phosphorylation and how this event can subsequently render 

a protein active/inactive is perhaps best exemplified by p34‘"‘̂  ̂(as mentioned above).

On the basis of several criteria, the annexins are good candidates for cell 

cycle regulated calcium-binding proteins. Firstly, the regulation of calcium activity 

in the cell cycle is closely linked to inositol phosphate metabolism (Whitaker and 

Patel, 1990), and annexin in  has been reported to be identical with 1-D-myo- 

inositol-l,2 -cyclic phosphate 2 -inositolphosphohydrolase, an enzyme of the inositol- 

phosphate pathway (Ross et aL, 1990). Secondly, an annexin II homolog has been 

implicated in one of the growth phases of sponge-cell proliferation (Robitzki et a i ,  

1990). And thirdly, annexin XI has been shown to exist in a complex with the cell- 

cycle-regulated protein calcyclin (Towle and Treadwell, 1992; Tokumitsu et a/., 

1992).

5.3 Phospho-X and Phospho-Z

Upon further investigation into the phosphorylation of annexin VI, it became 

apparent that annexin VI incorporates ^̂ Pi in a form other than one of the common

86



phosphoamino acids, and this form appeared to account for the majority of phosphate 

associated with annexin VI (upon visual inspection). One-dimensional phospho

amino-acid analysis of annexin VI revealed the presence of phosphoserine, 

phosphothreonine, and free phosphate. In addition, there was another phospho-moiety 

which had a greater mobility than phosphoserine but was clearly not free phosphate. 

It is important to note that this was not an artefact of the system, since sequential 

immunoprécipitation of annexin VI and p34‘̂‘*̂  ̂from the same Swiss 3T3 whole cell 

lysate, yielded only the predicted phosphothreonine and phosphotyrosine for p34̂ ^̂  ̂

(Gould et al.y 1991).

The characterization of the novel phospho-moiety associated with annexin VI 

became the major objective of subsequent experiments. This became increasingly 

complex as 2-D phosphoamino-acid analyses revealed that there existed not only one 

phosphoentity (as judged by 1-D analysis) associated with annexin VI, but two 

phosphomoieties. Since the covalently linked moieties both include phosphorus they 

were named phospho-X and phospho-Z.

Quantitatively, it appears that phosphorus is incorporated into annexin VI 

with a relative abundance such that: phospho-X> phospho-Z> phosphoserine> 

phosphothreonine. Initially, it was considered that phospho-X and phospho-Z may 

be novel phosphoamino-acids. However, the observation that both were highly acid- 

sensitive, and thus liberated from annexin VI well in advance of free amino acids, 

makes this suggestion highly unlikely. The further observation that the post- 

translational modification of annexin VI caused no apparent mobility shift on SDS- 

PAGE indicates that phospho-X and phospho-Z are likely to be low molecular 

weight entities, but not phosphoamino-acids. When a protein is phosphorylated, 

even with low stoichiometry, it usually results in a change in mobility on SDS- 

PAGE. One such example of this is annexin H, where in a study of the 

phosphorylation of p36(annexin II) by ppbO"" '"', it was observed that phosphorylated- 

p36 migrated more slowly on 10% SDS-PAGE than did the p^Sjmethionine-labeled 

or Coomassie-stained forms (Isacke et a l ,  1986). The observation that only a minor 

[^^SJmethionine-labeled band, and no detectable Coomassie-stained band comigrated 

with the phosphorylated form led to the conclusion that a small proportion of the 

total p36 molecules were phosphorylated (less than 5%) (Isacke et a/., 1986).
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Therefore, based on the lack of a change in mobility of post-translationally modified 

annexin VI, and the highly acid-sensitive nature of phospho-X and phospho-Z, it is 

likely that phospho-X and phospho-Z are not phosphoamino-acids, and that the level 

of phosphoserine and phosphothreonine in annexin VI is comparatively low (i.e. not 

of a high enough stoichiometry to generate a detectable change of mobility).

The suggestion that phospho-X is of low molecular weight was further 

supported by mass spectroscopy results suggesting that the molecular weight of 

phospho-X is 180Da. To date, a mass spectroscopic approach has not yet been 

applied to characterize phospho-Z but remains a potentially powerful tool for the 

identification of both entities. Phosphoserine, phosphothreonine, and phospho

tyrosine have molecular weights of 185Da, 199Da, and 261Da, respectively, 

phosphorylation resulting in a 80Da increase in molecular weight (compared to the 

unmodified amino acid). It should be noted that 180Da is similar to the molecular 

weights of the known phosphoamino-acids and one cannot rule out the possibility 

that phospho-X arises as a consequence of the phosphorylation of an amino acid 

derivative, although the data suggests an event other than straightforward 

phosphorylation. Phosphoserine, phosphothreonine, and phosphotyrosine are acid- 

stable phosphoamino-acids, whereas other phosphoamino-acids such as 

phospholysine and phosphohistidine are extremely sensitive to acid treatment (Manai 

and Cozzone, 1982), thereby precluding these latter phosphoamino-acids as 

candidates for phospho-X and phospho-Z.

It is also necessary to point out that due to the long labelling times (24 h), 

phosphate (̂ P̂) would be incorporated into many cellular pools, including DNA and 

RNA. The major possible contaminant of ^^P-labelled protein preparations is ^̂ P- 

labelled RNA (Manai and Cozzone, 1982). Because the acid hydrolysis of 

ribonucleic acids can yield 3 ’-ribose monophosphate and nucleoside monophosphates 

(Cooper et a l ,  1983) it is imperative to eliminate these contaminating phosphorylated 

compounds from the protein hydrolysate. Thus, annexin VI was immunoprecipitated 

from whole cell lysates in the presence of RNAse, and immunoprecipitates were 

washed thoroughly in buffer containing RNAse. One can therefore be confident that 

phospho-X and phospho-Z are not artifacts of the system, phosphoamino-acids nor 

a result of RNA hydrolysis.
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Although mass spectroscopy gave an indication of the molecular weight of 

phospho-X, there was insufficient material to gain insight into the molecular 

structure. To address this problem, annexin VI was purified from quiescent and 

growing Swiss 3T3s based on protocols which were previously used to purify 

annexins (Owens and Crumpton, 1984; Rothut et a l ,  1987; Tait et a l ,  1988). 

Typically, this involves the exploitation of the calcium and phospholipid binding 

properties of the annexins. In doing so, this was the first time that annexin VI was 

purified from a murine source, and it is therefore interesting to note that although 

like human annexin VI, murine annexin VI is alternatively spliced, the doublet has 

a slightly different mobility on SDS-PAGE. Given the high level of sequence 

identity between human and murine annexin VI (there are only 32 differences in the 

673 amino-acids), the different mobilities might appear surprising. However, this 

result is not unprecedented, as it has been shown that two annexin V isoforms 

isolated from bovine brain differ by 4 kDa on SDS-PAGE as a result of only two 

amino-acid substitutions (Learmonth et a i ,  1992).

Approximately 0.5 mg of annexin VI were purified from both quiescent and 

growing cells. Thus, as the post-translational modification is known only to occur 

in growing cells, a limited yet plentiful supply of the modified protein now exists. 

Used in conjunction with the unmodified form (i.e. annexin VI purified from 

quiescent cells) and sophisticated techniques of mass spectroscopy (time-of-flight 

MS), we hope to obtain a more accurate determination of the molecular weight of 

phospho-X and phospho-Z. Initial experiments utilizing time-of-flight mass 

spectroscopy identified the two splice forms of annexin VI as separate entities but 

failed to distinguish the difference between the modified/unmodified forms. This 

may be the consequence of the very high molecular weight of the protein compared 

to the modification. Thus, the modification results in a M.Wt. change too small to 

detect. In future it might therefore be necessary to use peptide fragments instead of 

the whole protein (i.e. peptide fingerprinting) in the characterization of phospho- 

X/phospho-Z by mass spectroscopy.

In the purification of annexin VI, a number of other proteins were also 

isolated. Sequencing of tryptic peptides revealed these to be annexins IV, V, VI, 

calcyclin and an as yet unidentified protein of Mr 65 kDa. Although amino-acid
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sequence data were obtained from tryptic peptides from this protein, there was no 

recognizable sequence found in the EMBL database. It is tempting to speculate that 

this protein may be a novel annexin. Calcyclin is a 10 kDa, calcium and zinc 

binding protein that belongs to the S-100 protein family and has been suggested to 

play a role in cell-cycle progression (Kuznicki, 1991). Initially, the presence of 

calcyclin was somewhat surprising, since it lacks the ability to bind calcium- 

dependently to phospholipids and should therefore have been precluded from the 

extract. However it has recently been reported that annexin XI binds to calcyclin via 

an N-terminal domain (Tokumitsu et a/., 1992), and therefore the identification of 

calcyclin in this preparation may indicate the presence of annexin XL Although a 

54 kDa band corresponding to annexin XI (Towle et a/., 1992) was not observed, 

this could be due to insufficient sensitivity by Coomassie-blue staining. 

Interestingly, another protein of ~65 kDa was also purified, although this protein was 

not sequenced because of insufficient material. This protein is most likely not 

annexin VI as it required a much higher salt concentration for disassociation and 

displayed a markedly increased mobility on SDS-PAGE. It has long been speculated 

that other eight-repeat annexins (-65-70 kDa) exist and there have been conflicting 

reports as to whether 67 kDa-calcimedin is an annexin (Kobayashi and Tashima, 

1989; Morse and Moore, 1988). The possibility exists therefore that this unidentified 

protein isolated in the purification of annexin VI is a novel annexin or calcimedin.

5.4 Known Post-translational Modifications that 
Incorporate Phosphorus

Since phospho-X and phospho-Z do not appear to be known phosphoamino- 

acids, it was reasonable to explore other post-translational modifications that 

incorporate phosphorus. There are several possibilities, including ADP-ribosylation, 

GPl-anchorage, covalent-linkage to RNA, and ethanolamine-phosphoglycerol linkage. 

In the time limits of this thesis, only ADP-ribosylation and GPl-anchorage were 

investigated.

The impetus for investigating ADP-ribosylation was the observation that 

phospho-X and phospho-Z migrated to points similar to those of ribose
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monophosphate and nucleoside monophosphates, respectively, following 2-D 

phosphoamino-acid analysis. The removal of (ADP-ribose) from the modified 

proteins yields ADP-ribose, which is probably hydrolyzed to AMP and ribose 

phosphate (Shall, 1989). Bacterial toxins from Vibrio cholera or Bordetella pertussis 

can covalently modify some G proteins by the addition of an ADP-ribose group to the 

a-subunit (Neer and Clapham, 1988). The C-terminus of the a-subunits of identified 

pertussis toxin-sensitive G-proteins have marked homology at the primary sequence 

level (Milligan, 1988). The observation that annexin VI also shares sequence 

homology with these ADPRT substrates at the sites of modification made ADP- 

ribosylation an even more intriguing possibility. ADPRT activity associated with 

pertussis toxin results in the modification of cysteine residues near the C-termini of 

Go, Gjl, Gj2, Gj3, and the transducins, TDl and TD2 (Shall, 1989). Annexin VI also 

contains a C-terminal cysteine (which is highly conserved within the annexin family), 

surrounded by sequence elements similar to those found in the G-proteins mentioned 

above. However, the observations that annexin VI did not incorporate adenine upon 

[2-^H]adenine- labelling experiments nor was the incoiporation of phosphorus 

inhibited by a potent inhibitor of ADPRT (3-aminobenzamide) (Shall, 1989) upon ^̂ P- 

labelling, led to the conclusion that annexin VI is not ADP-ribosylated.

To date, a number of post-translational modifications of proteins with various 

fatty acid or lipid molecules have been identified in eukaryotic cells. Since annexin 

VI binds to acidic phospholipids, it seemed reasonable to investigate those which 

combined both phosphate and lipid. Although annexin association with phospholipid 

is primarily calcium-dependent, there have been several reports of annexins binding 

to membranes in a calcium-independent manner (Bianchi et a i ,  1992; Sheets et a i ,  

1987). Thus, annexins I, V, and VI can behave as integral membrane proteins but the 

mechanism by which they remain bound is unknown. The possibility that annexin VI 

is modified by GPl-anchorage or polyisoprenylation was therefore investigated. GPI- 

anchored proteins are confined to the apical surface of the plasma membrane (Brown, 

1992; Low, 1989), although at least one exception has been identified in a rat thyroid 

cell line, in which GPI-anchored proteins were present on the basolateral surface 

(Zurzolo et a i ,  1990). Annexin VI is primarily a cytosolic protein, although 

subcellular fractionation studies revealed that some annexin VI molecules exist in
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membrane-bound (see above) and cell surface pools (unpublished observations). 

However, preliminary ^^P-labelling/subcellular fractionation experi-ments suggest that 

annexin VI is similarly modified in all cellular pools. This observation therefore 

argues against GPl-anchorage, a predominantly cell-siuface phenomenon. In addition, 

the observation that annexin VI did not incorporate [^HJinositol led to the conclusion 

that annexin VI was not covalently attached to GPL Once again, the lack of a 

mobility shift upon post-translational modification of annexin VI substantiates the 

above conclusions.

Many intracellular proteins carry fatty acid or prenyl groups which are 

essential for the subcellular localization of the proteins carrying them (Masterson and 

Magee, 1992). Two types of fatty acylation are known: N-terminal amide linkage to 

the Ci4  fatty acid myristate, and thioester linkage through cysteine to longer chain 

fatty acids, predominantly the palmitate (Magee and Newman, 1992). The recent 

discovery that intestinal-specific annexin (ISA) is N-myristoylated (Wice and Gordon, 

1992), provides a precedent for similar fatty acid modifications to associate the 

annexins with the plasma membrane. More recently, the attachment of thioether- 

linked prenyl groups to cysteine has also been observed (Magee and Newman, 1992). 

Prenoids are products of the steroid biosynthetic pathway (Goldstein and Brown, 

1990), and two types of prenyl groups have been found linked to proteins: 

famesyKCis) and geranylgeranyl (C2 0 ) (Magee and Newman, 1992). Although these 

modifications do not involve phosphate directly, polyisoprenoids are derived from 

mevalonic acid via a pathway whose metabolic precursors are activated pyrophosphate 

derivatives (Masterson and Magee, 1992). The possibility that annexin VI may be 

covalently attached to a phospho-polyisoprenoid derivative was enhanced by the 

observation that prenyl groups have molecular weights in the low hundreds, and all 

are hydrophobic, thus displaying characteristics similar to those previously described 

for phospho-X and phospho-Z. However, the observation that mevinolin (a specific 

inhibitor in the mevanolate pathway) (Masterson and Magee, 1992) did not prevent 

the incorporation of phosphate into annexin VI following ^^P-labelling suggests that 

phospho-X/phospho-Z are most likely not polyisoprenoid intermediates, or other 

derivatives downstream of HMG-CoA reductase (the enzyme that catalyzes the 

production of mevalonic acid).
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Covalent linkage of annexin VI to RNA or an ethanolamine-phosphoglycerol 

moiety remains a possibility, although unlikely, mainly in view of the rarity of these 

events. According to the literature, only one protein has been identified to associate 

with ethanolamine-phosphoglycerol via a covalent linkage, namely Elongation Factor 

1-a (Whiteheart et a i ,  1989). Of course to conclusively eliminate this possibility 

annexin VI could be immunoprecipitated from cells labelled with [^HJethanolamine- 

this would also confirm the lack of GPl-anchorage, as ethanolamine is a component 

of the GPI-anchor moiety (Tisdale and Tartakoff, 1988). Covalent linkage of RNA 

has only been reported for a few proteins, including p53 and SV40 large T (Samad 

and Carroll, 1991). The rarity alone of the aforementioned modifications is not 

sufficient to preclude them as candidates for annexin VI modification, however, and 

appropriate experiments need to be performed before these possibilities are 

conclusively dismissed.

5.5 Site(s) of Modification in Annexin VI

As described in Chapter 4, I initially attempted to define the site(s) of 

modification within annexin VI by conventional methods. Thus, radiolabelled annexin 

VI immunoprecipitated from cell lysates was analyzed by both chemical (cyanogen 

bromide) and enzymatic (V8 protease) cleavage. However, due to the highly acid 

sensitive nature of phospho-X and phospho-Z, cyanogen bromide treatment also 

cleaved these entities in addition to producing peptides. Following V8 protease 

digestion of radiolabelled annexin VI, the radioactivity (̂ P̂) remained in an insoluble 

core refractory to further analysis. This could be due to the hydrophobic nature of 

the modified peptide(s) or the hydrophobic nature of phospho-X/phospho-Z (or both); 

nevertheless, the labelled peptide(s) could not be eluted from the HPLC column, and 

thus could not be further analyzed.

Given the difficulty of direct site-mapping, an alternative method was used 

whereby the site(s) of modification could be narrowed down to regions in the protein. 

Cleveland mapping (Cleveland et al., 1977) and limited proteolysis were performed 

in an attempt to define in more general terms the modified domains of annexin VI. 

Cleveland mapping of ^^P-labelled annexin VI showed that cleavage of annexin VI 

into relatively large fragments could be informative. Results obtained from limited
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proteolysis of annexin VI with chymotrypsin were consistent with previous reports 

(Dedman and Kaetzel, 1992). Thus, annexin VI was particularly sensitive to 

chymotrypsin in the linker region between domains IV and V, producing N- and C- 

terminal halves of almost equal molecular weight (Hazarika et a l ,  1991a; Dedman 

and Kaetzel, 1992). Hypothetically, limited proteolysis on pre-labelled annexin VI, 

used in conjunction with specific antibodies to the N- and C-terminal halves of 

annexin VI, should have made it possible to ascertain the modified half(ves). In these 

experiments purified annexin VI was mixed with immunoprecipitated ^^P-labelled 

annexin VI (due to insufficient amount of protein generated by immunoprécipitation 

alone). Empirically it was found that ^^P-labelled annexin VI was always 

preferentially and rapidly digested, thus no data was obtained as to which half of the 

protein is modified by limited proteolysis. Likely explanations for preferential 

digestion of ^^P-labelled annexin VI are that SDS (used during the 

immunoprécipitation procedure) or the modification itself unfolds the protein in such 

a way that multiple cryptic sites for chymotrypsin attack are exposed.

A cleavage protocol using N-chlorosuccinimide (NCS) was employed with 

greater success (Lischwe and Ochs, 1982). Murine annexin VI has only two 

tryptophan residues, one located in the "linker" region between the two halves of the 

protein and the other in the third repeat. It was therefore possible to infer the 

corresponding region of the protein from the size of the polypeptides generated. It 

was found that both a C-terminal peptide and an N-terminal peptide were labelled in 

vivo, whereas the peptide corresponding roughly to repeats 3 and 4 was not. All 

known in vivo phosphorylations of annexins occur close to the N-terminus (see later) 

(Moss et al., 1991). Thus, there is no precedent for the annexins being subject to 

post-translational modifications (phosphorylated or otherwise modified) in their C- 

termini in vivo. However this finding may not be so surprising given that annexin VI 

most likely arose due to a gene duplication event (Crompton et a l ,  1988a), and 

therefore shows high amino acid sequence homology between the two halves of the 

protein. Two-dimensional phosphoamino-acid analysis revealed that the C-terminal 

and N-terminal peptides of annexin VI were similarly modified. The coexistence of 

phospho-X and phospho-Z suggests that the two may form part of a single, larger 

complex on the protein. Longer autoradiographic exposure times also revealed small
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amounts of phosphoserine associated with each peptide, indicating more than one site 

of serine phosphorylation, and perhaps suggesting colocalization of all three 

modifications.

5.6 A Model System for the Investigation of Annexin VI

Due to the intrinsic properties of phospho-X and phospho-Z, the identification 

of and the localization of the modification within the protein both proved very 

difficult questions to answer. Determination of the latter (where annexin VI is 

modified) will be perhaps the easier of the two, especially if the modification is novel. 

Indeed, identifying the modified amino acids may provide clues as to the nature of 

the modification. The human, epidermoid carcinoma cell line A431 does not express 

detectable levels of endogenous annexin VI (Crompton et a l ,  1988a), thus annexin 

Vl-transfected A431 cells provide an ideal vehicle for the study of annexin Vl/post- 

translational modification. Subsequent to the transfection of A431 cells with a full- 

length human annexin VI cDNA it was found that annexin VI is similarly post- 

translationally modified in these cells as in Swiss 3T3s. Thus, phospho-X, phospho-Z 

and phosphoserine were found attached to annexin VI in transfected A431s. This 

result was most encouraging, as these post-translational modifications are now known 

to occur in both human and murine cells and two distinct cell types, thereby 

substantiating this as a very useful model system. Only one splice form of annexin 

VI cDNA (containing the additional six amino acids) was transfected into A431 cells. 

Although both isoforms of annexin VI are similarly modified, the presence of one 

splice form will be an advantage in subsequent experiments, making the data easier 

to interpret.

Thus, future experiments could entail ^^P-labelling wild-type annexin VI in 

transfected A431s, limited proteolysis and subsequent peptide analysis. Elimination 

of the ambiguity produced by the presence of the two splice forms will hopefully aid 

in pinpointing the modified sites. It would also be possible to express annexin VI as 

two "4-repeat annexins" by expressing the two halves of the protein separately. If the 

modification can be localized to one or two of the eight repeats of annexin VI, it 

ywould then be possible to perform site-directed mutagenesis on those amino acids 

i most likely to be modified. For example, annexin VI contains serine residues that are
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analogous to positions in annexins I and II that are phosphorylated by PKC  

Mutagenesis of these sites could provide insight into both the phosphorylation of 

annexin VI and the relevant kinase(s). The annexin VI C-terminal cysteine is also an 

attractive candidate for mutagenesis, based on the observations that this residue is 

highly conserved within the annexin family (it is not known if any other annexin is 

modified by phospho-X/phospho-Z) and that various other post-translational 

modifications occur on C-terminal cysteine residues in other proteins. Thus, it is the 

C-terminal cysteine of the CAAX (C, cysteine; A, aliphatic; X; any other amino acid) 

box which is famesylated in ras proteins (Hancock et a i ,  1990), and a C-terminal 

cysteine which often provides the site for attachment in both ADP-ribosylation 

(Milligan, 1988) and various fatty acid modifications (Masterson and Magee, 1992).

5.7 Regulation of Annexin Function by Post-translational 
Modifications

In investigating annexin VI post-translational modification, it is important to 

consider the effects of phosphorylation on other known annexin substrates, i.e. 

annexins I and II. If the phosphorylation of annexins I and II is a means of regulating 

their physiological activities, then it is important to identify the functional changes 

induced by phosphorylation. As mentioned in the Introduction, annexins I and II are 

major cellular substrates for the EGF-R/kinase and pp6(f'', respectively. The EGF-R 

phosphorylation of annexin I is of high affinity and is calcium-dependent (Haigler and 

Schlaepfer, 1992). Annexin I is a very high-affinity substrate for the EGF-R kinase 

in A431 membranes; hence, half-maximal phosphorylation occurred at an annexin I 

concentration of 50 nM (Haigler et a l ,  1987). Annexins bind to phospholipids with 

high affinity, with dissociation constants in the pM range (Tait et al.y 1988). This 

property may contribute to the high affinity of the phosphorylation reaction (Haigler 

and Schlaepfer, 1992). It is interesting to note that when the phosphorylation reaction 

was performed in the presence of magnesium as the co-factor for the EGF-R kinase 

in A431 membranes, annexin I phosphorylation was absolutely dependent on calcium, 

although calcium had no effect on EGF-R kinase autophosphorylation (Fava and 

Cohen, 1984; Haigler et a/., 1987). Since the calcium concentration required for
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either half-maximal phosphorylation or binding to phospholipid vesicles was very 

similar- 28 pM and 22 pM (Schlaepfer and Haigler, 1987), respectively, it has been 

proposed that annexin I must first bind to the cytosolic face of the A431 membranes, 

thereby positioning it next to the kinase, and ultimately resulting in its 

phosphorylation (Haigler and Schlaepfer, 1992).

As described in the Introduction, annexin I binds to secretory granule 

membranes and promotes their aggregation in a calcium-dependent manner (Creutz 

et al.y 1987). It is also phosphorylated on serine residues when chromaffin cells are 

stimulated to secrete (Michener et a/., 1986). It has recently been reported that 

phosphorylation of the N-terminal tail by protein kinase C strongly inhibits the ability 

of annexin I to aggregate chromaffin granules by increasing the calcium requirement 

4-fold (Wang and Creutz, 1992). It is interesting to note that this inhibition was not 

due to the inability of phosphorylated annexin I to bind to chromaffin granules 

(phosphorylation actually mildly promotes the binding of annexin I to the granule 

membrane) but appeared to result from the phosphorylated form inhibiting the activity 

of the unphosphorylated form (Wang and Creutz, 1992). These results suggest that 

phosphorylation of annexin I may be involved in modulating its function in 

exocytosis.

Phosphorylation of annexin I on Tyr-21 results in a 20-fold increased 

sensitivity to a proteolytic clip at Lys-26, thereby removing the N-terminal 26 amino 

acids that contain the phosphorylated tyrosine residue (Haigler et a l ,  1987). The 

above mentioned phosphorylation also results in a five-fold decrease in the 

concentration of calcium required to promote annexin I binding to phospholipids 

(Schlaepfer and Haigler, 1987), and is therefore similar to the PKC-phosphorylated 

annexin I, which bound to granule membranes at slightly lower levels of calcium than 

the native form (Wang and Creutz, 1992). In addition, it has been suggested that an 

unphosphorylated form of annexin I associates with the membrane in a calcium- 

independent manner, while the tyrosine phosphorylated form requires calcium for 

membrane association (Sheets et a i ,  1987). In accordance, it has also been recently 

reported that EGF-R phosphorylation of calcium-independent annexin I in 

multivesicular bodies converts it to a form that requires calcium for membrane 

association (Putter et a/., 1993). Although these observations support the proposal
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that (phosphorylation of) the N-terminal domain can modify the activity of the core 

domain, it is not clear how these modifications affect the biological activity of 

annexin I. Another proposal (in addition to its proposed role in exocytosis) is that 

annexin I is involved with endocytosis or vesicular trafficking associated with EGF 

internalization and degradation- thus annexin I was associated with and 

phosphorylated by endosomes that contain the internalized EGF-R/kinase (Cohen and 

Fava, 1985). It has been suggested that movement of EGF-R from the limiting 

membrane of endosomes to the lumen of lysosomes (internalization) permits 

degradation of the EGF-R (Wada et a/., 1992; Futter et a i ,  1993). An active EGF-R 

kinase is necessary for efficient sorting of the EGF-R to the lysosome and this occurs 

in the multivesicular body (Futter and Hopkins, 1989). Multivesicular bodies 

containing an active EGF-R kinase contain less calcium-independent annexin I than 

those that do not contain an active EGF-R kinase- thus, release of annexin I through 

phosphorylation may be involved in the inward release of vesicles from the perimeter 

membrane (Futter et a/., 1993).

Annexin VI has recently been implicated in receptor-mediated endocytosis, the 

suggestion being that it is required for the budding of clathrin-coated pits (Lin et a/., 

1992). However, this proposed role for annexin VI is questionable since the 

concentration of annexin VI required was -50,000 times more than is found 

endogenously in cells, with calcium levels 100 times higher than in the cytoplasm of 

activated cells. However unlikely, it would nevertheless be interesting to investigate 

how post-translational modification of annexin VI effects its binding to the plasma 

membrane. Subcellular fractionation studies of annexin VI and subsequent analysis 

of how the protein is modified in these different cellular pools could provide valuable 

insight into the role of the post-translational modification(s).

Similar to annexin I, calcium requirement for the binding of annexin n  to 

phospholipids is also altered by its phosphorylation. However, in contrast to annexin 

I, phosphorylation of annexin II at Tyr-23 increases the calcium requirement for 

phospholipid binding (Powell and Glenney, 1987). The N-terminal domain of annexin 

II contains the p l l  binding site and the phosphorylation sites (Johnsson et a i ,  1988; 

Becker et al., 1990). The serine (PKC) and tyrosine (ppbO®"") phosphorylation events 

of annexin II appear to be mutually exclusive. Thus, Tyr-23-phosphorylated annexin
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II is not phosphorylated by PKC on Ser-25 and vice versa (Gould et al., 1986). This 

effect is thought to be due to structural changes in the protein induced by 

phosphorylation by either enzyme (Gerke, 1992). The above mentioned 

phosphorylations do not however interfere with p l l  binding (Powell and Glenney, 

1987). Therefore, both Tyr-23 and Ser-25-phosphorylated annexin II bind p l l  and 

form the tetrameric annexin II^pl 1% complex (Johnsson et a l ,  1986). It is interesting 

to note however, that the in vitro phosphorylation of annexin II by calmodulin- 

dependent or cAMP-dependent kinases renders it unable to bind p l l  (Johnsson et at., 

1986). It therefore seems possible that the physical state of annexin II (i.e. the ratio 

of monomeric to pll-bound annexin II) is regulated by phosphorylation, which in turn 

may modulate its localization within the cell, and therefore may regulate its functional 

activity.

It is important to determine whether a protein is phosphorylated to a 

stoichiometry that could reasonably be expected to have a significant effect on the 

activity of the protein within the cell. The stoichiometry of annexin I phosphorylation 

on Tyr-21 increased from less than 1% to 20% when quiescent cells were stimulated 

to grow with the addition of fresh serum or EGF (Giugni et a i ,  1985), and 5-15% of 

annexin n  molecules are estimated to be phosphorylated in RSV-transformed chicken 

cells (Radke et at., 1980; Isacke, 1986).

It will be important to determine the stoichiometry of phosphorylated annexin 

VVunphosphorylated annexin VI. And equally important to determine whether the 

modified form represents a large fraction of a small subcellular pool or a small 

fraction of the total. However, to date, this has been a difficult pursuit because 

modified annexin VI has no detectable change on the proteins mobility on SDS-gels 

or on its isoelectric point. Given that the phosphorylation events of annexins I and 

II affects their biochemical properties, it seems reasonable to suggest that 

phosphorylation may also have an influence on the activity of annexin VI. Several 

important questions still need to be answered regarding the functional significance of 

annexin VI phosphorylation in a physiological context, for example, is the 

phosphorylation of annexin VI secondary to calcium-dependent binding of the 

substrate (annexin VI) to the phospholipids on the membrane ?
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5.8 Conclusions
The results presented in this thesis confirm that annexin VI is an in vivo 

substrate for phosphorylation, and is therefore the third annexin found to be a target 

for phosphorylation in intact cells. Phosphoamino-acid analysis revealed that annexin 

VI is phosphorylated on serine, and to a lesser extent threonine. Many questions 

remain unanswered concerning the post-translational modifications of annexin VI. 

One imperative question that remains to be answered is what protein kinase is 

responsible for the serine and threonine phosphorylations of annexin VI. The 

identification of the protein kinase could provide valuable clues as to the subcellular 

localization of annexin VI within the cell and what signaling pathway(s) it may be 

associated with. Furthermore, how does phosphorylation effect the calcium and 

phospholipid-binding properties of annexin VI? It would be particularly interesting 

to determine if calcium-dependent relocation of annexin VI from the cytosol to the 

plasma membrane is necessary for annexin VI phosphorylation/ modification in intact 

cells.

Perhaps the most important question arising as a consequence of these studies 

concern the identity of phospho-X and phospho-Z. It must be hoped that their 

eventual identification will provide fresh insight into the function of annexin VI.
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