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ABSTRACT

Protein C4 (PC4) is a highly conserved polypeptide doublet of Mr ~ 

21kD, associated w ith  actin filam ents in m any cell types. The higher 

m olecular weight, oncogenically dow n-regulated isoform (transgelin) has 

been purified and functionally characterised and in vitro has been show n to 

gelate actin (Shapland et al., 1988). The lower molecular weight isoform (C41) 

has not yet been functionally defined. Previous imm unofluorescence data 

using an anti-PC4 monoclonal antibody has indicated the presence of PC4 in 

fibroblast nuclei. Furthermore, DNA sequence data has shown that C41 has a 

putative Nuclear Localisation Signal. These observations led to this study on 

nuclear PC4, and to the confirmation of the presence of both isoforms of PC4 

in the nucleus of Rat Embryo Fibroblasts by Western immunoblotting.

Following this, cells were arrested in various stages of the cell cycle by 

m etabolic inhibitors and variations in culture conditions. This w ork 

determined levels of expression of PC4 in the nucleus and in the cytoplasm at 

defined stages of the cell cycle, indicating a down-regulation of C41 in late Gi 

and S phases. This data was complemented by FACS (Fluorescence Activated 

Cell Sorter) analysis which determines the percentage of cells in each phase of 

the cell cycle, and thus confirms the actions of inhibitors.

Further studies on the properties of nuclear PC4 were carried out as 

attem pts were made to solubilise the protein from the nucleus. Nuclease 

digestion and varying ionic conditions techniques were used to try to partially 

digest the internal structure of the nucleus, thus attem pting to define which 

molecule(s) PC4 interacts with in the nucleus.
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Chapter 1

INTRODUCTION

1.1 The Cytoskeleton

A. Properties: The cytoskeleton is a complex netw ork of protein  

filaments present in the cytoplasm of all eukaryotic cells (Alberts et al., 1994). 

It is a highly dynamic structure, involved in a num ber of fundam ental 

cellular processes including cell m otility, m aintenance of cell shape, 

adherence, cell division and redistribution of surface receptors (Way and 

W eeds, 1990; Alberts et al., 1994; Luby-Phelps, 1994). In add ition  the 

cytoskeleton is involved in intracellular transport of organelles, cytoplasmic 

stream ing and chromosome separation during mitosis and its absence in 

bacteria may signify an im portant factor in the evolution of the eukaryotic 

cell (Alberts et al., 1994). The cytoskeleton is composed of three main groups 

of filamentous polymers, although evidence is m ounting for a species of 2- 

3nm filaments, not yet biochemically characterised (Luby-Phelps, 1994):

(a) Microtubules (~22-25nm diameter)

(b) Intermediate Filaments (~8-14nm diameter)

(c) Microfilaments (-8nm)

These three discrete types of filaments are woven together to give a three 

dimensional meshwork which pervades the cytoplasmic space and together 

are responsible for the mechanical properties of the cytoskeleton (Heuser and 

Kirschner, 1980; Luby-Phelps, 1994). Each of these networks is regulated by a 

growing num ber of associated proteins which alter the distribution, structure 

and intermolecular interactions of the filamentous proteins according to the 

specific requirements of the cell or tissue (Hartwig and Kwiatkowski, 1991; 

Bloom, 1992; Foisner and Wiche, 1991).
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The cytoskeleton is now believed to be involved in allowing the cell to 

respond to external stimuli (Wang et al., 1993). The link between the cell and 

the extracellular matrix (ECM) occurs at focal adhesions, w here receptor 

molecules such as integrins bind to the ECM and the cytoskeleton and act as a 

signal transduction pathw ay for growth and adhesion related signals (Wang 

et al., 1993, Fowler and Vale, 1996; Ungar et al., 1986).

B. M icro tubu les: M icrotubules (MTs) play an im portant role in 

intracellular vesicular transport, cell motility and chromosome segregation 

(Hemphill et al., 1992; Mays et al., 1994). They serve as intracellular highways 

for a num ber of subcellular structures to travel along, such as mitochondria, 

lysosom es and secretory vesicles (Alberts et al., 1994). M icrotubule 

arrangem ents can be perm anent, forming a supporting structure for cells 

together w ith intermediate filaments and actin filaments, or transient during 

the process of cells division (Bloom, 1992). During mitosis, chromosomes use 

a spindle shaped array of microtubules to move from the metaphase plate to 

the spindle poles in order to segregate (Bloom, 1992; Joshi, 1994).

Microtubules are composed of the monomer tubulin, a lOOkD dimer of 

subunits a  and P, which share 36-42% homology (Luduena et al., 1992). In 

mammals there are believed to be five isotypes of a -tu b u lin  and six of the p 

form, possibly providing a range of microtubule functions (Ludueha et al.,

1992). y-tubulin has also been identified as member of the tubulin family and 

is localised to the microtubule organising centres (MTOC) where it may be 

involved in anchorage of microtubules to the MTOC (Joshi, 1992; Joshi, 1994). 

Microtubules display properties of dynamic instability, as they undergo phase 

transition between periods of growth and disassembly while m aintaining an 

overall steady state (Caplow, 1992; M andelkow and M andelkow, 1990; 

Hirokawa, 1994). The energy required for microtubule assembly is derived 

from GTP hydrolysis and occurs by addition of tubulin heterodim ers at the
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GTP-cap which stabilises growing filament ends (Caplow, 1992).

M icrotubule Associated Proteins: To generate the power required for 

cell m otility and for the movem ent of internal components, m icrotubules 

work in concert w ith m otor p ro teins such as members of the kinesin and 

cytoplasmic dynein families (Schroer, 1991; Luduena et al., 1992; Spudich, 

1994). Motor proteins are enzymes which couple nucleotide hydrolysis to 

generate force and motion relative to microtubules (Skoufias and Scholey,

1993). Kinesin and dynein differ in many of their properties, including the 

fact that they travel in opposite directions along the m icrotubule, kinesin 

travels toward the plus end (to the cell periphery), whereas dynein travels 

towards the m inus end (to the centre of the cell, at the centrosome) (Vale, 

1990; Hoyt, 1994; Schroer, 1994). Generally, MX motor proteins are organised 

into a similar structure, with globular motor domains which bind ATP, and 

tail domains which attach to structures such as organelles and intracellular 

vesicles to be moved along the m icrotubule (Bloom, 1992; Skoufias and 

Scholey, 1993).

M icrotubules are also associated w ith non-m otor p ro te in s  which 

prom ote assembly and stability of microtubules w ithout a requirem ent for 

nucleotide hydrolysis, m odulating the dynamic behaviour of microtubules in 

the cell (Olmsted, 1991; Hirokawa, 1994). Those identified so far include 

MAPIA, IB, 2A, 2B, 2C, tau and big tau from mam m alian brains and the 

ubiquitously expressed MAP4 (Hirokawa, 1994). Of the neuronal proteins, 

MAP2A and 2B are found only in dendrites, whereas tau is axonally located 

and MAPIA and IB are found in both dendrites and axons (Hirokawa, 1994; 

Matus, 1990). As well as controlling the polymerisation state of MTs, MAPs 

have been im plicated in cross-linking or bundling of MTs (Matus, 1990; 

Olmsted, 1991).

13



c. In term ediate  Filam ents: Interm ediate Filaments (IPs) are long, 

sm ooth filaments composed of a family of related proteins which have in 

common the ability to form cell type specific 8-14nm filaments (Stewart, 1993; 

Parry and Steinert, 1992). Cytoplasmic intermediate filaments extend from the 

cell m em brane to the nucleus and are insoluble in physiological ionic 

conditions (Eriksson, 1992).

IF pro tein  molecules have in common a m ulti-dom ain secondary 

structure w ith a central rod domain, likely to be a-helical as well as non a - 

helical head and tail domains and also a characteristic gene organisation, 

apparently derived from a common ancestor (Shoeman and Traub, 1993). The 

non a-helical head and tail domains are extremely variable in size and amino 

acid sequence and are thought to be prim arily responsible for conferring 

unique characteristics onto the individual subunits (Heins and Aebi, 1994; 

Shoeman and Traub, 1993). In contrast, the central rod dom ain is highly 

invariant between subunits and is thought to be the feature which allows 

polymerisation into a higher order filament structure (Shoeman and Traub, 

1993; Stewart, 1993).

The insolubility of IFs, combined with the apparent lack of a pool of 

unpolymerised subunits was originally taken as a reflection of a static nature 

(Eriksson, 1992). However, evidence now indicates an equilibrium  between 

assembled and disassem bled subunits, a feature of dynamic cytoskeletal 

filaments, and a high degree of filament plasticity (Eriksson, 1992; Heins and 

Aebi, 1994). IFs types have been classified into 6 groups (types I-VI) according 

to their amino acid sequences and cell and tissue specific expression (Heins 

and Aebi, 1994). Type V IFs form the nuclear lamins, appearing not as lOnm 

filaments but as a meshwork of proteins lining the inner nuclear membrane 

(Aebi et al., 1986, Lourim and Khrone., 1993; Nigg, 1992). O ther IF types 

include the keratins, vimentin, desmin and the neurofilam ents (Heins and 

Aebi, 1994). Interm ediate filaments interact w ith and are regulated by a

14



growing range of intermediate filament associated proteins (IFAPs), the best 

characterised being plectrin and filaggrin, and it is thought that IFAPs may be 

largely responsible for the functional diversity of IFs (Foisner and Wiche, 

1991).

D. M icrofilam ents: The third major cytoskeletal network is formed by 

microfilaments, each consisting of 2 linear polymers of actin intertw ined into 

a right handed helix, with 13 subunits per turn and a pitch of 71.5nm (Pollard, 

1981; DeRosier, 1990; Bremer and Aebi, 1992). The functions of the actin 

filament netw ork are believed to include roles in cell motility, chemotaxis, 

cell division, endocytosis, secretion and muscle contraction (Bretscher et al., 

1991; Bremer and Aebi, 1992). The actin cytoskeleton in most cells is highly 

dynamic, w ith half lives of filament populations m easured in the range of 

minutes (Carlier, 1991).

Actin in fibroblasts can be seen in the form of stress fibers, linear 

bundles of filaments which contribute to reduced m obility and contact 

inhibition in normal cells (Button et al., 1995). Stress fibers have also been 

implicated in facilitating attachm ent of cells to their substrate and in cell 

spreading (Byers and Fujiwara, 1982). Stress fibers seen in interphase cells 

undergo dynamic restructuring during cell division, to form the cleavage 

furrow in dividing cells, a circumferential band of actin filaments (Fishkind 

and Wang, 1993).

Actin Filament Polymerisation: At low ionic strength, actin exists in its 

globular (G) form, which has a single ATP occupying the cleft nucleotide 

binding site (Carlier, 1991; Bremer and Aebi, 1992). Polymerisation of globular 

actin to form microfilaments occurs (most efficiently) in the presence of ATP 

until a steady state arises, where the pool of unpolymerised (G) actin exists in 

equilibrium  w ith polymeric (F) actin in a process known as treadm illing 

(Wegner and Engel, 1975; Brenner and Korn, 1982; Carlier, 1991). Elongating
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polymers have a so-called barbed end and a pointed end, w ith monomers 

being added preferentially to the barbed end (Pollard, 1981). The actin 

filaments then join together end-to-end in the final ATP-independent stage 

of microfilament formation, known as annealing (Murphy et al., 1988).

The force resulting from polymerisation, generated from hydrolysis of 

ATP, is believed to be utilised by m any eukaryotic cells for w hole cell 

locomotion, shape change and cytokinesis (Cramer et al, 1994). Reports that 

ATP hydrolysis m ay influence filam ent structure (Janmey et al., 1990) 

su p p o r ts  the  h y p o th es is  th a t m ic ro filam en ts  h ave  an ac tive  

mechanochemical role in cell function (Cramer et al., 1994).

1.2 Actin

A. Properties: Actin is a 42-43kDa, abundant globular protein, the 

structure of which was solved by X-ray crystallography of the actin/D N asel 

complex for the first time in its globular form (Kabsch et al., 1990). The crystal 

struc tu re  of actin revealed a bilobed structu re  w ith  d im ensions of 

6.7x4.0x3.7nm, divided by a significant cleft for ADP/ATP binding and an 

additional Ca^+ binding site (Kabsch et al., 1990). The two domains of the actin 

molecules, designated 'Targe" and "small", despite being of similar sizes, can 

each be further divided into two subdomains, mainly held together by salt 

bridges and hydrogen bonds (Bremer and Aebi, 1994). It is thought that actin 

has a w idespread role as an inhibitor of DNasel in vivo (Lazarides and 

Lindberg, 1974), but it is not yet known whether DNase exerts any im portant 

conformational constrains on actin in the crystal structure, which may have 

resulted in a distorted structure from that of in vivo G-actin (Reisler, 1993).

As well as its well documented role in muscle, actin is found in the 

cytoplasm of all eukaryotic cells at a concentration of 4m g/m l (Bray and 

Thomas, 1975) where it polymerises into filaments in order to perform  most 

of its biological functions (Carlier, 1991; DeRosier, 1990). The F-actin 3D model
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has also been solved, showing actin monomers orientated the same way 

round w ith respect to the long axis of the filament (Holmes et al., 1990). 

Various actin isoforms, with differing isoelectric points are present in skeletal 

muscle, smooth muscle and non-muscle cells (Gordon et al., 1977; Herman.,

1993). Analysis of prim ary amino acid sequences reveals cytoplasmic (non

muscle) actins contain two actin polypeptides, p and y, whereas skeletal and 

heart m uscle actins are characterised by the m ore acidic a  species 

(Vandekerckhove and Weber, 1978). They are known to be encoded by a set of 

related genes which probably evolved from a common ancestor (Rubenstein,

1990). Actin is also thought to be present in the nucleus of eukaryotic cells 

(Bremer et al., 1981).

B. Actin Associated Proteins: Actin in the cell is modulated by a diverse 

range of actin associated proteins which control the precise geometry of the 

m icrofilam ent m eshwork, facilitating its ability to perform  a range of 

functions such as cell m otility and cell division (Way and W eeds, 1990; 

Reisler, 1993). Over 100 actin associated proteins have now been identified 

and m any classified according to their properties, in vitro, although it should 

be noted that this may not fully reflect their in vivo roles (Way and Weeds, 

1990; V andekerckho ve and V ancompernolle, 1992). These actin-m odulating 

proteins give structural versatility to actin filaments, allowing non-muscle 

cells to achieve a variety of shapes (Hartwig and Kwiatowski, 1991).

(i) Actin M onomer Sequestering Proteins include thymosin p4, 

actobindin, profilin, DNasel and Actin Binding Protein 50. These proteins 

inhibit filament assembly by binding G actin monomers, thus controlling the 

pool of unpolymerised actin in the cell ensuring there are G-actin monomers 

always available for polymerisation (Rozycki et al., 1994; Way and Weeds, 

1990; V andekerckho ve and V ancompernolle, 1992). Profilin may also play an 

in vivo role in catalysing the exchange of adenine nucleotides on monomeric
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actin (Aderem, 1992b). As actin with bound ATP polymerises more rapidly 

than actin bound to ADP, profilin has the potential to prom ote actin 

polymerisation and stabilise growing filaments in this way (Aderem, 1992b). 

Profilin has also been shown to induce disassembly of actin filaments by 

binding directly to actin subunits at the ends of filaments and sequestering 

released monomers, preventing their re-incorporation (Cao et al., 1992).

Originally profilin was thought to be the only actin-sequestering 

protein in the cell until there was found to be insufficient am ounts of 

available profilin to bind all of the high concentration of monomeric actin 

observed (~250|xmol/l) (Nachmias, 1993; Cao et al., 1992). Members of the 

highly conserved p-thymosin family have also been shown to act as free actin 

buffers and combined with profilin probably account for the majority of the 

cytoplasmic actin monomer pool (Nachmias, 1993).

(ii) Small Severing Proteins such as cofilin, destrin and Actin 

Depolymerising Factor are thought to sequester actin monomers from within 

a filament and so are often referred to as "nibbling" proteins. They bind to 

actin filaments w ith less affinity than the gelsonin family and so are less 

efficient severers (Hartwig and Kwiatowski, 1991). They are a diverse group 

and are w idely d istributed, having been isolated from vertebrate  and 

invertebrate sources. Despite this, their physiological functions are far from 

fully understood (Hartwig and Kwiatowski, 1991).

Cofilin can bind G or F actin in a pH dependent way- at pH>7.5, cofilin 

causes depolymerisation of actin filaments, whereas at lower pH  it binds to 

actin subunits in F-actin with high affinity (Hartwig and Kwiatowski, 1991). 

Cofilin is present as a 19kD phosphoprotein in the cytoplasm but can undergo 

dephosphorylation and subsequent translocation into the nucleus (Samstag,

1994). In cultured cells exposed to stress such as heat shock or DMSO 

treatm ent, cofilin is seen to localise with resulting intranuclear actin rods.
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although the function of this is yet to be determined (Ono et al., 1993; Nishida 

et a l, 1987).

(iii) Barbed End C apping Proteins such as capZ, radixin and 

cap 100 are a family of actin associated proteins which bind to two terminal 

actin subunits at the barbed end of actin filaments, preventing further 

polym erisation (Bearer, 1991). They cannot act to sever filaments bu t as 

capping proteins they may play im portant roles in regulating filam ent 

num ber and length (Weeds and Maciver, 1993). CapZ is a heterodim eric 

protein (subunits a  and P) with calcium independent capping activity (Bearer,

1991), originally seen to localise to the Z-line in muscle cells (Hartwig and 

Kwiatowski, 1991; Casella et al., 1987). Due to its position at the barbed ends of 

actin filaments in vitro it has been suggested that capZ may be involved in 

the attachm ent of actin filaments to the Z-line (Casella et al., 1987). The a  

subunit only of capZ is thought to be regulated by binding of anionic 

phoshoplipids, bu t both subunits are required for capping (Weeds and 

Maciver, 1993).

The unusual capping protein radixin has been isolated from cell-cell 

adherens junctions in rat liver and is concentrated in the cleavage furrow 

during cytokinesis (Weeds and Maciver, 1993). In yeast, CAP2, believed to be 

the p subunit of a capping protein has been cloned and purified but is not 

seen to localise to actin rings at cell division (Amatruda and Cooper, 1992)

(iv) Barbed End C apping/Severing Proteins such as gelsonin, 

gCap39, severin and villin cause non-proteolytic severing of filaments by 

weakening of non-covalent bonds between adjacent actin monomers (Bearer 

1991; Hartwig and Kwiatowski, 1991). Gelsonin is a 93kD monomeric protein 

which reduces the viscosity of actin polymers in a Ca^+ dependent way, 

indicating severing activity and can bind to the barbed ends of actin filaments
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with extremely high affinity (Ankenbauer et ah, 1988; Kwiatokowski, 1988; 

Weeds and Maciver, 1993). Crystallography data shows that gelscmin binds to 

actin via an apolar patch, inducing steric clashes between actin monomers 

(McLaughlin et al., 1993). Following severing, gelsonin remains tightly bound 

to the filament, trapping a Ca^+ ion and so capping the filament (McLaughlin
t

et ah, 1993). The role of gelsonin in vivo is not fully understood , bu t 

transfection of gelsonin cDNA results in disruption of stress fibers and a 

dow n regulation of gelsonin due to transform ation  correlates w ith  a 

derangement of the cytoskeletal architecture and so it is believed to play a key 

role in actin organisation (Finidori et al., 1992; V andekerckho ve et al., 1990). 

G elsonin, villin  and severin all contain m ultip le , h ighly  conserved, 

structurally  sim ilar actin b inding dom ains, each of around 15kD each 

( V andekerckho ve and V ancompernolle, 1992).

Villin differs from gelsonin in that it has an additional F-actin binding 

site in its unique C-terminal "headpiece" domain which probably accounts for 

its bundling activity (Finidori et al., 1992; Weeds and Maciver, 1993; Way and 

W eeds, 1990; Otto, 1994). Also villin displays Ca^+ independent activity, 

unlike gelsonin, but the proteins show 45% homology and probably arose by 

duplication of the same gene which coded for an ancestoral protein similar to 

fragmin (Weeds and Maciver, 1993; Finidori et al., 1992).

gCap39 is a gelsonin-like protein with similar properties to gelsonin, 

i.e. both are Ca^+ and polyphosphoinositide dependent, but gCap39 is only 

able to cap filaments, not sever them (Weeds and Maciver, 1993). Both gCap39 

and gelsonin are colocalised in the cytoplasm, but only gCap39 is found in the 

nucleus and can be phosphorylated (Onada et al., 1993).

(v) L ateral B ind ing  P ro te ins such as calponin, troponin , 

tropomyosin and caldesmon bind to the sides of actin filaments, m odulating 

filam ent interconnections or connecting filam ents w ith  other pro teins
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(V andekerckhove and V ancom pernolle, 1992). Caldesm on can inhibit 

actin/m yosin binding in the absence of Ca^+ and can also inhibit the severing 

action of gelsonin (Hartwig and Kwiatowski, 1991). Caldesmon has at least 

two actin binding regions, one located at the C-terminus, associated w ith a 

Ca2+-calmodulin binding site, the other predicted to be adjacent to another 

Ca2+-calmodulin binding site ( V andekerckho ve and V ancompernolle, 1992). 

Tropom yosins are highly conserved tw o-stranded a-helical coiled-coil 

proteins, which bind laterally to actin filaments, spanning either seven (in 

non-muscle) or six (in skeletal muscle) actin m onomers ( V andekerckho ve 

and Vancompernolle, 1992).

(vi) Cross Linking Proteins such as MARCKS, ABP-30, a-actinin 

and spectrin can cross-link actin filaments into netw orks, giving gel like 

properties to the cytoplasm, or bundle actin into parallel arrays of filaments 

(M atsudaira, 1991). In order to cross-link actin filaments, a protein m ust 

possess at least two actin binding domains or have the ability to form dimers 

(Otto, 1994). a-actinin was the first of these proteins to be characterised and 

was shown to be a rod-shaped homodimer w ith monomers aligning in an 

anti-parallel formation in order to facilitate filament bundling (M atsudaira, 

1991; Otto, 1994). Unlike the situation in muscle, non-muscle a-actinin is Ca^+ 

regulated and in the presence of excess Ca^+ crosslinking activity is markedly 

decreased (Otto, 1994).

As well as causing bundling, inhibition of F-actin polymerisation is a 

feature of ABP-30, a 30kD protein from Dictyostelium (Zigmond et al., 1992). 

Binding of this protein to both ends of the filament results in the formation 

of localised filament arrays with enhanced stability (Zigmond et al., 1992).

MARCKS (Myristylated Alanine-Rich C Kinase Substrate) is a protein 

kinase C substrate which is attached to the sides of actin filaments and 

anchored to the plasm a m em brane by its amino term inal m yristolated
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m em brane binding dom ain (Aderem, 1992b). It is an acidic, rod-shaped 

protein which is regulated by phosphorylation which causes its translocation 

from m em brane-bound structures into the cytosol where it associates w ith 

actin filam ents (Aderem, 1992a; Aderem , 1992b). A further control on 

MARCKS activity is via Ca^+Zcalmodulin, the binding of which to MARCKS 

is inhibited by phosphorylation, and which causes inhibition of actin- 

crosslinking activity either by preventing dimerization, or by inactivating one 

of the actin binding sites (Aderem, 1992a; Aderem, 1992b).

(vii) Myosins: The myosins represent a large, highly divergent 

"superfamily" of proteins present in all eukaryotic cells which are responsible 

for actin and ATP hydrolysis dependent force generation (Alberts et al., 1994). 

They are defined by their ability to generate m ovem ent in a nucleotide 

dependent m anner and are classified on the basis of amino acid sequence 

hom ologies in the head dom ain (Titus, 1993). M yosins were originally 

divided into two groups, myosins-II (conventional) which are two headed, 

filam ent form ing molecules and m yosins-I (unconventional) w hich are 

smaller and unable to form filaments (Titus, 1993; Korn and Hammer, 1990). 

The abundance of new myosin sequences available has made this m ethod of 

classification insufficient, and further classes have emerged which are being 

numbered according to the order of their discovery (Titus, 1993).

M yosins-II form thick filaments in muscle by dimérisation of their rod 

like a  tail which can further assemble into antiparallel filaments (Titus, 1993; 

Pollard, 1981). They act as mechanochemical enzymes, converting energy 

released from ATP hydrolysis into the "walking" of myosin heads along F- 

actin filaments (Korn and Hammer, 1990).

M yosins-I are relatively small (~110-140kD), monomeric myosins, the 

best characterised being brush border myosin-I which tethers actin filaments 

to the plasma membrane in the intestinal microvillus (Korn and Hammer,
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1990; Cheney and Mooseker, 1992). Myosins-I all express actin-activated Mg- 

ATPase activity and other characteristics displayed by most myosins-I are the 

ability to cross-link actin filaments and mechanochemical properties (Korn 

and Hammer, 1990).

Class III myosins are represented by the protein coded for by the ninaC 

gene in Drosophila, which was originally identified as the basis of a m utation 

affecting the photoreceptor cell (Cheney and Mooseker, 1992). The ninaC  

protein has a protein kinase domain which has a role in phototransduction, 

w hile the m yosin dom ain is thought to transport the kinase into the 

rhabdom ere, the phototransducing organelle (Porter and Montell, 1993). 

ninaC is structurally unique and so earns a class of its own, representing a 

highly divergent member of the myosin superfamily (Cheney and Mooseker,

1992).

Likewise, Class IV only consists of one member, designated the high 

molecular weight myosin because of its 177kD size. This myosin was isolated 

from Acanthamoeba and consists of a myosin-like head dom ain and an 

extended tail region which has very limited homology w ith other myosins 

(Cheney and Mooseker, 1992).

The myosin V class consists of members likely to function as vesicle 

trafficking motors, for example, pl90 isolated from chicken brain is likely to 

be involved in transport of vesicles from the Golgi to the outer regions of the 

nerve cell (Titus, 1993; Espreafico et al., 1992). A num ber of other new 

myosins, including 95F from Drosophila, have been identified, form ing a 

growing num ber of myosin classes and it is now well established that cells 

contain a range of different myosins, each playing a unique role in generating 

actin-based movements (Cheney and Mooseker, 1992).
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1.3 Transformation

In norm al cells, growth, division and substrate adhesion are tightly 

controlled. However, when a cell becomes transform ed due to the increased 

synthesis of an existing gene (proto-oncogene), or by the insertion of a 

transforming gene (oncogene), these controls are lost and the cell can divide 

and proliferate (Alberts et al., 1994). Altered cell morphology in transform ed 

cells is often associated w ith changes in the organisation of the actin 

cytoskeleton (Button et al., 1995). Actin in normal, adherent cells is often seen 

in the form of stress fibers, indicative of reduced m obility and contact 

inhibition (Byers and Fujiwara, 1982; Button et al., 1995). However, in the 

transform ed phenotype, stress fibers are absent and actin filaments are seen 

randomly distributed throughout the cytoplasm (Button et al., 1995).

Correspondingly, F-actin levels are markedly decreased in malignant 

cells (Rao et al., 1990), and expression of a-actin  at both the mRNA and 

protein levels are found to be greatly inhibited by transform ation (Leavitt et 

al., 1985). Transformation also induces the expression of a variant form of 

actin with different biochemical properties to the a, (3 and y forms (Leavitt 

and Kakaunaga, 1980).

Changes in cell morphology and motility following transform ation is 

often accompanied by the decreased expression of a number of actin associated 

proteins (Janmey and Chaponnier, 1995; Cunningham  et al., 1992; Button et 

al., 1995). Actin associated proteins known to be affected by transform ation 

include tropom yosin, caldesmon, sm ooth muscle m yosin light chain 2, 

alpha-actinin, MARCKS, schwannomin, calponin, thymosin p4, gelsonin and 

transgelin (Button et al., 1995) and the down regulation of a num ber of these 

proteins is believed to be controlled at the transcriptional level (Kwiatkowski, 

1988; Frinjha et al., 1994; Joseph et al., 1992).

Likewise, levels of these dow n-regulated molecules can be seen to 

increase w hen myeloid cells revert to a non-transform ed, differentiated
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phenotype (Leung et al, 1992). Also, overexpression of a-actinin has been 

shown to suppress tumourigenicity in virally transformed cells (Gluck et al.,

1993). Similarly, transfection with vinculin cDNA reduced the tumourigenic 

ability of cells expressing low levels of vinculin, indicating it may have an 

im portant role in m aintaining a non-transform ed phenotype (Rodriguez 

Fernandez et al., 1992).

Also proteins involved in anchoring actin filaments to the membrane 

or to focal adhesion sites are found to be affected, such as ABP280, a protein 

which also cross-links actin filaments in vitro (Cunningham  et al., 1992). 

ABP280 was show n to be dow n-regulated following transform ation, and 

overexpression resulted in cells with impaired motility, indicating a role for 

this molecule in stabilising cortical actin and facilitating efficient locomotion 

(Cunningham et al., 1992). Transgelin, an F-actin bundling protein was found 

to be down regulated in both RSV and SV40 transformed mesenchymal cells, 

suggesting it may play an im portant in vivo role in the organisation of the 

actin cytoskeleton in normal, tissue associated cells (Shapland et al, 1988; 

Shapland et al., 1993; Button et al., 1995).

1.4 The Nucleus

A. Introduction: Nearly all of a eukaryotic cell's DNA is sequestered 

inside the nucleus, which occupies approximately 10% of the cell's volume 

(Alberts et al., 1994). The nucleus is surrounded by two concentric nuclear 

membranes, punctuated at intervals by nuclear pores, and supported by two 

layers of intermediate filaments - the nuclear lamina, lining the surface of the 

inner membrane, and a diffuse, less organised outer network (Alberts et al.,

1994). The nucleoplasm  was previously  thought of as an am orphous 

structure, but recent developments have identified a highly ordered structure, 

w ith  m acrom olecular dom ains and a fram ew ork, or nuclear m atrix, 

equivalent to the cytoplasmic cytoskeleton (Spector, 1993; Hoffman, 1993).
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B. Extraction of the Nucleus: The details of the nonchrom atin internal 

structure of the nucleus are not well understood, and there has been much 

debate over the existence of the so-called nuclear matrix (Jackson and Cook, 

1988). The nuclear matrix was originally defined as the insoluble material left 

behind after a series of sequential biochemical processes, nam ely salt 

extraction, detergent and nuclease treatments carried out on rat liver nuclei 

(Berezney and Coffey, 1974). However, the non-physiological ionic conditions 

used have led to criticisms that the nuclear matrix may in fact be artefactual 

coagula created during the highly disruptive fixation process (Jackson and 

Cook, 1988). The use of high ionic strengths was deemed necessary because 

chrom atin aggregates into an unm anageable gel under isotonic conditions 

(Cook, 1988; Jackson and Cook, 1988).

The resu lting  m atrix  p rep ara tio n  consists a lm ost en tire ly  of 

proteinacious material, containing predom inantly acidic nuclear proteins as 

opposed to basic histones (Berezney and Coffey, 1975; Verheijen et al., 1988). 

Despite variations in m ethods used, nuclear m atrix preparations share 

common features - residual nuclear membranes including nuclear lamina, 

rem nants of nucleoli and a fibrous m atrix struc tu re  w hich extends 

throughout the interior of the nucleus (Verheijen et al., 1988).

More recently developed extraction techniques are thought to be less 

disruptive, preserving the morphology of the matrix, while still effectively 

dissolving chromatin (He et al., 1990; Fey et al., 1986). Whole cells can now be 

used for extraction, instead of isolated nuclei, and nonionic detergents can be 

used initially to digest the soluble cytoplasmic components, while leaving the 

nucleus connected to the cytoskeleton. Following this treatment, DNasel can 

be used to digest the chrom atin which can then be eluted w ith 0.25M 

ammonium sulphate, which has a relatively low ionic strength (Capco et al., 

1982; Fey et al., 1986; He et al., 1990), compared to 2.0M NaCl (Berezney and 

Coffey, 1974).
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The matrix can then be visualised by whole m ount microscopy while 

still attached to the cytoskeleton (Capco et al., 1982), or the cytoskeleton can be 

stripped away using a further detergent stage and a final high salt extraction 

stage, indicating the value of a step-wise increase in ionic strength (He et al.,

1990). A variation of this technique involves encapsulating whole cells on 

agarose beads, so protecting the cell contents from aggregation during the 

extraction procedure (Jackson and Cook, 1988).

Others believe the final high salt stage may cause artefactual problems 

such as sliding of the chrom atin/ matrix attachment points and a disruption 

of chromatin loops (Mirkovitch et al., 1984). This led to the development of a 

low-salt extraction method using lithium diiodosalicylate, which solubilises 

histones and some other non-histone proteins (M irkovitch et al., 1984). 

A nother im portant consideration is the effect of tem perature, due to the 

observation that under conditions at, or slightly below  physiological 

tem perature, a subset of karyoskeletal proteins attaches to the m atrix and 

becomes irreversibly insoluble (Jack and Eggert, 1992; Cook, 1988; Jackson and 

Cook, 1988). This in vitro phenomenon may be also present in vivo and in 

fact could represent part of the heat shock response, controlled by heat shock 

proteins (McConnell et al., 1987).

C. N uclear M atrix  Fibers: Following the use of an appropria te  

extraction procedure, the filaments of the matrix can be revealed for visual 

interpretation. Evidence from electron microscopy of thick, resinless sections 

suggests the presence of intermediate filament type fibers, characterised by 

their 23nm axial repeat structure and 7-15nm diam eter (Jackson and Cook,

1988). This was confirm ed by im m unoblotting using anti-in term ediate 

filam ent antibodies (Eberharter et al., 1993). Further rem oval of thick, 

polymorphic fibers and nuclear intermediate filaments reveals 9 and 13nm 

highly branched ''core filaments" (He et al., 1990). These are believed to be the

27



RNA containing class of filaments (designated the RNP containing nuclear 

matrix) which are removed when the matrix is digested briefly with RNaseA, 

leaving only a fraction containing mainly keratins, vimentin and the nuclear 

lamins (He et al; 1990). The RNP depleted matrix structure is considerably 

distorted, reflecting an important role for nuclear RNP in matrix organisation 

(Fey et al., 1986; He et al; 1990). Nuclear matrices can also be prepared using 

extensive protease digestion in place of high salt, resulting in matrices w ith a 

significantly lower protein content, more useful for studying D N A /m atrix  

interactions (Dwarakanath, 1991).

D. Structure and Functions of the Nuclear Matrix: The nuclear matrix 

has been implicated in a diverse range of nuclear activities, including DNA 

replication and transcription, processing and transport of RNA, steroid 

hormone action and viral replication (Verheijen et al., 1988; Cook, 1988).

(i) DNA Replication: A putative role for the nuclear matrix in 

DNA replication has challenged the view that DNA polymerases proceed 

along an immobile DNA molecule, instead suggesting that polymerases are 

localised in "replication factories" which are fixed to the m atrix, thus 

allowing the DNA to move through the factory, extruding newly synthesised 

DNA (Hozak et al., 1994; Cook, 1991; Hozak and Cook, 1994). Evidence for this 

m odel comes from  radioactive nucleotide labelling w ith  dUTP and 

subsequent immunolabelling, which shows up the sites of DNA synthesis, 

using nuclei which have previously had their chromatin digested (Hozak et 

al., 1993). Discrete, ovoid bodies can be seen strung along the matrix fibers, 

and labelling at first seen only in the ovoids, was later found to have 

incorporated into adjacent chromatin (Hozak et al., 1993), and in DNA loops 

em anating from the matrix (Dijkwel et al., 1986; M irkovitch et al, 1984). 

D uring the cell cycle, these ovoid bodies appear at the end of Gi phase, 

increasing in size and becoming fewer during S phase as replication proceeds

28



(Hozak et al., 1994). A small amount of extra-factory synthesis occurs during 

S-phase (when the cell replicates its DNA), at discrete sites on the skeleton, 

possibly indicative of a ""tidying-up" m echanism  for replication of any 

unduplicated DNA (Hozak et al., 1994).

This putative role for the nuclear matrix in DNA replication implicates 

the architecture of the nucleus as being a key determ inant of function, 

considerably more than just a static framework (Cook, 1991; Dijkwel, 1992). 

Indeed, the use of restricted sites, or "'factories", attached to the m atrix is 

thought to facilitate the correct replication of the entire genome by ensuring 

the process occurs according to a strict temporal and spatial sequence (Jackson, 

1995).

(ii) Matrix Associated Regions (MARs): The nuclear matrix is 

believed to interact directly with DNA via an evolutionarily conserved class 

of nucleotide sequences, known as either Matrix Associated Regions (MARs) 

or Scaffold Associated Regions (SARs) which appear every 10-50kbp and are 

thought to anchor chromosome loops to the matrix (Jack and Eggert, 1992; 

Ivanchenko and Avram ova, 1992). These sequences have been found 

attached to the nuclear matrix following digestion procedures and further 

investigation has revealed sequences of at least lOObp, consisting of short 

direct repeat sequences of 12 to 16 base pairs (Opstelten et al., 1989). This MAR 

DNA, believed to contain replication origins, can function as sites for the 

initiation of new DNA strands and the presence of repeat sequences is 

believed to prevent reinitiation at the same site, so controlling the correct 

replication of the genome (Opstelten et al., 1989; Brylawski et al., 1993). 

Initiation, however, can occur again at the same site during the subsequent S 

phase w hen DNA is re- replicated (Aelen et al., 1983). Sites of DNA repair 

following damage by ultraviolet light are believed not to be localised to the 

matrix, although this data may not be fully indicative of the in vivo situation
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(Jackson et al., 1994).

Evidence for MARs containing replication origins cornes from nuclear 

matrix associated DNA isolated from cells blocked in Go and Gi phases of the 

cell cycle, before DNA replication. These sequences show high homology with 

DNA replicated at the beginning of S phase, indicating that the m atrix 

associated DNA is among the earliest replicated in the genome, confirming its 

close association w ith origins of replication (Brylawski et al., 1993; van der 

Velden et al., 1984). This association remains constant throughout the cell 

cycle, whereas "non-origin" sequences are only associated w ith the matrix 

when they form part of a replication fork during S phase (Carri et al., 1986). 

Elucidation of how these DNA loop structures persist, even in the metaphase 

chromosome and while the matrix is undergoing dramatic structural changes 

is of extreme importance (Goldberg at al., 1983). Interestingly, MARs often 

reside w ithin or near functionally im portant regions of DNA (Fishel et al.,

1993).

Detailed study of binding characteristics of MARs has revealed the 

matrix shows a preference for AT-rich sequences and for single stranded DNA 

(Hakes and Berezney, 1991). Further to this finding, no simple consensus 

sequence has been detected, instead a range of different DNA binding sites, 

each w ith unique sequence specificity have been identified (Hakes and 

Berezney, 1991; Renz and Fackelmayer, 1996). This is strikingly different from 

well-characterised DNA-protein interactions, such as those associated w ith 

transcription factors which bind to consensus sequences (Hakes and Berezney, 

1991; Renz and Fackelmayer, 1996).

A num ber of proteins are believed to interact w ith MAR DNA, such as 

members of the scaffold attachment factor family (SAF), which specifically 

bind MAR DNA, and are thought to be involved in forming a molecular 

anchor at the base of chromatin loops (Renz and Facelmayer, 1996). Other 

interactions at the MAR site include the binding of calmodulin, which may
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have a role in the regulation of MAR sequence attachm ent (Fishel et al.,

1993). The tum our supressor molecule, p53, in its m utant form can bind to 

MAR DNA, possibly representing a "gain of function" phenotype which gives 

m utan t p53 the ability to activate expression of genes involved in cell 

proliferation and tumourigenesis (Müller et al., 1996). Telomeres, protective 

nucleoprotein complexes at the ends of eukaryotic chromosomes, display 

characteristic TTAGGG repeat sequences which are thought to interact w ith 

unidentified non-histone proteins in order to anchor telomeres to the matrix, 

and to the nuclear envelope (de Lange, 1992). In addition, DNA polymerase a , 

prim ase and other replication factors have been show n to have sustained 

contact w ith the matrix (Haaf and Schmid, 1991; Collins and Chu, 1987). 

H ow ever, one study showed recovery of DNA polym erase a  was only 

detectable from nuclei previously heat treated to 37°C (Martelli et al., 1992).

(iii) Gene Transcription: Evidence for the involvem ent of the 

nuclear matrix in transcription is in contrast to Christmas tree-like images 

produced by "Miller spreads" which show genes being actively transcribed 

w ithout attachment to a karyoskeleton (Miller, 1984; Jackson and Cook., 1985). 

Also sceptics fail to see a functional role for the matrix as cell free replication 

and transcription systems have been developed (Cook, 1988). However, these 

system s are considerably less efficient than the intact cell, and nascent 

transcripts, active RNA polymerase and transcriptionally active genes have 

been shown to have a physical attachment to the matrix structure (Cook, 1988; 

Cook, 1994). This attachm ent was dem onstrated by rem oving the bulk of 

chrom atin from cells encapsulated on agarose beads using endonuclease 

treatm ent, thus enabling the identification of transcription complexes which 

remained attached (Jackson and Cook, 1985).

As a result of this work, gene expression is now being conceptualised in 

a three-dim ensional way, w ith the active site closely associated w ith the
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structure of the nuclear matrix (Stein et al., 1995; Jackson and Cook, 1985). 

This new  m odel of transcrip tion assum es the RNA polym erase to be 

immobilised at fibrillar centres, w ith DNA moving past it and rotating its 

helical strands while maintaining its topological position in relation to the 

polymerase (Dickinson et al., 1990; Cook, 1994). The RNA polymerase has also 

been suggested to play a role in determining basic chromosome structure, by 

"tying" of chromatin loops (Cook, 1994).

Following transcription it now seems likely that new transcripts do not 

diffuse through the highly viscous nucleoplasm towards the nuclear pores, 

but instead are transported via the nuclear architecture (Lawrence et al., 1989). 

Support for this hypothesis comes from fluorescent labelling of transcripts 

which have been seen localised to specific curvilinear tracks extending from 

the chromatin into the nuclear periphery (Lawrence et al., 1989; Carter at al.,

1993). The importance of the nuclear matrix in control of transcription is 

highlighted when, during transformation, the norm al interactions betw een 

chrom atin and the matrix are perturbed, causing chromatin decondensation 

and thus participating in the extreme changes in gene expression associated 

w ith malignancy (Barboro et al., 1996).

E. Nuclear Lamins: The nuclear lamins are intermediate filament type 

proteins which line the nucleoplasmic face of the inner nuclear membrane, 

p rov id ing  a fram ew ork for envelope organisation and attachm ent of 

interphase chromatin (Aebi et al., 1986; Dessev, 1992). The lamins are around 

lOnm thick and are the major residual structure which rem ains following 

extraction w ith non-ionic detergents, nucleases and high salt (Hutchison et 

al., 1994; Spector, 1993) Three related polypeptides make up the lamins- 

term ed A, B and C in mammalian cells, although lower eukaryotic lamins 

have also been characterised revealing additional subtypes (Aebi et al., 1986; 

Georgatos et al., 1994).
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Lamin C is believed to have originated by alternative splicing of the 

lam in A gene, whereas lamin B arose from a completely separate gene 

(Georgatos et al., 1994; McKeon., 1991). Despite this, all molecule types contain 

the characteristic a-helical domain required for the formation of coiled-coil a- 

helical dimers and for further assembly into interm ediate filam ent fibers 

(Georgatos et al., 1994; McKeon., 1991). Lamins A and B are classified 

according to the fact that B lamins remain membrane associated throughout 

the cell cycle, whereas A-type lamins are released as soluble proteins during 

mitosis, possibly reflecting a role for lamin B in anchoring the lamina to the 

inner nuclear membrane (Lourim and Krohne, 1993; Nigg, 1992; Verheijen et 

al., 1988). B-type lamins are thought to be ubiquitously expressed, whereas A 

and C type lamins are only expressed at low levels during early development, 

increasing as cells become differentiated (Stewart et al., 1991; Spector, 1993).

All lamins also display a short globular N-terminus head dom ain and 

a longer C-terminal tail dom ain and are now  classified as type V in the 

intermediate filament multi-gene family (Hutchison et al., 1994; Lourim and 

Krohne, 1993). They differ from cytoplasmic interm ediate filament proteins 

in that they have a Nuclear Localisation signal (NLS), and a Ras-like CaaX box 

motif, a substrate for the post-translational m odifications required  for 

targeting new lamins to the inner nuclear membrane (Nigg, 1992). Both A 

and B type lamins contain phosphorylation sites, two of which are believed to 

control the state of lamin assem bly/disassembly, one in the C term inus and 

one in the N -term inus (Hutchison et al., 1994; Nigg, 1992). Increased 

phosphorylation of lamin proteins is believed to result in disassembly of the 

lamin network during mitosis (Nigg, 1992).

The lamins are believed to interact w ith a num ber of lamin-associated 

proteins at the nuclear envelope, such as p58, an integral membrane protein, 

and the LAP class (lamin associated polypeptides), one m ember of which, 

LAP 2, also interacts w ith mitotic chromosomes (Georgatos et al., 1994).
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Lamins are believed to be im portant for the structural organisation of the 

nucleus, as DNA replication in reconstituted nuclei will not occur w ithout 

the presence of lamins as part of the nuclear envelope (Dessev, 1992).

F. Nuclear Actin: The presence of actin in the nucleus was previously 

thought to represent either the equilibration of cytoplasmic actin between the 

nucleus and the cytoplasm, or contamination sustained during the isolation 

procedure (Bremer et al., 1981). Actin in the nucleus is notoriously difficult to 

uncover and extensive digestion w ith nucleases, including micrococcal 

nuclease, is often required before it can be recognised by antibody or 

phallo idin  staining (Sauman and Berry, 1994). How ever, actin from the 

nucleus has been isolated, its amino acid composition determined and peptic 

m aps of nuclear, cytoplasmic and muscle actins com pared (Bremer et al., 

1981). N uclear actin was found to be a distinct species, w ith  unique 

biochemical characteristics, such as a more acidic pi, and has greater similarity 

to muscle actin than to cytoplasmic actin (Bremer et al., 1981; Milankov and 

de Boni., 1993; Pahlic, 1985; Kumar et al., 1984).

(i) Structure of N uclear Actin: U ltrastruc tu ra l w ork  using 

phalloidin labelling has indicated that nuclear actin is in the F (filamentous) 

form, and is recognised by anti a -sa rco m eric  actin  (m uscle isoform ) 

antibodies, confirm ing previous studies which indicated hom ology w ith 

muscle actin (Amankwah and de Boni, 1994; Bremer et al., 1981). This nuclear 

F-actin was found in prom inent aggregates at the nucleolar periphery and is 

believed to form short filaments as opposed to the large bundles seen 

traversing the cytoplasm (Amankwah and de Boni, 1994). Further evidence 

has show n that actin is associated w ith the inner nuclear m em brane 

(Amankwah and de Boni, 1994).

It has been demonstrated that translocation of G-actin into the nucleus
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can be induced by various stimuli, such as heat shock and treatm ent w ith 

DMSO, which also induce the formation of short, actin rods in the nucleus 

(Ohta et al., 1989; Nishida et al., 1987). These rods differ slightly from F-actin 

seen in stress fibers and are unable to stain with phalloidin (Ohta et al., 1989; 

N ish ida et al., 1987). Both cofilin, (N ishida et al., 1987) and  Actin 

depolym erizing factor (ADF), (Ono et al., 1993), colocalise w ith  these 

intranuclear actin rods. As actin does not have a nuclear localisation signal 

and cofilin and ADF do, it has been postulated that these low molecular 

weight actin binding proteins may be responsible for the im port of actin into 

the nucleus (Ono et al., 1993; Samstag et al., 1994).

(ii) Function of N uclear Actin: A function for actin in the 

nucleus has not been fully established, but it has been suggested that short 

actin filaments may form part of a framework or scaffold structure in the 

nucleus (Am ankwah and de Boni, 1994). Actin in the nucleus has been 

identified as being bound to both DNA and to the nuclear matrix, behaving as 

a salt resistant DNA associated protein, strongly suggesting a structural role 

for actin in the spatial organisation of interphase chrom atin (Valkov et al.,

1989).

Furthermore, actin was found to have a role in m aintaining the linear 

integrity of the chromosome, illustrated by the use of Cytochalasin D to 

specifically disrupt actin in Drosophila polytene chromosomes by capping and 

cleaving of actin filaments, resulting in the severe disruption of chromosome 

morphology (Sauman and Berry, 1994). Also identified in close association 

w ith nuclear actin is RNA polymerase II, suggesting a role for actin in mRNA 

transcription (Sauman and Berry, 1994; Verheijen et al., 1988). Other evidence 

for a role in transcription comes from the effects of microinjection of actin 

antibodies and actin binding proteins which effect the polymer state of actin. 

Following this m anipulation, transcription of the lam pbrush chromosome
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loops can be blocked, suggesting a functional role for nuclear actin in gene 

transcription (Scheer et al., 1984).

The topological distribution of nuclear actin filaments is apparently 

dependent on the functional status of the nucleus (Parfenov et al., 1995). 

Specifically, in transcriptionally active nuclei, actin is seen associated with the 

chromosome zone and with the nucleoli, linked by distinct curvilinear tracks, 

whereas in transcriptionally inert nuclei, actin is only seen in the central 

chromosome zone with no defined tracks and is absent towards the periphery 

(Parfenov et al., 1995). The significance of this observation is not yet known 

but it has been suggested that the curvilinear tracks of actin are involved in 

transport of RNA and proteins betw een the nucleus and the cytoplasm  

(Parfenov et al., 1995). Indeed, actin is found to be closely associated w ith 

nascent RNA (Ueyama et al., 1987), but as actin depolymerisation has no effect 

on the process, is believed to be only a guiding element, not an active 

transporter of RNA molecules towards the cytoplasm (Ueyama et al., 1987).

The similarity of nuclear actin to muscle actin has led to suggestions 

that nuclear actin may have the capacity for contractile function (Bremer et 

al., 1981). This is interesting, especially when considered that a species of 

myosin, related to myosin I is also present in the nucleus and that actin and 

myosin aggregates in the nucleus are seen to colocalise (Milankov and de 

Boni, 1993). A role for this is not clear, bu t it has been postulated that 

actomyosin complexes represent an intranuclear molecular motor, required 

for functions such as the positioning of chrom atin dom ains and the 

movement of nucleoli (Milankov and de Boni, 1993). In addition, actin and 

myosin have been implicated in nuclear transport mechanisms by controlling 

the accessibility of the nuclear pore in an energy dependent way (Schindler 

and Jiang, 1986). Indeed, evidence suggests these contractile proteins may 

form an ATP-dependent variable diaphragm  as part of the pore complex 

(Schindler and Jiang, 1986).
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(iii) Nuclear Actin Associated Proteins: A num ber of actin associated 

proteins have been isolated from the nucleus, suggesting that the physical 

state of nuclear actin is also controlled by pro tein /protein  interactions. These 

include myosin (Milankov and de Boni., 1993), cofilin (Ono et al., 1993; 

Nishida et al., 1987; Abe at al., 1993), ADF (Ono et al., 1993), NAB-34 (Rimm 

and Pollard, 1989), ABPN (Yeoman and Bremer, 1986), Act3p (Weber et al., 

1995), gCap39 (Onada et al., 1993;) and m em bers of the capZ family 

(Ankenbauer at al., 1989).

Nuclear gCap39 (a m ember of the gelsonin family) was found to 

account for 17% of total gCap39, was more highly phosphorylated and had a 

potential nuclear localisation signal (Onada et al., 1993). CapZ is the main 

nuclear actin binding protein isolated from amphibian oocytes and has been 

identified as a Ca^+ independent heterodim er which regulates the form of 

actin by delaying the onset of filament formation (Ankenbauer at al., 1989). 

NAB-34, a 34kD nuclear actin binding protein, does not appear to have a 

cytoplasmic equivalent as it does not display characteristics commonly used to 

classify these proteins (capping, severing etc.), (Rimm and Pollard, 1989). Its 

function is not known but it is antigenically related to myosin I and its ability 

to bind DNA may indicate a role in attaching DNA to the actin-containing 

nuclear matrix (Rimm and Pollard, 1989). Novikoff hepatoma cells were used 

to isolate a 90kD actin binding protein, ABPN, which also has an unknow n 

function, although its biochemical characteristics have been determ ined 

(Yeoman and Bremer, 1986). Found in the nucleus of budding yeast is an 

actin-related protein, Act3p, a member of a group of proteins which exhibit 

about 50% sequence homology with conventional actin (Weber et al., 1995). 

Act3p also has a potential NLS and may be an important component of yeast 

chromatin, influencing its degree of compactness (Weber et al., 1995).

Cofilin and ADF have been identified as components of intranuclear 

actin rods where cofilin binds to F-actin at neutral pH  and ADF disassembles
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F-actin. Both proteins are believed to have an im portan t role in the 

formation and reorganisation of actin rods in the nucleus (Ono et al., 1993; 

N ishida et al., 1987; Abe at al., 1993). Cofilin is known to have a KKRKK 

nuclear localisation signal (homologous to the SV40 T antigen NLS sequence 

motif), and nearby serine residues can become dephosphorylated possibly 

controlling entry into the nucleus (Samstag et al., 1994). The importance of 

cofilin in the nucleus is not fully understood, bu t as it m ay transport 

monomeric actin into the nucleus and as actin is believed to have a role in 

controlling RNA polymerase II, cofilin could be involved in transcriptional 

regulation (Samstag et al; Sauman and Berry, 1994; Scheer at al., 1984).

G. N uclear M atrix A ssociated Proteins: O ther non-actin b inding 

proteins are found in the nucleus and are candidates for components of the 

nuclear matrix. In yeast, a coiled-coil protein, N ufl, has been identified and is 

found to localise to the interior of the nucleus where it is tightly bound and 

not easily extractable by nucleases, salt or detergents (Mirzayan et al., 1992). 

N ufl structurally resembles intermediate filaments or lamins, suggesting a 

highly insoluble rod-like protein which may participate in crosslinking of 

nuclear matrix filaments (Mirzayan et al., 1992). Nuf2 is also a nuclear coiled- 

coil protein, associated with the spindle-pole bodies which shows similarities 

to N ufl and may be involved in the form ation of fram ework filaments 

required during mitosis (Osborne et al., 1994).

NuMA, a large, abundant protein also has a coiled-coil dom ain and 

may undergo oligomerization to form a component of the core filaments of 

the nuclear matrix during interphase, indicating a possible structural role in 

the interphase nucleus (Cleveland, 1995; Saredi et al., 1996). In the mitotic 

nucleus, NuMA is involved in the maintenance of a bipolar spindle, possibly 

via nucléation of m icrotubules, and following m itosis, NuM A m ay be 

involved in the re-formation of the nucleus (Cleveland, 1995; Compton et al..
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1992).

The protein coded for by the PML gene, a transcription factor, was 

identified as being a nuclear matrix associated phosphoprotein which may 

interact w ith other protein molecules within the matrix (Chang et al., 1995). 

Also phosphorylated is num atrin, a 40kD matrix associated nucleolar protein 

which is believed to be tightly associated with the matrix, as well as having 

DNA binding activity (Feuerstein et al., 1990; Feuerstein et al., 1988).

Various monoclonal antibodies were used to label the distribution 

Spindle Pole Nucleus antigen (SPN), another m atrix associated protein, 

showing that SPN changed its location throughout mitosis (Kallajoki et al., 

1991). One antibody had the ability to block mitosis, indicating SPN is a 

functionally im portant protein associated with microtubules which form the 

m itotic spindle (Kallajoki et al., 1991). Evidence suggests nuclear matrix 

protein phosphorylation is a common feature, seen in vitro and in vivo and 

is thought to markedly increase before mitosis, indicating that nuclear matrix 

phosphoproteins have a role in mitotic events (Henry and Lodge, 1983).

The effect of transformation on the expression of the matrix protein, 

p i 90 has been investigated, showing that oncogenic transform ation causes 

dow n regulation of pl90, and that p l90  displays sim ilar localisation to 

spliceosom es, the significance of which is not know n (Brancolini and 

Schneider, 1991).

1.5 Protein Transport into the Nucleus

A. M echanism s of Transport: As all protein synthesis occurs in the 

cytoplasm, those protein destined for the nucleus must be post-translationally 

transported across the nuclear membrane (Garcia-Bustos et al., 1991). Nuclear 

im port is m ediated by Nuclear Pore Complexes (NPCs), large, proteinaceous 

gateways (at least 100 megadaltons) which traverse the nuclear membrane at 

points where the inner and outer membranes fuse (Garcia-Bustos et al., 1991).
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The cylindrical structure of the NPC is striking, w ith its 8-fold 

symmetry and proposed cage-like structures attached to the nuclear face of the 

pore complex (Nigg et al., 1991; Stewart et al., 1991). Extending from the 

surface of the pore complex are 3nm fibrils which extend into the cytoplasm, 

and into the nucleoplasm, and may be involved in binding nuclear-bound 

proteins (Richardson et al., 1988). U nfortunately, there is little available 

information on the protein composition of the NPC, mainly due to the lack 

of an adequate isolation procedure (Hinshaw et al., 1992; Nigg et al., 1991), but 

data suggests it may consist of over 100 different polypeptides, although only a 

few have been isolated (Garcia-Bustos et al., 1991).

Small metabolites, ions and proteins less than 40-60kD in weight can 

enter the nucleus by passive diffusion through the lOnm aqueous channel, 

w hile larger molecules (above 60kD) m ust enter via signal and energy 

dependent mechanisms (Melchior and Gerace; 1995; Fabre and H urt, 1994). 

However, this classification may be over-simplistic as other proteins, such as 

calmodulin, apparently enter the nucleus by facilitated diffusion, an energy 

independent m echanism which occurs by complexing w ith  small carrier 

molecules (Pruschy et al., 1994). Also some small proteins such as histones, 

although theoretically able to enter the nucleus by passive diffusion, exhibit 

tem perature and energy dependent entry, characteristic of large NLS (nuclear 

localisation signal)-containing proteins, suggesting entry is not by simple 

diffusion bu t may involve a cytoplasmic receptor (Breeuwer and Goldfarb,

1990).

B. Nuclear Localisation Signal: A nuclear localisation signal is a short 

sequence of amino acids present on a protein, which, when deleted results in 

accum ulation of the protein in the cytoplasm and w hen fused to a non

nuclear protein directs its entry into the nucleus (Silver, 1991; Garcia-Bustos 

et al., 1991). An NLS motif is mainly composed of basic amino acids and can
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be continuous or bipartite, usually not more than 8-10 amino acids in length 

(Melchior and Gerace; 1995; Powers and Forbes, 1994). NLS' are not located at 

any specific site in the protein, can occur more than once in the protein and 

are not removed following localisation to the nuclear com partm ent (Garcia- 

Bustos et al., 1991). The minimum NLS for SV40 T antigen was determined to 

be PKKKRKV, which is the minimum sequence required for nuclear entry of 

this protein (Silver, 1991). However, 15 amino acids preceding the NLS are 

believed to increase the efficiency of the NLS possibly via phosphorylation 

sites in this region (Silver, 1991).

Some proteins destined for the nucleus have a more specific address, 

such as to the inner nuclear membrane or to the nucleoli (Garcia-Bustos et al.,

1991). A nucleolar signal is believed to consist of a glutamine residue flanked 

on both sides by basic residues, usually arginines, which are adjacent to or 

overlap the NLS (Garcia-Bustos et al., 1991).

Transfer of a karyophilic protein across the nuclear m em brane is 

thought to be a two stage process, both of which require the presence of an 

NLS (Gorlich et al., 1994). The first step is binding to the cytoplasmic surface of 

the NPC and does not require ATP or GTP hydrolysis, whereas the second 

step, translocation through the pore complex, is energy dependent (Gorlich et 

al., 1994).

The entry of nucleoplasm in into Xenopus oocyte nuclei has been 

studied extensively and was used as a system for studying the two stages of 

nuclear entry (Richardson et al., 1988; Silver, 1991). Nucleoplasmin was seen 

to rap id ly  accum ulate round the periphery  of the nucleus follow ing 

microinjection, then slowly translocate across the membrane. W hen ATP 

production is inhibited, the protein is still seen bound to the outer face of the 

nucleus, but no translocation occurs, illustrating the energy dependence of 

the second stage (Richardson et al., 1988).
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c. The NLS Receptor: N uclear im port m ediated  by N uclear 

Localisation Signals shows saturation kinetics, implying the existence of an 

NLS receptor (Melchior and Gerace, 1995). Several in vitro, cell free or 

permeabilised systems often based on Xenopus egg extracts or rat liver nuclei 

have been developed for assaying nuclear transport and have allowed the 

identification of a number of crucial cytosolic factors (Adam et al., 1990).

The principal candidate for the NLS receptor, a 60kD protein, nam ed 

importin, has been purified from Xenopus eggs and is shown to cause nuclear 

envelope binding, but not import (Gorlich et al., 1994). Importin is present in 

an in vitro cytosolic fraction (designated A) which is only involved in ATP 

independent substrate binding and which cannot cause transport w ithout the 

presence of fraction B (Moore and Blobel, 1992; Gorlich et al., 1994). Importin 

is also believed to have a 90kD subunit which may cooperate w ith im portin 

to form a receptor complex able to distinguish between functional and non

functional NLS', resulting in selective b inding to the nuclear envelope 

(Gorlich et al., 1995).

Also involved in the initial stages of transport is p97, another cytosolic 

factor which has been purified and may form an im port complex w ith the 

NLS and its receptor, stabilising NLS/Receptor binding (Adam and Adam, 

1994). p97, however, cannot be identified inside the nucleus, so at an as yet 

undeterm ined point, m ust dissociate from the rest of the im port complex 

(Chi et al., 1995).

D. Ran/TC4: Im portin alone, cannot allow transport of an NLS 

containing protein into the nucleus but requires the highly abundant, small 

GTP binding protein Ran/TC4, present in cytosolic fraction B, for complete 

transport (Moore and Blobel, 1992; Gorlich et al., 1994). Ran/TC4 is 20-30kD 

m em ber of the Ras superfam ily of GTP binding proteins and has been 

identified in the nucleus and the cytoplasm (Melchior et al., 1993). Indeed it
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may play a role in mediating RNA export from the nucleus, as well as in 

protein im port (Melchior et al., 1993). Ran/TC4 complexes w ith RCCl, a 

chromatin binding protein, which is believed to catalyse nucleotide exchange 

in Ran/TC4 (Moore and Blobel, 1993). Hydrolysis of GTP is required for 

transport and may be carried out by Ran/TC4, but as GTP hydrolysis by Ran 

occurs at an intrinsically low rate, it is likely to be facilitated by a GTPase- 

activating protein (GAP) (Melchior and Gerace, 1995).

How Ran/TC4 increases the rate of NLS-mediated transport is not yet 

fully understood, but GTP hydrolysis by Ran is thought to be involved in 

either the formation of a targeting complex or the subsequent docking of that 

complex (Goldfarb, 1994). As the complex is translocated through the pore 

complex, RCCl catalyses the conversion of GDP-Ran to GTP-Ran, which 

allows the translocation complex to dissociate, releasing the nucleophilic 

protein and allowing the receptor to recycle back to the cytoplasm (Goldfarb,

1994). Finally, GTP-Ran is converted back into GDP Ran, allowing it to leave 

the nucleus, ready for another round of translocation (Goldfarb, 1994). 

Another protein believed to play a role in the second phase of translocation is 

NTF2, which is thought to interact w ith NPC glycoproteins (Paschal and 

Gerace, 1995). Its role is uncertain, but it is known to act at the post-docking 

stage and it may act to cause gating of the central channel or ligand delivery 

into the channel (Paschal and Gerace, 1995).

1.6 The Cell Cycle

A. Phases of the Cell Cycle: Eukaryotic cells in culture and in living 

systems proceed through an orderly sequence of events, term ed the cell cycle 

which enables them  to reproduce throughout their lifetime (Alberts et al.,

1994). The length of time required to complete a cycle varies according to cell 

type but the four basic phases remain the same (Alberts et al., 1994; North, 

1989).
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Briefly, M Phase (mitosis) is the process of nuclear division which leads 

to the formation of two daughter cells. During this phase, the nuclear DNA 

condenses into visible chromosomes which align along the mitotic spindle 

and then migrate towards the poles. The replicated chromosomes décondense 

and the formation of two daughter cells, each with one complete copy of the 

genome, occurs by cytokinesis (Alberts et al., 1994; Golsteyn et al., 1995). Gi is 

the first gap phase of the cell cycle where cells have undergone mitosis and 

are preparing for S phase but have not yet committed themselves to enter S 

phase (Pardee, 1989). The duration of Gi is variable and can also involve the 

cells entering a quiescent, nonproliferating phase termed Gô  where they are 

effectively removed from the cell cycle and where they can remain for long 

periods of time. Neurones, hepatocytes and certain cells in culture can enter 

Go (Pardee, 1989). During S Phase (synthesis) the cell's DNA is replicated and 

the cell doubles its DNA content. Gi (the second gap phase) is when the cell 

doubles its mass in preparation for mitosis and also provides a safety period, 

ensuring that DNA replication is complete before m itosis can proceed 

(Alberts et al., 1994).

B. Cell Cycle Control

(i) Cycling and Cyclin Dependent Protein Kinases: The cell cycle 

is strictly controlled to ensure events occur in a particular sequence, ensuring 

the completion of one process before the initiation of another (Murray, 1992). 

If this control is diminished, the result may be a malfunction in chromosome 

or organelle positioning, increased susceptibility to m utagens, or even cell 

death (Hartwell and Weinert, 1989). Levels of control are probably m ultiple 

but a three tier system has been proposed, w ith the first level being controls 

that drive the cell cycle from phase to phase, the second a safety check to 

ensure cell cycle events are occurring correctly, and the third an overall 

control over growth to ensure cells proliferate at the correct rate (O'Farrell,
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1992). The safety check mechanism operates at certain critical points where 

feedback from a previous stage regulates the next stage (Murray, 1992). This 

control system is based upon cyclin dependent protein kinases (cdk) which act 

by phosphorylation of target proteins, and on cyclins which control their 

activity (O'Farrell, 1992).

Cyclins have been identified in a range of organisms and have been 

classified on the basis of sequence similarities and physiological functions - 

generally mitotic cyclins form class B, S-phase cyclins, class A and Gi cyclins 

make up classes C, D E and F in vertebrates, or Cln in yeast (M urray and 

Kirschner, 1989; Murray, 1992; Solomon et al., 1988; Richardson et al., 1989). 

Subcellular cyclin distribution has been investigated, revealing a striking 

concentration of cyclin A over condensing chromatin during the initial stages 

of mitosis, suggesting a potential role in early mitotic events (Lehner and 

O'Farrell, 1989).

The best characterised of these cyclin /cyclin  dependen t kinase 

interactions occurs at the M-phase entry point, where p 3 4 cdc2 kinase, a highly 

conserved protein kinase, is activated by the binding of mitotic cyclin B to 

form a complex known as Maturation Promotion Factor (MPF), also highly 

conserved, triggering the onset of m itosis (M urray et al., 1989). The 

importance of cyclin was illustrated by the use of an in vitro system  in 

Xenopus . where mRNA was destroyed in early embryonic cells, resulting in 

interphase-arrested cells. When cyclin mRNA was added back, cyclin alone 

was a sufficient trigger for the onset of m itosis under these conditions, 

suggesting cyclin has a pivotal role in activation and m aintenance of MPF 

(M urray and Kirschner, 1989; M urray et al., 1989). It is thought that the 

concentration of cyclin B may have to reach a critical level before 

phosphorylation of p34‘=̂ ^̂  can occur and it is known that cyclin is required for 

the p 34^^^2 activation (Nurse, 1990). This control over the onset of mitosis is 

thought to be exerted via phosphorylation of key threonine and tyrosine
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residues on p 3 4 cdc2 kinase (Nurse, 1990). These residues are found to be 

phosphorylated during interphase and dephosphorylation of tyrosine in late 

Gi causes activation of p 3 4 cdc2 kinase, switching MPF into its active form and 

sending the cell into mitosis (Nurse, 1990). MPF kinase activity then induces 

chromosome condensation, nuclear envelope breakdown by phosphorylation 

of nuclear lamins and formation of the mitotic spindle (Murray, 1992).

Complex levels of feedback controls exists on the activation of MPF, for 

example unreplicated DNA will generate a signal preventing MPF activation 

and therefore blocking progression into mitosis (Murray, 1992). Information 

on cell size and nutrient availability also play roles in feedback control of the 

cell cycle before entry into mitosis (Murray, 1992). The decrease in MPF 

activity, due to cyclin degradation, results in the celTs exit from mitosis and 

subsequent entry into Gi which involves chromosome decondensation and 

segregation as well as nuclear reformation and cytokinesis (M urray et al.,

1989). Thus, the com bination of cyclin syn thesis/deg radation  and cdk 

activation/deactivation represent a major level of cell cycle control (Hartwell,

1991).

(ii) Control of Cyclins and cdks: Cyclin dependent kinases are 

controlled by a num ber of small regulatory proteins w hich physically 

associate w ith  cyclins or cdks to form complexes (Li et al., 1994) In 

mammalian cells a host of inhibitors have been identified including p l6 , p21, 

p24 and p27 (Pines, 1994), and p l3  and p40 are believed to have similar roles 

in yeast (Li et al., 1994). It is now thought that in almost all non-transformed 

m am m alian cells, cdks and cyclins exist in quaternary complexes w ith p21 

and PCNA (Proliferating Cell Nuclear Antigen) (Pines, 1994).

PCNA is a highly conserved nuclear protein found at elevated levels in 

rapidly dividing, but not quiescent cells (Prelich and Stillman., 1988). The 

localisation of PCNA corresponds with sites of DNA synthesis, indeed PCNA
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is thought to activate DNA replication on the leading strand by interaction 

with DNA polymerase ô, the principal replicative DNA polymerase (Olins et 

aL, 1989; Prelich and Stillman., 1988; Waga et al., 1994; Bravo and Macdonald- 

Bravo, 1987). It has been proposed that the action of p21 centers around its 

ability to directly inhibit PCNA's activation of DNA polymerase ô as well as 

controlling cylin dependent kinase activity, thus providing a link between 

DNA replication and the cyclin/cdk complexes required for the initiation of 

S-phase (Waga et al., 1994).

PCNA also has a role in mediating the DNA repair mechanism (Toschi 

and Bravo, 1988), and it is thought that this is caused by binding of p21 (Waga 

et al., 1994). Levels of p21 are controlled at the transcriptional level by the 

tum our-suppressor protein, p53, and in tum our cells which have lost p53 

activity, amounts of p21 are greatly reduced or completely absent (Waga et al., 

1994; Li et al., 1994). A model has been proposed where DNA damage activates 

p53 which in turn activates p21 which can then act in two ways- first by 

inhibition of cdk to prevents cells from entering S phase and secondly by 

inhibiting PCNA from initiating DNA replication, via its action on DNA 

polym erase 5 (Pines, 1994). This system w ould therefore ensure dam age 

repair before further DNA replication (Pines, 1994). In tum our cells, this 

control system is lost, resulting in abnormal DNA replication and loss of co

ordination between cell cycle progression and genome replication (Waga et 

al., 1994).

C. Nuclear Proteins and the Cell Cycle

(i) Nuclear Matrix and Associated Proteins: During the cell cycle 

the nucleus undergoes dramatic structural changes and as a num ber of critical 

nuclear functions such as DNA replication and transcription as well as 

mitotic events are associated with the nuclear matrix, a num ber of matrix 

components may be altered during the cell cycle (Loidl and Eberharter, 1995;
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Chaly et al., 1984). It is also thought that certain regulatory proteins may 

transiently associate with the matrix at distinct stages of the cell cycle, possibly 

representing an additional level of control over nuclear events (Loidl and 

Eberharter, 1995).

The use of monoclonal antibodies against non-lam in components of 

the nuclear matrix revealed specific localisations of different antigens during 

m itosis, show ing some dispersed throughout the cytoplasm  and others 

associating w ith chrom atin, supporting a role for the m atrix in spatial 

organisation of nuclear events (Chaly et al., 1984).

This was developed further by the use of electron microscopy which 

dem onstrated that the morphology of the nuclear matrix changes during the 

cell cycle of Physarum polycephalum (Lang et al., 1993). Matrices were seen to 

retract to the nuclear periphery during mitosis, gradually reorganising from 

the periphery throughout S phase and becoming more prom inent in later 

stages of the cell cycle (Lang et al., 1993). In contrast, the protein composition 

of the matrix and the synthesis of many of the most abundant matrix proteins 

were found not to vary in a cell cycle dependent manner with the majority of 

proteins being continuously synthesised (Lang et al., 1993).

However, cell cycle dependent m atrix protein expression has been 

observed in mammalian cells at the transcriptional level, as mRNA from a 

num ber of distinct non-lamin matrix associated polypeptides were found to 

have increased levels in S phase, suggesting that S phase is the major cell 

cycle phase for the synthesis of matrix proteins (Bludau et al., 1986). For 

exam ple, in itiation of synthesis of num atrin , a 40kD m atrix-associated 

protein, correlates with early Gi events, reaching a plateau at the onset of S- 

phase, and declining towards the end of S-phase (Feuerstein et al., 1988). It has 

been postulated that as the peak of num atrin accumulation is in S-phase and 

as it displays DNA binding activity, num atrin may have a role in S-phase 

processes such as DNA replication (Feuerstein et al., 1990; Feuerstein et al..
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1988).

The phosphoprotein encoded for by the PML gene showed significantly 

increased levels of expression in Gi compared to S, Gi and M w hen analysed 

by immunofluorescence following synchronisation (Chang et al., 1995). pl90, 

a matrix associated protein which shows spliceosome localisation is expressed 

at its highest level following growth arrest by serum starvation and density- 

dependent inhibition, whereas levels are down-regulated following re-entry 

into the cell cycle (Brancolini and Schneider, 1991).

Mitosis has been shown to induce changes in expression of m atrix 

associated proteins such as CENP-F (Centromere Protein-F), a constituent of 

the kinetochore, a m acrom olecular struc tu re  involved in connecting 

chromosome centromeres to the m icrotubules of the m itotic spindle and 

generating the force required for mitotic chromosome m ovements (Liao et 

al., 1995). CENP-F levels were undetectable in early stages of the cell cycle, 

gradually increasing throughout Gi, reaching a peak in M phase, followed by 

rap id  degradation , reflecting its role during  M -phase in the nuclear 

organisation events associated with cell division (Liao et al., 1995).

Also NuM A, d istribu ted  th ro u g h o u t the nucleoplasm  d u rin g  

interphase, w ith the exception of the nucleoli, undergoes mitosis-specific 

changes (Compton and Cleveland, 1994; Cleveland, 1995). At the onset of M- 

phase, NuMA is released out of the disassembling nuclear envelope, where it 

associates w ith the microtubules of the mitotic spindle until late mitosis, 

w hen it is im ported back into the nucleus via the nuclear pores (Compton 

and Cleveland, 1994; Cueth-Hallonet et al., 1996). Its distribution during the 

cell cycle and its high abundance suggest NuM A m ay be involved in 

m aintenance of the bipolar spindle apparatus and nuclear reform ation 

following m itosis (Cleveland, 1995: Com pton et al., 1992; C om pton and 

C leveland , 1995). In teresting ly , the dynam ic cell-cycle d ep en d en t 

redistribution of NuMA correlates with its phosphorylation which reversibly
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changes the 220kD interphase protein into a 240kD phosphoprotein in early 

mitosis, after which migration occurs (Hsu and Yeh, 1996).

The Retinoblastoma gene product (Rb) has been described as a 

tum our supressor due to its m utation in m any transform ed cells and is 

believed to be involved in cell cycle regulation (Mancini et al., 1994). Rb is a 

major target for several viral onco-proteins such as SV40 large T-antigen and 

adenovirus El A (Welch and Wang, 1993). Its activity as a growth supressor is 

inactivated by phosphorylation as it can only bind these molecules w hen in 

its hypophosphorylated form (Welch and Wang, 1993). During the cell cycle, 

Rb was found to be totally unphosphorylated in Gi, becoming phosphorylated 

in early S-phase until becoming dephosphorylated again at some point during 

late mitosis (Ludlow et al., 1990; Mancini et al., 1994). Interestingly, the onco

proteins which bind unphosphorylated Rb also bind to the nuclear matrix 

and the unphosphorylated form of Rb was found to associate with the nuclear 

matrix in Gi only, suggesting a cell-cycle dependent interaction occurs on the 

nuclear matrix (Mancini et al., 1994; Ludlow et al., 1990).

In m alignancy, m utations prevent b inding  of Rb to the m atrix, 

although the full significance of this is not yet understood (Mancini et al.,

1994). It has been suggested that matrix proteins may provide ''docking sites" 

for Rb where Rb can sequester transcription factors and growth prom oting 

factors in Gi until phosphorylation of Rb causes its disassembly from the 

matrix, subsequent release of these factors and cell cycle progression (Mancini 

et al., 1994; Shirodkar et al., 1992).

c-myc protein, a proto-oncogene product, over-expressed in m any 

tum ours, has also been found to associate w ith the nuclear matrix in a cell- 

cycle-dependent way (Waitz and Loidl., 1991). Expression of c-myc is constant 

during the cell cycle, but the protein appears to associate with the matrix only 

during S-phase, reflecting its proposed role in regulating DNA replication 

(Waitz and Loidl., 1991).
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The nuclear matrix is believed to undergo a significant am ount of 

ADP-ribosylation, a post-translational modification of proteins involved in 

DNA replication and transcription events (Golderer et al., 1991). Significantly, 

this ADP-ribosylation shows a marked increase in S-phase arrested cells, in 

agreem ent w ith the hypothesis suggesting a role for the nuclear matrix in 

DNA replication (Golderer et al., 1991; Cook, 1991). The nuclear matrix is also 

though t to be a site of cell cycle-dependent in tranuclear p ro te in  

phosphorylation, found to be highest in Gz, immediately before the onset of 

mitosis. It has been proposed that this may have significance for in vivo 

mitotic events (Henry and Lodge, 1983).

(ii) O ther N uclear Proteins: N on-m atrix  associated nuclear 

proteins do not require nuclease and salt extraction in order to be recognised 

and a num ber have been shown to have cell cycle dependent expression or 

redistribution (Warren et al., 1992). For example, p38-2G4 has been identified 

as a novel 38kD nuclear protein in a mammalian system (Radomski and Jost,

1995). Between Gi and m id S-phase, imm unofluorescent staining for this 

pro tein  revealed intense granules, followed by a slightly less abundant 

punctuate staining towards the end of S and no staining by the beginning of 

G 2 (Radomski and Jost, 1995). This inform ation, com bined w ith  data 

indicating its DNA binding activity, suggests p38-2G4 m ay be involved in 

some way in replication factories (Radomski and Jost, 1995; Hozak et al., 1993).

A nother nuclear protein, Ki-67 is believed to have proliferation 

dependent expression, as it is absent in quiescent cells (Go) and present in 

dividing cells at all other stages of the cell cycle (Schliiter et al., 1993). This 

large protein also shows variable distribution, during Gi it localises to the 

perinuclear region, whereas later in the cell cycle is found in the interior of 

the nucleus, possibly associating w ith the m atrix and w ith chromosomes 

during mitosis, indicating a potential role in maintenance or regulation of
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the cell cycle (Schliiter et al., 1993).

The product of the ra d ii  gene in yeast has been show n to have 

maximum levels of mRNA and protein at the transition between Gi and S 

phases, w ith phosphorylated forms of the protein appearing only after S 

phase (Birkenbihl and Subram ani, 1995). It is though t that the fully 

phosphory la ted  form  is m ost im portan t in perform ing  its function  

concerning DNA double stranded break repair (Birkenbihl and Subramani,

1995). Two other nuclear proteins, p42 and p38 have been found to associate 

w ith p53 forming a complex which is more abundant in S-phase and less 

abundant during Gi and M, perhaps reflecting a role in prom otion of cell 

growth by allowing entry into S phase (Chen et al., 1994).

The MCM family of proteins in yeast are thought to play a role in 

initiating DNA replication, reflected in their subcellular distribution, they 

enter the nucleus at the end of M phase, and leave at the G i/S  boundary  

(Starborg et al., 1995; Kimura et al., 1994). In contrast, the m am m alian 

equ iva len t, P I, is p resen t in the nucleus th ro u g h o u t in te rphase , 

accumulating transiently in heterochromatic regions during Gi, indicating a 

role prior to the initiation of replication (Starborg et al., 1995). Further 

evidence suggests PI is regulated by phosphorylation and may be a kind of 

"licensing factor", limiting the chrom atin to replicate once per cell cycle 

(Kimura et al., 1994).

A nother p ro tein  believed to shu ttle  betw een the nucleus and 

cytoplasm  during  the cell cycle is pendulin , found exclusively in the 

cytoplasm during interphase until the Gz/M  boundary where it translocates 

into the nucleus, d istributing throughout the nucleoplasm  (Kiissel and 

Frasch, 1995). Pendulin has been shown to be required for norm al cell 

pro liferation  and sequence sim ilarities to im portin  suggest a role in 

transportation of karyophilic proteins (Kiissel and Frasch, 1995).

Proto-oncogene products c-myc and c-fos, and replicative proteins
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PCNA and DNA polym erase a  were also show n to display cell cycle 

dependent nucleus-cytoplasm exchange (Vriz et ah, 1992). When proliferation 

was arrested by serum  starvation, these proteins were found to leave the 

nucleus and enter the cytoplasm, returning to the nucleus on resum ption of 

the cell cycle (Vriz et ah, 1992). This change in distribution may be due to 

changes in nuclear pore com position a n d /o r  structure  of the nuclear 

envelope (Vriz et ah, 1992). In tranuclear d istribu tion  of PCNA w as 

investigated, revealing a detergent extractable population  and a second 

population, apparently tightly associated w ith a structural component of the 

nucleus during S-phase, most likely to be replication sites, thus highlighting a 

role for PCNA in DNA replication (Bravo and Macdonald Bravo, 1987; Toschi 

and Bravo, 1988).

At the onset of mitosis, a novel nuclear protein, mitosin is believed to 

play an im portant role as it is only present in S and Gz/M  phases, where it 

becomes phosphorylated and is rapidly degraded following mitosis (Zhu et ah,

1995). Mitosin also exhibits spatial reorganisation to the centrom ere and 

spindle region, coinciding with an increase in phosphorylation, suggesting a 

possible role in chromosome segregation (Zhu et ah, 1995). MSA-36 is 

localised to chromosomes during early mitosis, and becomes associated with 

the spindle apparatus during anaphase, later in mitosis (Rattner et ah, 1992). 

Data suggests this protein is not required for major chromosome events and 

thus may be a chromosome passenger (Rattner et ah, 1992).

Cytostellin, a highly conserved 240kD phosphoprotein  is seen by 

immunofluorescence in the nucleus of mam m alian cells during interphase, 

bu t at the onset of mitosis localises to discrete sites, or "bodies", throughout 

the cytoplasm and also forms a distinctive ring around the mitotic spindle 

apparatus (Warren et ah, 1992). It has therefore been postulated that during 

cell division, cytostellin moves to interact w ith cytoskeletal and spindle 

apparatus proteins (W arren et ah, 1992). Further investigation revealed
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cytostellin localisation to intranuclear regions, enriched with splicing factors, 

during interphase which co-localise to discrete sites throughout the cell 

during parts of Gi and mitosis, suggesting a function related to mRNA 

biogenesis (Bregman et al., 1994).

Alterations in localisation of nucleolar proteins during the cell cycle 

have also been investigated as it is known that nucleoli undergo drastic 

structural changes during the cell cycle (Pai et al., 1995; Li and Yeh., 1992). For 

example, much of the highly phosphorylated pl30 is believed to be degraded 

during  m itosis, w ith  the rem ainder being further phosphory lated  and 

dispersed throughout the cytoplasm (Pai et al., 1995). Late in mitosis, pl30 can 

again be recognised in prenucleolar granular bodies which m igrate tow ards 

the nucleoli in early G i, h ighlighting a possible function rela ting  to 

nucleogenesis (Pai et al., 1995).

Amounts of the DNA-binding protein, Ku80 in the nucleoli were low 

at the G i/S  boundary but seen to increase tow ards late S or Gz as they 

m igrated from the nucleoplasm, reaching a peak prior to mitosis, before 

nucleolar disintegration (Li and Yeh., 1992). Another nucleolar protein, P120 

has been show n to be proliferation dependent, w ith steady-state levels of 

expression being considerably higher in transform ed cells than in norm al 

fibroblasts (Fonagy et al., 1993). Cell cycle arresting studies revealed low 

expression in early Gi, w ith a dramatic increase at the G i/S  boundary , 

reaching a peak in S phase, suggesting a function in DNA replication or 

regulation of entry into S phase (Fonagy et al., 1993).

(iii) Nuclear Lamins: Due to the dramatic changes in structure 

which the nuclear envelope undergoes during mitosis, the nuclear lamins 

are obvious candidates for nuclear proteins involved in cell-cycle regulatory 

pathw ays (Loidl and Eberharter, 1995). At the onset of m itosis, lam in 

phosphorylation occurs at two serine residues on the lamin molecule, located
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at either side of the central a-helical rod domain (McKeon, 1991; Nigg, 1992). 

It has been suggested that the effect of phosphorylation of ser-392 and ser-22 is 

to cause conformational changes which are transm itted from the ends of the 

a-helices into the centre of the a-helix itself, causing d isruption of lamin 

packaging (McKeon, 1991).

The identity of the lamin kinase has been determined and it is thought 

to be M aturation Promotion Factor (MPF), which phosphorylates the key 

serine residues at the onset of mitosis (Dessev, 1992). This mechanism was 

investigated in vitro, using bacterially expressed hum an lam in C which 

displayed increased amounts of phosphorylation and filament disassembly in 

response to the addition of MPF from frog egg extracts (Ward and Kirschener,

1990). Other kinases have been implicated in lamin phosphorylation, such as 

a casein kinase II type kinase in pea nuclei which phosphorylates lamin A as 

well as S6  kinase II, believed to act on hum an lamin C (Li and Roux, 1992; 

W ard and Kirschener, 1990; Nigg, 1992). Likewise, dephosphorylation has 

been shown to cause re-formation of the lamins at the end of mitosis (Loidl 

and Eberharter, 1995; Stewart et al., 1991).

There is also evidence that lamin B displays dynamic properties during 

S phase, as lamin B containing foci are seen to associate w ith sites of DNA 

replication in mid to late S phase, but not in Gi (Moir at al., 1994). This reflects 

a potential role for lamin B, but not for lamins A or C, in the organisation of 

replicating chromatin during S-phase (Moir at al., 1994).

Investigation of the role of Lamin Associated Proteins (LAPs) during 

the cell cycle has revealed p58 to be constitutively phosphorylated during 

interphase and hyperphosphorylated during mitosis, possibly indicative of 

the ability of p58 to bind to lamins, as binding during interphase is facilitated 

by the degree of phosphorylation (Georgatos et al., 1994). LAPs are also 

phosphorylated during mitosis, which is thought to inhibit their binding to 

lam ins and chrom atin (Loidl and Eberharter, 1995). These proteins may
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perform  a key role in nuclear envelope reassembly after mitosis (Loidl and 

Eberharter, 1995).
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Chapter 2

MATERIALS AND METHODS

2.1.1 Abbreviations

APS Am m onium  persulphate

BSA Bovine Serum Albumin

CHAPS 3-[(3-cholamidopropyl) dim ethyl-am m onio}-l-propansulponat

ddH 2 0  Distilled, deionised water

DMEM Dulbecco's Modified Eagle's Medium

FACS Fluorescence Activated Cell Sorter

2-ME 2-mercaptoethanol

NP-40 Nonidet P-40

PBS Phosphate Buffered Saline

REF Rat Embryo Fibroblast

SDS Sodium doedecyl sulphate (sodium lauryl sulphate)

SDS-PAGE SDS-p olyaerylamide gel electrophoresis

TEMED N ,N ,N ',N ',-tetram ethylethylenediam ine

Tris T ris-hy droxy methylam ine

2.1.2 Buffers and Solutions

All solutions were prepared using distilled-deionised water and were stored 

at room tem perature (20°C) unless otherwise stated. Solutions are listed 

overleaf, alphabetically.
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SOLUTION COMPONENTS

Acrylamide Aery lamide /  Bisacry lamide 

solution (37.5:1). Made from pre

weighed powder (BioRad) by 

adding ddH20 and stirring for 30 

minutes at room tem perature. 

Stored at 4°C in foil wrapped 

bottles.

Am m onium  persulphate (APS) 10%(w/v) APS (BioRad) 

freshly prepared on day of use.

Buffer P 2mM MgCl2, ImM  ATP, ImM  

EGTA, 12mM K Phosphate buffer, 

pH 6 .8 .

Coomassie Blue Stain 50% (v/v) methanol (BDH), 10% 

(v/v) glacial acetic acid (BDH), 

0.05% (w /v) coomassie Brilliant 

Blue R (Sigma).

Destain 30% (v/v) methanol (BDH), 10% 

(v/v) glacial acetic acid (BDH).

Dulbecco's Modified Eagle's 

M edium (DMEM)

Commercially purchased and 

stored at 4°C.
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Electroblot Transfer 

Buffer

25mM Tris base (Sigma), 192mM 

glycine (Sigma), 20% (v/v) 

methanol (BDH); pH~8.3.

Laemmli Sample Buffer 80mM Tris-Cl pH  6 .8 , 2.3% SDS 

(Pierce), 0.002% bromophenol blue 

(BDH), 1.42M 2-mercaptoethanol 

(BDH), 20% glycerol (Fluka) 

(Laemmli, 1970). Made fresh on day 

of use.

Laemmli Running Buffer Ix 25mM Tris Base, 192mM glycine 

(Sigma), 0.1% SDS (Sigma), pH~8.3.

2 -m ercaptoethanol 14.2M 2-ME (BDH). Stored at 4°C in 

dark bottles.

Phosphate Buffered Saline IxPBS. 137mM NaCl (Sigma), 

2.7mM KCl (Sigma), 8 mM 

N aH 2P0 4  (Sigma), 1.45mM 

KH2PO4 (Sigma); pH>7.5.

2 .2  Tissue Culture

2.2.1 M edia and Plastics: All m edia used in these experiments were 

supplied by Sigma and stored at 4°C. Unless otherwise indicated, media were 

supplem ented w ith 10% foetal calf serum  (ECS) (Sigma) which had been 

previously heat treated at 56°C for 30 m inutes to inactivate complement, 

aliquoted and stored at -20 °C. Also added to DMEM were 4000 un its /litre

59



penicillin (Sigma), 4000|Xg/litre streptom ycin (Sigma) and 584m g/litre  

glutam ine (Sigma).

Cells were cultured in 25cm^, 75cm^, or 175cm^ tissue culture flasks 

(Gibco). For suspension culture experiments, cells were cultured in 10cm 

diam eter tissue culture petri dishes (Falcon) which had been smeared w ith 

high vacuum  silicon grease (Beckman). All cell washing and centrifugation 

steps were carried out in 27ml universal tubes (Sterilin).

2.2.2 Cell lines and Secondary Cell Cultures

Origin/Species Cell Type Supplier

Swiss 3T3 M ouse Fibroblast ICRF

3T3 SV40 M ouse Virally

transform ed

fibroblast

ICRF

REF E15 rat embryo Secondary

fibroblast

'in-house '

Table 1 : Cells used in these investigations.

2.2.3 Cell Passaging: The medium from adherent cells was removed 

from flasks by aspiration, cells were rinsed briefly w ith Ix Trypsin-EDTA 

solution (Sigma) which was then discarded and replaced with 5-10ml fresh 

trypsin-EDTA solution. The flasks were incubated at 37°C for 5-10 minutes 

until all cells had dissociated from the substrate, and transferred to universal 

tubes containing an equal volume of DMEM +10% ECS, to inactivate the
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trypsin. The resultant cell suspension was centrifuged in an MSE benchtop at 

150g for 10 minutes at room temperature. Pellets were resuspended gently in 

fresh m edium  and counted using a N eubauer haemocytometer. Cells were 

replated at the required concentration, depending on the experiment and cell 

type involved. All cultures were grown in a 37°C hum idified incubator 

(LEEC) in an atmosphere of 5% CO2 and 100% humidity.

2.2.4 Cell Storage; Freezing and Thawing: After harvesting cells were 

counted, pelleted at 150g for 10 minutes and resuspended in 90% ECS with 

10% DMSO (Sigma, cell culture grade) at a concentration of 1x10^ cells/m l. 

1ml aliquots were transferred to 1.5ml screwtop freezing vials (Nunc) which 

were insulated and cooled slowly to -85°C over a 24 hour period. Cells were 

stored under liquid nitrogen (-196°C) indefinitely. Cells were thawed rapidly 

in a 37°C waterbath, transferred to universal tubes containing DMEM + 10% 

ECS, pelleted at 150g for 10 minutes, then resuspended and replated as above.

2.2.5 Rat Embryo Fibroblast (REF) Production: Secondary REEs were 

used for in this study. These were derived from sterile dissection of 15 day old 

rat embryo limb-buds. The limb buds were removed using sterile scissors and 

forceps and rinsed in an excess of DMEM + 10% ECS. The limbs were teased 

apart by shearing w ith two 2 1  gauge needles until no lum ps of tissue 

rem ained. The resulting cell suspension was transferred to 175cm^ flasks 

containing DMEM +10% ECS and incubated at 37°C until confluent. The cells 

were then passaged, and maintained in flasks or frozen for storage. Cells were 

generally discarded between passage numbers 10 and 15.
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2.3 Antibodies

2.3.1 Anti-C4 Monoclonal Antibody: The anti-C4 monoclonal antibody 

was raised against chicken gizzard homogenate (Lawson, 1983). Briefly, the 

gizzard hom ogenate was mixed w ith Freund 's adjuvant and repeatedly 

injected into Balb/c mice over an eighty-seven day period at which point 

extracted lymphocytes were fused with immortal SP2 cells, selected and then 

cloned by lim iting  d ilu tion . Those clones p ro d u c in g  s ign ifican t 

im m unofluorescent patterns in perm ealised 3T3 cells were selected and 

frozen for further characterisation (Lawson, 1983).

2.3.2 Anti-C4 Polyclonal Antibody: The anti-C4 polyclonal antibody was 

generated by Shapland et al. (1993) from a partially purified fraction of sheep 

aorta  w hich w as dialysed overn ight into 50mM Tris base, pH  7.5, 

electrophoresed on 3mm thick 12% SDS-PAGE gels and the band containing 

transgelin excised and rinsed in Tris base, pH  6 .8 . The band (cut into small 

pieces) was then electroeluted into Ix Laemmli running buffer (25mM Tris 

base, 192mM glycine, 0.1% (w /v) SDS) in dialysis tubing (Spectra/por), acetone 

precipitated and injected into rabbits over a three m onth period. A DEAE 

(W hatman) prepared IgG fraction was passed over an affinity colum n of 

purified transgelin (2mg) coupled to Affigel (BioRad), eluted w ith 50mM 

diethylam ine (Sigma), pH  11.5, immediately neutralised w ith IM  Tris.HCl 

(pH 7.5), dialysed into PBS and concentrated by millipore filtration.

2.4 Im munofluorescence

This method is included by kind permission of Dr D. Lawson, and was carried 

out by him.

2.4.1 Labelling of Cytoskeletons: REF cells were plated onto uv sterilised 

13mm diam eter sterile coverslips (BDH) in 24-well dishes (Falcon) at a 

concen tra tion  of 2.5x10^/m l in DMEM, for 4 days. Cells w ere then
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permeabilised in 0.1% TritonX-100 in 50mM KCl, 4mM MgCl2 , Im M  EGTA, 

lOmM imidazole pH7, ImM  NaNg (Sigma). Cells were rinsed, plunged into 

methanol at -20°C, rehydrated, incubated in block buffer (0.3% BSA, lOOmM 

lysine in PBS) and probed w ith mouse anti-C4 m onoclonal antibody at a 

concentration of SOpg/ml in PBS + block buffer. Following this they were 

incubated w ith  goat anti-m ouse IgG specific antibody conjugated to 

rhodamine (Cappel Laboratories) at a concentration of 50 |ig/m l and incubated 

in a 1 : 1 0  dilution of phalloidin/fluorescein, rinsed and m ounted onto glass 

slides in 20% gelvatol (Polyvinyl alcohol, supplied by Montsanta Polymers). 

Coverslips were visualised on a Nikon O ptiphot fluorescence microscope 

w ith 60x objective and lOx eyepiece.

2.4.2 D etergen t Extraction: REEs were plated on coverslips and 

permeabilised as above. Cells were extracted in Buffer P + /- 60mM KCl + 0.5% 

CHAPS or 0.1% Saponin, rinsed, plunged into m ethanol at -20°C, then 

rehydrated The cells were then incubated in block buffer (as above), probed 

w ith 20 |ig /m l monoclonal anti-C4 antibody, rinsed and incubated w ith IgG- 

specific goat anti-mouse rhodamine at a dilution of 1 in 1 0 0  in block buffer. 

Cells were then incubated in a 1:10 dilution of phalloidin/fluorescein, rinsed, 

m ounted onto glass slides in 2 0 % gelvatol and visualised as above.

2.5 Sample Preparation for SDS-PAGE

2.5.1 Total Cells: All cells used for these experiments were cultured as 

described in Sections 2.2.1/2.2.3 until almost confluent, before harvesting. 

Cells were transferred into a universal tube, washed in 25ml Ix PBS, pelleted 

by centrifugation in an MSE benchtop at 150g for 10 minutes, resuspended in

1.5 ml PBS with protease inhibitors (see section 2.5.3) and transferred to a 

1.5ml microfuge tube. After pelleting by centrifugation (6000g for 20 seconds
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in an MSE MicroCentaur) the final pellet was resuspended in two volumes of 

Laemmli sample buffer and boiled for 3 minutes before freezing at -20°C.

2.5.2 N uclear Preparation by D etergent Extraction: Intact cells were 

processed as in Sections 2.2.1 and 2.2.3 and a control sam ple rem oved, 

resuspended in laemmli sample buffer and frozen. Nuclei were isolated from 

rem aining intact cells by extraction with one the following detergents which 

permeabilise cellular membranes.

(a) 0.5% CHAPS (Boehringer Mannheim).

(b) 0.1% Saponin (Sigma).

(c) 0.1% Nonidet P-40 (Sigma).

(d) 1% Triton X-100 (Sigma).

Cells were gently resuspended in 2  volum es of the required detergent 

solution in PBS with protease inhibitors (see section 2.5.3) and incubated on 

ice for 20 minutes. To separate the insoluble nuclear pellet from the soluble 

cytoplasmic com ponent the sample was then pelleted by centrifugation 

(13,000g, MSE MicroCentaur, for 15 minutes at 4“C). The soluble supernatant 

was then removed using a draw n pasteur pipette and transferred to a fresh 

1.5ml microfuge tube. The nuclear pellet was resuspended in 2 volumes of 

Laemmli sample buffer and lOOpl of Laemmli sample buffer was added to the 

supernatant. Both samples were boiled for 3 m inutes before freezing. The 

samples were then run on a test mini gel which was subsequently stained in 

Coomassie blue and destained (see section 2.9.1).
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2.5.3 Protease Inhibitors: All cell extractions were carried out in PBS 

containing a spectrum  of protease inhibitors which were m ade as stock 

solutions in ddH 2 0 , aliquoted and stored at -20°C (unless otherwise stated).

Inhibitor Target W orking Cone. Stock

AEBSF

(Melford)

serine

proteases

Im M lOOmM

A protin in

(Sigma)

serine proteases 2 p g /m l 1 2 m g/m l

Benzam idine

(Sigma)

thrombin and 

trypsin

15|ig/m l 15m g/m l

Chym ostatin

(Sigma)

chymotrypsin 2 p g /m l 5m g/m l 

in DMSO

EDTA

(Fluka)

metalloproteases 0.2mM 0.5M, RT

Leupeptin

(Sigma)

serine & thiol 2 |ig /m l 5m g/m l

Pepstatin A

(Sigma)

serine

proteases

2 p g /m l 5m g/m l in 
m ethanol

Table 2 : Protease Inhibitors.

2 .6  Cell Cycle Arresting

Cells were cultured as in Sections 2 .2 .1  and 2.2.3, and treated with metabolic 

inhibitors or changes in culture conditions to arrest them at distinct phases in 

the cell cycle.
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2.6.1 Serum Starve (blocks in Go/Gi): Cultured cells (in DMEM + 10% 

ECS) were aspirated, washed in serum free DMEM and refed w ith DMEM + 

0.2% ECS for 48 hours (Lamb et al., 1990).

2 .6 .2  Lovastatin (blocks in Gi): Lovastatin (Merck, Sharp and Dohme 

Research Pharm aceuticals) was first converted from its inactive lactone 

prodrug form to its active dihydroxy open acid from by dissolving 52mg in 

1.04 ml ethanol (95%) and adding SlSpl of IN  NaOH. The resulting solution 

was neutralised with IN  HCl to pH 7.2 and brought to a volume of 13ml with 

d d H 2 0 . This stock (lOmM) was then aliquoted and frozen. Lovastatin was 

added to m edium  to a concentration of 20|xM and cells incubated w ith the 

drug for 36 hours (Keyomarsi et al., 1991).

2.6.3 A phidicolin  (blocks in  Gi/S): Cells were cultured in m edium  

containing aphidicolin (Sigma) at a concentration of Ip g /m l, for 24 hours 

(Golsteyn et al., 1995).

2.6.4 D ouble Thym idine Block (blocks in S): Cells were cultured to 

alm ost confluence then cultured w ith m edium  containing 2mM thym idine 

(Sigma) for 24 hours, aspirated, washed in thym idine free m edium  and 

cultured  in thym idine free m edium  for a fu rther 24 hours. M edium  

containing 2mM thymidine was again added and the cells incubated for a 

final 24 hours (Golsteyn et al., 1995).

2.6.5 Nocodazole (blocks in  M): Cells were cultured for 48 hours in 

m edium  containing nocodazole (Sigma) at a concentration of O .lpg/m l (Poon 

et al., 1995).
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2 .6 .6  Post arresting: Following cell cycle arresting treatments, the cells 

were harvested by trypsinisation (see section 2.2.3) and counted using a 

N eubauer Haemocytometer. Ix 10^ cells were pelleted by centrifugation, the 

m edium  drained off and vortexed in 1 ml -20°C 70% ethanol for fixing. Fixed 

sample were stored at -20°C for analysis by FACS. The remaining cells were 

separated into a control total cell sample and a sample for detergent extraction 

(see sections 2.5.1/2.5.2).

2.6.7 Propidium  Iodide Staining and FACS analysis: Fixed Cells were 

pellet by centrifugation, the supernatan t rem oved and sta ined  w ith  

propidium  iodide (PI, a DNA specific dye) containing stain solution (0.2 

m g /m l PI (Sigma), 5m g/m l RNase (DNase free. Sigma) in PBS and incubated 

for 30 minutes in the dark. Cells were analysed by a Coulter EPICS Elite Flow 

cytometer (Coulter Electronics) using Coulter workstation software, version 

4.0. Cells were illuminated with a 488nm argon ion laser and fluorescence 

data was collected between 565 and 585nm. Traces displayed show a profile of 

at least 1 0 ,0 0 0  cells and low level discrimination was used to discard data from 

cell debris. By staining DNA with propidium  iodide the DNA content of cells 

can be m easured and as DNA content varies du ring  the cell cycle, 

m easurem ent of relative DNA content by FACS analysis can quantitate the 

percentage of cells which are blocked in each phase. The FACS machine is 

unable to sort cells in Gi from those in Go, or those in G2 from those in M.

2.7 Nuclear Solubilisation

To solubilise nuclear u ltrastructu re  the follow ing conditions for cell 

extraction were used, always in the presence of protease inhibitors (Section 

2.5.3).
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2.7.1 Nuclease Digestion

(i) DNase I (0.25mg/ml) (Sigma) and RNase A (0.25mg/ml) (Sigma) in 

PBS with 0.5% TritonX-100 (Mirzayan et al., 1992)

(ii) DNase I (0.25mg/ml) and RNase A (0.25mg/ml) in Digestion Buffer 

lOmM PIPES, pH  6 .8 , 50mM NaCl, 300mM sucrose, 3mM EGTA, 0.5% 

TritonX-100 (all Sigma), with DNasel (0.25mg/ml) and RNaseA (0.25 m g/m l), 

(He et al, 1990; Mirzayan et al., 1992).

2.7.2 Salt Extraction

(i) 0.2M NaCl (Sigma)+ Digestion Buffer (Mirzayan et al., 1992)

(ii) l.OM NaCl + Digestion Buffer (Mirzayan et al., 1992)

(iii) 2.0M NaCl + Digestion Buffer (Mirzayan et al., 1992)

2  volumes of buffer/volum e total cells were added in each experim ent in 

sections 2.7.1 and 2.7.2 and the cells incubated for 1 hour at room temperature. 

In experiments 2.7.1, (i) and (ii), and 2.7.2 (i) and (ii), centrifugation was then 

carried out at 13,000g for 30 minutes (room tem perature). The soluble and 

insoluble com ponents were separated and prepared  for SDS-PAGE (see 

section 2.5.2) and the soluble supernatant samples treated w ith the Wessel 

Flugge extraction procedure (see section 2.9.3), in order to remove excess salt 

before SDS-PAGE (see section 2.9.1). In experiment 2.7.2 (iii), the insoluble and 

soluble cellular components would not fully separate by centrifugation at 

13,000g so the sample was centrifuged at 30,000g using a Beckman Airfuge for 

1 hour.
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2.8 Suspension Culture

To prevent the cell adherence of fibroblasts in culture, REFs/Swiss 3T3s were 

plated at a concentration of 1 x 1 0 ^/m l onto petri dishes which had been 

coated w ith high vacuum  silicon grease (Beckman). Cells were cultured in 

suspension for 72 hours then either prepared for detergent extraction (see 

section 2.5.2) and SDS-PAGE (see section 2.9.1), or returned to norm al 

adheren t culture, follow ing centrifugation and resuspension  in fresh 

m edium. Cells were returned to adherent culture for up to 72 hours before 

detergent extraction and SDS-PAGE.

2.9 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

2.9.1 Gel Preparation and Electrophoresis: The equipm ent used was 

either a BRL V16 vertical run apparatus, for 17 x 13cm, 0.7mm thick 12% 

acrylamide gels; or a BioRad M iniprotean II vertical electrophoresis cell, for 

8 x6  cm, 0.7mm thick 12% acrylamide gels. The gel and buffer system used 

were based on those described by Laemmli (1970). The gels incorporated 12% 

(v /v )  acrylam ide, 377mM Tris.HCl (pHS.S), 0.1% (w /v ) SDS, 0.033% 

am m onium  p e rsu lp h a te  (APS) and  0.00033% (v /v )  N ,N ,N ',N ',-

tetram ethylethylenediam ine (TEMED). The m ixture was degassed under 

vacuum  prior to the addition of SDS, APS and TEMED. Gel was poured 

leaving space for a stacking gel (depth of teeth of comb plus 1 cm), overlayed 

w ith water saturated butan-2-ol and allowed to polymerise overnight. After 

polymerisation overlay was removed and the top of the gel was rinsed with 

ddH 2 0  to remove the butan-2-ol. A stacking gel consisting of 5.5% acrylamide, 

140mM Tris.HCl (pH 6 .8 ) was degassed, cross-linked with 0.1% (w /v) SDS, 

0.056% (w /v ) APS, 0.00056% (v /v) TEMED and poured directly onto the 

surface of the running gel and allowed to polymerise for 30 minutes at room 

tem perature.
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1 2 |xl of sample were loaded per track of the mini gels, and up to 22|l l 1 

per track on the large gels. Minigels were run  at 50 volts, constant voltage 

through the stacking gel, and 150V through the running gel. Large gels were 

run at 10mA constant current through the stacking gel and 20mA through 

the running gel. In both cases Laemmli running buffer was used. Gels were 

either stained in Coomassie blue stain (several hours or overnight at room 

tem perature), destained in 30% (v/v) methanol, 10% acetic acid and stored in 

7% (v/v) acetic acid or processed for immunoblotting.

2.9.2 Equalising Protein Loadings: A test mini-gel was run initially (see 

section 2.9.1) to determine amounts of protein in each sample in order to 

equalise protein loadings in the large gels (17xl3cm). Samples were then 

dilu ted  w ith  Laemmli sam ple buffer or concentrated by Wessel Flugge 

extraction (see section 2.9.3), as required. To confirm equal amounts of protein 

in each track, every sample was run in duplicate. Following SDS-PAGE, the 

gel was cut into two halves and one half stained in coomassie, the other 

processed for electroblotting (see section 2 .1 0 .1 ).

2.9.3 Concentration of Protein Solutions (Wessel & Flugge, 1984): If

required the supernatant sample was concentrated by the W essel/Flugge 

m ethod of protein extraction prior to further SDS-PAGE (see section 2.9.2). To 

150pl of d ilu te  protein  solution, in a m icrocentrifuge tube, 0.75ml of 

methanokchloroform (4:1) (both BDH) was added and vortexed vigorously. 

To this, 0.45ml of ddH 2 0  was added and again vortexed before centrifugation 

at 13000g for 1 m inute in a m icrocentrifuge (MSE M icroCentaur). The 

aqueous phase was then removed (leaving precipitated protein at the organic 

interface). A fu rther 0.45ml of m ethanol w as added , vortexed  and 

microcentrifuged at 13000g for 5 minutes. The supernatant was completely
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removed and the protein pellet air-dried before resuspension and boiling in 

Laemmli sample buffer and further SDS-PAGE.

2.10 Im m unoblotting

2.10.1 Electroblotting (Protein transfer to nitrocellulose membrane): For

protein blotting the same equipment was used for minigels and large gels cut 

to size. A BioRad Mini Trans-Blot electrophoretic transfer cell and LKB 2197 

power pack were used.

Gloves were worn at all stages of immunoblotting. On to the cathode of 

the transfer system cassette, one porous pad (prewetted) and one sheet of 

3MM filter paper were placed. The gel was rinsed briefly in electroblot transfer 

buffer, placed onto the filter paper and covered with one piece of 0.45pM pore 

size nitrocellulose filter (Schleicher and Schuell GmbH Dassel, ERG). The 

filter was cut to the exact size of the gel, a corner m arked for orientation, 

prew etted and placed on top of the gel. Finally, a further sheet of 3MM filter 

paper and two porous pads (all prew etted) were placed on top of the 

nitrocellulose filter. The transfer apparatus was assembled and a constant 

voltage of lOOV applied for 1 hour. The blot sandwich was disassembled, and 

the SDS gel stained in Coomassie blue to ensure that protein transfer was 

successful

2.10.2 Immunocytochemistry: Following transfer, filters were removed 

and placed directly into antibody block buffer (5% (w /v ) M arvel (dried 

skim m ed milk), 0.5% (v /v ) Tween-20 (Sigma), 0.1% (w /v ) sodium  azide 

(Sigma) in PBS. The nitrocellulose filter was blocked overnight (at 4°C) to 

reduce non-specific binding by saturating free binding sites.

After blocking, the filter was rinsed 3 times in 0.3% BSA (Sigma, 

Fraction V), 0.1% Tween-20 in PBS. The filter was then placed on a sheet of 

parafilm  and incubated in the prim ary antibody (polyclonal rabbit anti-C4,
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5 |ig /m l in 0.3% BSA, 0.1% Tween-20, 0.1% sodium azide) for 2 hours at room 

tem perature. Following this the filter was rinsed in 0.5% M arvel, 0.1% 

Tween-20 in PBS, w ith the wash changed 6  times over 30 m inutes, then 

incubated w ith second antibody (peroxidase-congugated whole anti-rabbit Ig 

from donkey (Amersham). This was at a concentration of 1:10,000 in 0.3% 

BSA, 0.1% Tween-20 in PBS and the incubation took place for 2 hours at room 

temperature. The filter was then rinsed in PBS (6 x over 30 minutes).

A m ixture of equal volumes of detection reagents for Enhanced 

Chemiluminescence (ECL), (Amersham) were prepared. The filter was then 

placed on Saranwrap and the reagents and poured onto the protein side of the 

filter. After 1 minute the reagents were drained off and the filter w rapped in 

fresh Saranw rap and photographed using Hyperfilm-ECL (Amersham). 

Exposure times were varied to produce images of varying intensity.
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Chapter 3

RESULTS

3.1 Background

Protein C4 is a highly conserved actin associated polypeptide doublet 

which is present in all cell types apart from skeletal muscle and erythrocytes. 

The higher molecular weight isoform (transgelin) is dow n regulated w hen 

norm al mesenchymal cells are transformed by DNA or RNA tum our viruses 

and w hen cells are grown in non-adherent conditions. Transgelin has been 

functionally characterised in vitro and shown to induce rapid gelation of 

actin filaments. C41 has yet to be functionally defined.

Previous imm unofluorescence studies have show n staining in the 

nucleus of fibroblasts w ith monoclonal anti-C4 antibody, which recognises 

both transgelin and C41. Further data has shown that after 15 minutes in 0.5% 

CHAPS, the cytoplasmic staining was removed, indicating that cytoplasmic 

PC4 is almost completely detergent soluble (Shapland et al., 1988), whereas the 

levels of nuclear staining were unaffected.

The objectives of this project were to confirm the presence of Protein 

C4 in the nucleus of fibroblasts, to study the expression of both nuclear and 

cytoplasmic PC4 during the cell cycle, and to try to determine the binding 

interactions of PC4 within the nucleus.

3.2 Identification of Protein C4 in the Nucleus of REFs

3.2.1 Im m unoblotting: The presence of nuclear PC4 was confirmed by 

SDS-PAGE (figure 1) and im m unoblotting (figure 2) follow ing nuclear 

preparation by detergent extraction w ith 0.5% CHAPS and 0.1% Saponin 

(methods, sections 2.5.2) which produced soluble and insoluble samples. As 

equal protein loadings were confirmed by the coomassie stained half of the
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gel (methods, section 2.9.2, figure 1), the intensities of the bands in different 

tracks of the corresponding immunoblot (figure 2) can be compared. The total 

REF sample (from a mixed population of cells grown in adherent culture for 3 

days, until almost confluent) provides a control and shows the presence of 

the PC4 doublet (figure 2, a). In accordance with previous work (Shapland et 

al, 1988), both  isoforms are present in equal am ounts, w ith transgelin  

occasionally slightly in excess of C41. CHAPS and saponin were found to have 

similar effects, both extracting cells to produce a similar amount of protein C4 

staining in the insoluble nuclear pellet to that in the soluble supernatant (Fig 

2 b,c,d,e), indicating both zwitterionic (CHAPS) and nonionic detergents 

(saponin) have similar effects.

3.2.2 Im m unofluorescence: Im m unofluorescence studies using the 

anti-C4 monoclonal antibody were carried out on RFFs (methods, section 2.4), 

known to have prominent arrays of actin stress fibers and so chosen for these 

studies. Studies show uniformly stained stress fiber bundles throughout the 

cytoplasm, indicating that PC4 distribution parallels actin (figure 3, methods, 

section 2.4.1). Following detergent extraction in 0.5% CHAPS (figure 4, 

methods, section 2.4.2), cytoplasmic staining for PC4 is reduced, while nuclear 

staining is still evident. Likewise, following extraction w ith 0.1% Saponin 

(figure 5, methods, section 2.4.2), cytoplasmic staining for PC4 is reduced, 

w hile nuclear staining rem ains. CHAPS and Saponin produce sim ilar 

staining patterns, suggesting equal am ount of cytoplasmic PC4 have been 

extracted by both zwitterionic and nonionic detergents (figures 4, 5).

N.B. Immunofluorescence images were kindly provided by Dr. D. Lawson.
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Figure 1 : Equal protein loadings in SDS-PAGE. Coomassie blue staining 

shows tracks loaded equally, (a) Total REFs, (b) n u c lea r pellet and (c) 

supernatant after extraction w ith 0.5% CHAPS. Also, pellet (d) and 

supernatant (e) after extraction with 0.1% saponin.

a b c d e

Figure 2 : Immunoblot analysis for presence of PC4 in nucleus of REFs after 

labelling with polyclonal anti-C4 antibody. In total REFs (a) the 21kD PC4 

doublet (transgelin/C4h and C41). CHAPS insoluble pellet (b) shows both PC4 

isoforms are also in the nucleus. CHAPS soluble supernatant (c) shows 

similar amounts of staining to the pellet and both isoforms of PC4 also 

present. Saponin pellet (d) and supernatant (e) again show both isoforms with 

similar amounts in both nuclear and cytoplasmic fractions.
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Figure 3: Immunofluorescence localisation of Protein C4 in REFs. 

Immunofluorescence labelling with monoclonal anti-PC4 shows Protein C4 

staining uniformly distributed along actin stress fibre bundles. Nuclear 

staining can also be detected.
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Figure 4: Im munofluorescence staining of REFs after CHAPS 

extraction. Monoclonal anti-C4 labelling after 15 minutes extraction in 0.5% 

CHAPS. Cytoplasmic staining for PC4 is lost indicating cytoplasmic PC4 is 

soluble in CHAPS. Nuclear staining remains indicating the presence of 

zwitterionic detergent insoluble PC4 in the nucleus.
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Figure 5: Im munofluorescence staining of REFs after Saponin 

extraction. Monoclonal anti-C4 labelling after 15 minutes extraction in 0.1% 

Saponin. Cytoplasmic staining for PC4 is reduced indicating cytoplasmic PC4 

is soluble in saponin. Nuclear staining remains indicating the presence of 

nonionic detergent insoluble PC4 in the nucleus.
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3.3 Expression of PC4 at Defined Stages of the Cell Cycle

The progress of cells through the cell cycle was assessed in a mixed population 

of cells and in populations which had been arrested at defined points by the 

use of metabolic inhibitors or changes in culture conditions (methods, section 

2.6).

3.3.1 Mixed Cell Population: Following culture for at least three days 

and analysis by FACS, a trace from a mixed population of REFs is show n 

(figure 6 , m ethods, section 2.6.7). Three distinct sections can be seen, 

corresponding to G o /G i, S and Gz/M . The largest peak (D) indicates the 

majority of cells (75%) are normally in Gi, and therefore that these cells spend 

longer in Go/Gi than in S or Gz/M .

3.3.2 Go/Cl, Serum Starving: Following serum  starving for 48 hours 

(m ethods, section 2 .6 .1 ), im m unoblot analysis show s no change in the 

expression of PC4 in intact cells (figure 7, b). Similarly in the nuclear (Figure 7, 

c) and in the cytoplasmic fractions (figure 7, d) no change in levels of either 

transgelin or C41 can be detected. The trace resulting from FACS analysis of 

these cells (figure 8 , methods, section 2.6.7) shows a prom inent G o/G i peak 

and data shows 82% of cells are in this phase.

3.3.3 Gi, Lovastatin Treatment: Following treatm ent w ith the inhibitor, 

lovastatin for 36 hours (methods, section 2.6.2), im m unoblot analysis shows 

no change in the expression of FC4 in whole cells (figure 9, b). Also in the 

nuclear (figure 9, c), and the cytoplasmic fractions (figure 9, d), there is no 

detectable change in levels of either transgelin or C41. The trace resulting 

from FACS analysis of these cells (figure 10, methods, section 2.6.7) shows a 

prom inent Go/Gi peak and data shows 81% of cells are in this phase.
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Figure 6: Trace showing asynchronous control population of REFs 

following FACS analysis. Cells were previously in culture for at least 3 days 

and believed to be cycling normally. Histogram shows cell number on y-axis 

and relative DNA content on x-axis. 75% of cells in total sample (C) are in Gi 

(D), 12% in S (F) and 13% in Gz/M (F).
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Figure 7: Immunoblot analysis of cells blocked in G o/G i. (a) Total Cells 

Control (Mixed Population of REFs), (b) Total Cells after serum  starving 

(culture in 0.2% PCS for 48 hours). Nuclear pellet (c) and cytoplasmic 

supernatant (d) from cells after serum starving and detergent extraction with 

0.1% NP-40. Expression of PC4 in Go/Gi in any cellular fraction (total cells, 

nucleus, supernatant) is unchanged from that in a mixed population.
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Figure 8 : FACS scan of cells following serum starving. 82% of cells in total

sample (C) are in Gi /G q (D), 6% in S (F) and 12% in Gz/M  (E).
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Figure 9: Immunoblot analysis of cells blocked in Gi phase of the cell cycle, (a) 

Total Cells control (Mixed Population of REFs), (b) Total Cells after treatment 

with lovastatin for 36 hours. Nuclear pellet (c) and cytoplasmic supernatant 

(d) from cells after lovastatin treatment and detergent extraction with 0.1% 

NP-40. Expression of PC4 in Gi in any cellular fraction (total cells, nucleus, 

supernatant) is unchanged from that in a mixed population.

FMT4

Figure 10: FACS scan of cells following lovastatin treatment. 81% of cells in

total sample (C) are in Gi (D), 8% in S (E) and 11% in G2 /M  (E).
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3.3.4 G i/S, A phid ico lin  Treatm ent: Following trea tm ent w ith  the 

inhibitor aphidicolin for 24 hours (m ethods, section 2.6.3), im m unoblot 

analysis shows no change in the expression of FC4 in whole cells (figure 11, b). 

However, in the nuclear fraction (figure 11, c) there is a decrease in the 

am ount of staining for C41, the lower m olecular w eight isoform . In the 

cytoplasmic fraction (figure 11, d) there is no detectable change in levels of 

either transgelin or C41. The trace resulting from FACS analysis of these cells 

(figure 12, methods, section 2.6.7) shows an elongated Gi peak, suggesting cells 

have accumulated in late G i/ea rly  S phase and have not progressed into 

Gz/M. A total of 76% of cells are in G i/S.

3.3.5 S Phase, D ouble Thym idine Block: Following double thym idine 

block treatm ent for a total of 72 hours (methods, section 2.6.4), immunoblot 

analysis shows no change in the expression of PC4 in whole cells (figure 13, b). 

However, in the nuclear fraction (figure 13, c) there is a decreased am ount of 

staining for C41, the lower molecular w eight isoform. In the supernatant 

fraction (figure 13, d), there is no detectable change in levels of either 

transgelin or C41. The trace resulting from FACS analysis of these cells (figure 

14, methods, section 2.6.7) shows an elongated Gi peak, suggesting cells have 

accumulated in late Gi and S phases and have not progressed into G z/M . 

Data shows 41% of cells are in S phase com pared to 12% in a mixed 

population.

3.3.6 M Phase, Nocodazole: Following treatment with nocodazole for 48 

hours (methods, section 2.6.5), immunoblot analysis shows no change in the 

expression of PC4 in whole cells (figure 15, b). Also in the nuclear (figure 15, 

c), and the cytoplasmic fractions (figure 15, d) there is no detectable change in 

levels of either transgelin or C41. The trace resulting from FACS analysis of 

these cells (Figure 16, methods, section 2.6.7) shows a prom inent G z/M  peak 

and data shows 83% of cells are in this phase, compared w ith 13% in a mixed 

population.
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Figure 11: Immunoblot analysis of cells blocked in G i/S phase of the cell 

cycle, (a) Total Cells control (Mixed Population of REFs), (b) Total Cells after 

treatment with aphidicolin for 24 hours. Following aphidicolin treatment 

and detergent extraction with 0.1% NP-40, in the nuclear pellet (c), note the 

apparent down-regulation of C41, not seen in the cytoplasmic supernatant (d).
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Figure 12: FACS scan of cells following aphidicolin treatment. 42% of cells in

total sample (C) are in Gi (D), 34% in S (F) and 31% in G z/M  (E).
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Figure 13: Immunoblot analysis of cells blocked in S phase of the cell cycle, (a) 

Total Cells control (Mixed Population of REFs), (b) Total Cells after treatment 

with double thymidine block. Following thymidine treatment and detergent 

extraction with 0.1% NP-40, in the nuclear pellet (c), note the apparent down- 

regulation of C41, not seen in the cytoplasmic supernatant (d).

F'MT4

Figure 14: FACS scan of cells following double thymidine block. 44% of cells

in total sample (C) are in Gi (D), 41% in S (F) and 15% in G z/M  (F).
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Figure 15: Immunoblot analysis of cells blocked in M phase of the cell cycle, 

(a) Total Cells control (Mixed Population of REFs), (b) Total Cells after 

treatment with nocodazole. Nuclear pellet (c) and cytoplasmic supernatant (d) 

from cells after nocodazole treatment and detergent extraction with 0.1% NP- 

40. Expression of PC4 in M phase in any cellular fraction (total cells, nucleus, 

supernatant) is unchanged from that in a mixed population.

2m ™T4 800 1000

Figure 16: FACS scan of cells following nocodazole treatment. 12% of cells in

total sample (C) are in Gi (D), 5% in S (E) and 83% in Gz/M  (E).
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3.3.7 Sum m ary of Cell Cycle Data: Table 3 illustrates da ta  from cell 

cycling arresting studies and shows that a down regulation of C41 occurred in 

the nuclear fraction of cells blocked in Gi /S  or S phases. No other changes in 

expression are noted in any other phase of the cell cycle.

3.4 Nuclear Solubilisation

Digestion of the internal structure of the nucleus w ith chrom atin digesting 

nucleases and variations in salt concentration to d isrupt ionic interactions 

was carried out to gain information about what nuclear PC4 m ay be binding 

to (figures 17 and 18).

3.4.1 T reatm ent w ith  D N ase/RN ase was carried ou t un d e r two 

different reaction conditions: 1. 0.25mg/ml DNase + 0.25m g/m l RNase in PBS 

with TritonX-100, and 2. 0.25mg/ml DNase + 0.25mg/ml RNase in Digestion 

Buffer w ith  TritonX-100 (m ethods, section 2.7.1), and sam ples w ere 

subsequently  p repared  for SDS-PAGE and im m unoblotting (m ethods, 

sections 2.9, 2.10).

Immunoblot analysis (figure 17) shows there is slightly less staining in 

the nuclear sample where the reaction was carried out in PBS alone (figure 17, 

lb) than in the equivalent supernatant sample (figure 17, Ic), suggesting some 

PC4 from the nucleus has been solubilised into the supernatant, w hen 

compared to the control pellet and supernatant samples (figure 17, Id  & e). 

U nfortunately proteolytic degradation has occurred due to loss of nuclear 

membrane integrity, despite the presence of a spectrum of protease inhibitors 

(methods, section 2.5.3). In the reaction containing digestion buffer there is no 

effect on solubilisation from the pellet (figure 17,2b), when compared to the 

equivalent cytoplasmic fraction (figure 17, 2c), and to the control, (figure 17, 

2d). Proteolytic degradation has again occurred in the digestion buffer 

supernatant (figure 17, 2c).
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Stage Inhibitor/T  reatment Effect on PC4 

Expression

Go/Gi serum starve no effect

Gi lovastatin no effect

Gi/S aphidicolin down regulation of 

nuclear C41

S double thymidine 

block

down regulation of 

nuclear C41

M nocodazole no effect

Table 3: Summary of cell cycle arresting data from immunoblot analysis.

a b c d e
Figure 17: Immunoblot analysis of effect on Nuclear PC4 solubilisation of 

extraction with nucleases in PBS or digestion buffer. a(l) and (2) total REF 

control, b. nuclear pellet after DNase/RNase digestion in PBS where a slight 

solubilisation of PC4 has occurred (1), or in Digestion Buffer (2) which did not 

effect the amount of PC4 in the nucleus, c equivalent soluble supernatant 

after DNase/RNase digestion in PBS (1), or in Digestion Buffer (2). d(l) and (2) 

nuclear pellet control. e(l) and (2) soluble supernatant control.



3.4.2 Effect of NaCl Concentration on Solubility of Nuclear PC4:

Extractions were carried out in digestion buffer w ith NaCl concentration 

made up to a final concentration of 0.2M, l.OM and 2.0M, to optimise ionic 

conditions for extraction (figure 18, methods, section 2.7.2). After extraction 

with 0.2M and l.OM NaCl, PC4 appears to remain tightly associated w ith the 

nucleus, as there is no significant decrease in the am ount of staining in the 

nuclear pellets (figure 18, lb  & 2b) compared with the control pellets (figure 

18, Id  and 2d). Likewise there is no significant increase in staining in the 

supernatant samples (figure 18, Ic & 2c), compared with controls (figure 18, le  

& 2e).

After extraction w ith 2.0M NaCl, however, there is a decrease in 

staining in the nuclear pellet (figure 18, 3b), and an increase in staining in the 

supernatant (figure 18, 3c), compared to the controls (figure 18, 3d & e). This 

indicates partial solubilisation of PC4 from the nucleus due to high ionic 

concentration. Unfortunately, the high ionic concentrations have also caused 

loss of nuclear integrity and proteolytic degradation appears to have occurred 

despite the presence of protease inhibitors (methods, section 2.5.3)

3.5 Effect of Growth in Non-Adherent Culture on PC4 Expression

Total loss of transgelin , sim ilar to th a t seen in oncogenically 

transform ed cells is observed w hen cells are grow n in non-adheren t 

conditions for 72 hours (Shapland et al, 1988). Cells are prevented from 

attaching to the substrate by coating the petri dish w ith inert silicon grease 

(methods, section 2.8) and when cultured in this way assum e a rounded 

morphology. Cells could then be returned to adherent culture and allowed to 

re-spread.
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Figure 18: Immunoblot analysis of the effect of NaCl concentration on

solubility of Nuclear PC4. a(l), (2) and (3) total REF control, b nuclear pellet 

after extraction in Digestion Buffer with (1) 0.2M NaCl, (2) l.OM NaCl, (3) 2.0M 

NaCl, where a slight solubilisation of PC4 has occurred, c equivalent soluble 

supernatants after extraction in Digestion Buffer with (1) 0.2M NaCl Digestion 

(2) l.OM NaCl, (3) 2.0M NaCl. d(l), (2) and (3) nuclear pellet control. e(l), (2) 

and (3) soluble supernatant control.
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3.5.1 REFs: REFs were initially used for this study but were found to be 

sensitive to grow th in non-adherent conditions, as the surv ival rate 

following re-plating was low. After 72 hours in suspension culture (figure 19, 

m ethods, section 2.8), total cells exhibit down regulation of transgelin as 

shown previously (Shapland et al, 1988). The presence of C41 is also noted in 

the soluble fraction (figure 19, d) following detergent extraction (methods, 

section 2.5.2), whereas the nuclear pellet shows negligible amounts of either 

transgelin or C41 (figure 19, e).

3.5.2 Swiss 3T3 Cells: Swiss 3T3s were found to be more resistant to 

non-adherent conditions, but when grown in adherent conditions did not 

express transgelin (figure 20, b). C41 is expressed in the nucleus of Swiss 3T3 

cells (figure 20, c) and a relatively equal amount is seen in the supernatant 

(figure 20, d) following 3 days growth in adherent conditions.

3.5.3 Expression of C4l following Suspension Culture and Re-Plating: 

Re-plating can be investigated using these cells as they reattach to the 

substrate following non-adherent conditions and continue to divide. Swiss 

3T3 cells were either processed for SDS-PAGE (methods, sections 2.5.2, 2.9.1) 

imm ediately, or replated for a further 8 or 72 hours after 72 hours in non

adherent conditions (m ethods, section 2.8). Im m unoblot analysis of C41 

expression shows C41 present in total cells after 72 hours in suspension 

culture (figure 21, c), whereas almost negligible am ounts are present in the 

nucleus (figure 21, d). C41 is also detected in the cytoplasmic fraction (figure 

21, e). 8 hours after being returned to adherent conditions (figure 22), a similar 

staining pattern  is observed, w ith C41 expression seen in total 3T3 cells 

following re-spreading (figure 22, c) and in the supernatant fraction (figure 22, 

e), b u t still absent from the nucleus (figure 22,d). However, 72 hours 

following return to adherent culture (figure 23), there is a slight increase in 

expression of C41 in the nucleus (figure 23, b), indicating a return to normal 

expression (figure 23).
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Figure 19: Immunoblot analysis of REFs following 72 hours in suspension 

culture. Shows PC4 doublet in total REFs grown in adherent conditions (a), 

whereas in non-adherent conditions transgelin expression is down regulated 

and only C41 is expressed (b). Following detergent extraction with 0.1% NP-40, 

in the nuclear pellet (c) there is total down-regulation of both isoforms of PC4, 

and in the supernatant (d), the presence of C41 only is detected.

Figure 20: Immunoblot analysis of Swiss 3T3s after 3 days in adherent culture, 

(a) Total REFs show the PC4 doublet, (b) Total Swiss 3T3s only express C41. 

Also in the nuclear pellet (c) and in the supernatant (d) C41 only is detected.
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Figure 21: Immunoblot analysis of Swiss 3T3s after 72 hours in suspension 

culture. After adherent culture (a) Total REFs show the PC4 doublet, (b) total 

Swiss 3T3s only express C41. Following 72 hours of non-adherence total 3T3s 

(c) stain for C41. After extraction with 0.1% NP-40, in the nuclear pellet (d) 

there is total loss of both isoforms of PC4, and in the supernatant (e) the 

presence of C41 is detected.

a b

Figure 22: Immunoblot analysis of Swiss 3T3s following 72 hours in 

suspension culture and re-spreading for 8 hours. After adherent culture (a) 

total RFFs show the PC4 doublet, (b) total Swiss 3T3s only express C41. 

Following 72 hours of non-adherence + 8 hours re-spreading, total 3T3s (c) 

stain for C41. In the nuclear pellet (d) there is still a total loss of both isoforms 

of PC4, and in the supernatant (e) the presence of C41 is detected.

93



3.6 Protein C4 in the Nucleus of Transformed Cells

SV40 3T3 cells show a complete dow n regulation  of the h igher 

molecular weight PC4 isoform, transgelin, as described by Shapland et al., 1988 

(Figure 24, b) This is the effect of transform ation by SV40, a DNA tum our 

virus. The loss of transgelin can also be seen in the insoluble nuclear samples 

produced by CHAPS and saponin (figure 24, c and e respectively), and in the 

soluble cytoplasmic fractions (figure 24, d and f, methods, section 2.5.2), with 

approxim ately equal am ounts in the nucleus and cytoplasm. This data 

indicates both  nuclear and cytoplasmic isoforms are dow n-regulated by 

transform ation.
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Figure 23: Immunoblot analysis of Swiss 3T3s after 72 hours in suspension 

culture and following re-spreading for 72 hours. After adherent culture (e) 

Total REFs show the PC4 doublet, (d) total swiss 3T3s only express C41. 

Following 72 hours of non-adherence + 72 hours respreading, total 3T3s (c) 

stain for C41. In the nuclear pellet (b) there is now detectable staining for C4I, 

and also in the supernatant (a) C4I is present.

Figure 24: Immunoblot analysis of effect of transformation on PC4 expression 

in the nucleus of SV40 3T3 cells. In total REFs (a) the PC4 doublet (transgelin 

and C41) is shown as a control, whereas transformed total SV40 cells (b) only 

express C41. C41 is also seen in the CHAPS insoluble pellet from extraction of 

SV40 3T3 cells (c) and in the CHAPS soluble supernatant (d) which shows a 

similar amount of staining to the pellet. Saponin insoluble pellet (e) and  

supernatant (f) also show C41 only with similar amounts of staining in the 

nuclear and cytoplasmic fractions.

95



Chapter 4

DISCUSSION

4.1 Background

A closely spaced polypeptide doublet of 21 kD (designated C4h and C41) 

has been shown to localise to actin filament bundles in a wide range of species 

and cell types, excluding skeletal muscle and erythrocytes (Shapland et ah, 

1988). The higher molecular weight isoform (C4h) was found to be down- 

regulated in mesenchymal cells following shape change w hen grown in non

adherent culture, or following transform ation by DNA or RNA tum our 

viruses (Shapland et al., 1988). C4h has been purified and functionally 

characterised in vitro and shown to gelate actin filaments, hence it was 

nam ed transgelin (Shapland et ah, 1993). The cDNA encoding transgelin has 

been sequenced (Prinjha et al., 1994). C41 has yet to be functionally defined, but 

is apparently unaffected by transformation (Shapland et al., 1988). Sequence 

analysis of C41 indicates a putative Nuclear Localisation Signal (M artin 

Smith, unpublished data).

Previous immunofluorescence data showed staining in the nucleus of 

fibroblasts using anti-C4 m onoclonal antibody w hich recognises both  

transgelin and C41. Following extraction for 15 minutes in the zwitterionic 

detergent CHAPS, staining for PC4 was rem oved from the cytoplasm , 

indicating that cytoplasmic PC4 is detergent soluble under these conditions 

(Shapland et al., 1988). However, the monoclonal anti-C4 antibody does not 

recognise nuclear PC4 w hen used for immunoblotting following SDS-PAGE, 

whereas the polyclonal anti-C4 antibody does (figure 2), and so was used for 

im m unoblotting in this study. This could be due to the fact that the 

polyclonal antibody recognises multiple epitopes and therefore may be less 

sensitive to processing of the PC4 antigen prior to SDS-PAGE.
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4.2 Identification of Protein C4 in the Nucleus of REFs

4.2.1 Im m u n o b lo ttin g : The presence of both isoforms of the PC4

doublet in the nucleus of fibroblasts was confirmed by SDS-PAGE (figure 1) 

and immunoblotting (figure 2) following the use of zwitterionic (CHAPS) and 

nonionic (Saponin) detergents. The use of a protein  determ inant kit to 

measure protein concentration was tested but found to be incompatible with 

the reaction conditions (such as a high concentration of reducing agents). 

However, equal protein loadings were confirmed by coomassie staining, 

allowing com parison betw een am ounts of staining betw een sam ples in 

different tracks of the immunoblot (methods, section 2.9.2, figure 1). Despite 

the use of a spectrum  of protease inhibitors (m ethods, section 2.5.3) 

proteolytic degradation has occured.

Saponin is know n to complex w ith  cholesterol and as there is 

negligible am ounts of cholesterol in the nuclear m em brane (Alroy et al., 

1981), saponin produces a defined nuclear pellet which acts as a control to 

compare the effects of CHAPS. Previous immunofluorescence data shows 

extraction in 0.5% CHAPS for 15 m inutes removes all cytoplasmic PC4 

staining (Shapland et al., 1988), therefore the staining which has remained in 

the CHAPS pellet sample m ust be due to nuclear PC4. Similar am ount of PC4 

staining were seen in nuclear preparations from CHAPS and saponin 

extraction, indicating that both detergents have similar effects and therefore 

that d isruption of the nuclear membrane by CHAPS has no effect on the 

solubility of nuclear PC4.

4.2.2 Im m unofluorescence: The use of immunofluorescence has been 

widely used to study the cytoskeletal network, producing a 3-dimensional 

image w ith the advantages of speed and simplicity (Shapland et al., 1988; 

Byers and Fujiwara, 1982). REFs, mammalian fibroblasts, were used in this 

study by D. Lawson as they have prominent arrays of stress fibers. Only REFs
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which had not yet reached their tenth passage were used in these experiments 

in order to avoid the establishment of cell lines.

At the resolution of the light microscope. Protein C4 was found to have 

a continuous, non-periodic distribution along the length of actin fibers in the 

cytoplasm  (figure 3). This uniform pattern of distribution is in contrast to 

other m icrofilam ent associated proteins such as a -ac tin in  w hich show 

periodic binding along the length of the filament and increased staining at the 

filament termination (Blanchard et al., 1989).

Following detergent extraction w ith CHAPS (figure 4) or saponin 

(figure 5), PC4 was found not to be associated with the detergent insoluble 

cytoskeleton. However, staining is still p resent in the nuclei following 

treatm ent with these detergents, indicating a detergent insoluble population 

of PC4 within the nuclei of fibroblasts. Both of these detergents produced 

similar staining patterns indicating similar solubilising effects on PC4 from 

the nucleus and from the cytoplasm. These light microscopy studies do not 

reveal any information on w hat nuclear PC4 is binding to or indeed if it is 

associated w ith actin thought to be present in the nucleus (Bremer et al., 

1981).

4.3 Expression of PC4 at Defined Stages of the Cell Cycle

During the cell cycle the internal structure of the nucleus undergoes 

p ro found  alterations (Com pton et al., 1992), resu lting  in the altered 

expression or location of a num ber of nuclear and matrix associated proteins 

(Loidl and Eberharter, 1995; Chaly et al., 1984). Changes in the expression of 

PC4 was investigated, as it has already been established that culture in non

adherent conditions, a growth arresting treatment, results in down-regulation 

of cytoplasmic transgelin (Shapland et al., 1988). As cytoplasmic PC4 binds to 

actin filaments (Shapland et al., 1988), it is highly possible that nuclear PC4 

binds to the actin believed to be present in the nucleus (Bremer et al., 1981;
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Am ankwah and DeBoni, 1994). Although there are reports of actin binding 

proteins in the nucleus (Nishida et al., 1987; Onada et al., 1993; Ono et al.,

1993), there is a lack of available information on their expression during the 

cell cycle for comparison with the cell cycle expression data from nuclear PC4.

4.3.1 Go/Gi, Serum Starving: FACS analysis indicates 82% of cells are in 

G o /G i (figure 8), although as Gi is the longest phase of the cell cycle, the 

majority of cells are found to be in this phase in an asynchronous population 

(Pardee, 1989). Also, as the FACS machine used displays Go and Gi as one 

peak, it was not possible to distinguish between these two phases by this 

method of flow cytometry (Coon and Weinstein, 1991).

Non-transformed cells which are cultured in serum free or low serum 

medium are believed to enter Go, a quiescent, non-dividing state, where DNA 

synthesis does not occur (Lamb et al., 1990; Poon et al., 1995; Ohtsubo et al., 

1995). Cells in Go decrease in size because their protein and RNA is degraded 

and not resynthesised due to a decline in macromolecular synthesis to about a 

third of that in proliferating cells (Pardee, 1989). In Gi cells it is thought that 

cells can "decide" not to proceed tow ards mitosis if conditions are not 

favourable for division, instead reversibly entering Go (Larsson et al., 1985). It 

should be noted that serum starvation subjects the cells to often long periods 

of incubation in the absence of essential grow th factors and nutrients, 

therefore cells which have undergone this treatm ent may be metabolically 

imbalanced (Keyomarsi et al., 1991).

Results from this study suggest REFs which have undergone this 

treatment show no effect on expression of PC4 in intact cells, or in the nuclear 

or supernatant fractions, when compared with controls (figure 7).

In contrast, other studies involving grow th arrested cells following 

serum  starvation have revealed cell cycle dependent alterations in nuclear 

proteins. For example, pl90, a matrix associated protein which shows elevated
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levels following this treatm ent, and is down-regulated on re-entry into the 

cell cycle (Brancolini and Schneider, 1991). Also Ki-67 is absent in quiescent 

cells only and expressed at all other stages of the cell cycle, where it is confined 

to the nucleus (Schliiter et al., 1993). Serum starvation caused c-myc, c-fos, 

PCNA and DNA polym erase-a to exit the nucleus and enter the cytoplasm, 

illustrating the profound effects growth arrest can have on the distribution 

and expression of nuclear proteins (Vriz et al., 1992).

4.3.2 G i, Lovastatin treatment: FACS analysis indicates 81% of cells are 

in G o/C l (figure 10), a similar profile to that obtained from serum starvation, 

although as in section 4.3.1, the majority of cells are found to be in this phase 

in an asynchronous population as Gi takes place over a relatively long time 

period (Pardee, 1989). Events in Gi prepare the cell for im portant S-phase 

processes such as DNA synthesis, meanwhile safety checks or m utations can 

block proliferation by preventing entry into S-phase (Pardee, 1989). Cells can 

be blocked in Gi by lovastatin, a com petitive inhibitor of 3-hydroxy-3- 

m ethylglutaryl-coenzyme A reductase, the enzyme which converts HMG- 

CoA to mevalonic acid (Keyomarsi et al., 1991; Poon et al., 1995). Lovastain is 

w idely used clinically as an antihyperlipodem ic agent in the treatm ent of 

hypercholesterolemia (Keyomarsi et al., 1991). As mevalonic acid is involved 

in the post-transla tional m odification of p ro teins by isoprenylation , 

lovastatin also inhibits these processes (Jakobisiak et al., 1991). Thus, the 

effects of this drug may be to inhibit the isoprenyaltion of p 2 1 ®̂s or the 

nuclear lamins, thus affecting the progression of the cell cycle, reversibly 

blocking cells in Gi (Jakobisiak et al., 1991).

Results suggest that REFs which have undergone this treatm ent, 

similar to those which have undergone serum deprivation, show no effect on 

expression of PC4 in intact cells, or in the nuclear or supernatant fractions, 

when compared with controls (figure 9).
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Similar studies on expression of nuclear proteins in Gi have revealed 

differences, such as the matrix associated PML phosphoprotein which shows 

increased levels of expression in Gi (Chang et al., 1995), and the 

dephosphorylated, matrix associated form of the retinoblastoma protein (Rb) 

which is only found only in Gi (Mancini et al., 1994; Ludlow et al., 1990). The 

synthesis of proteins such as num atrin, which may be involved in S-phase 

events appears to correlate w ith early Gi (Feuerstein et al., 1988) and 

expression of PI protein also increases at Gi, reflecting its potential role in the 

initiation of DNA replication (Starborg et al., 1995).

4.3.3 Gi/S, A phidicolin treatment: FACS analysis indicates 76% of cells 

are in Gi and S phases, and a prom inent peak is seen on the profile at the 

G i/S  boundary following treatment with aphidicolin (figure 12). Aphidicolin 

is an inhibitor of DNA polymerase-a, and so prevents DNA polym erase-a 

dependent DNA synthesis, and thus chromatin replication (Raff and Glover, 

1988). This treatm ent is believed to result in arresting of cells at the G l/S  

interface following a 24 hour aphidicolin block (Foisy and Bibor-Hardy, 1988). 

The G i/S  boundary is an important regulatory point in the cell cycle, where a 

num ber of proteins, including cyclins and transcription factors are believed to 

control progression from Gi into S (Goswami et al., 1994). Possibly due to the 

action of growth factors on cells in late Gi there is an increase in levels of a 

num ber of proteins required for DNA synthesis (Hamilton et al., 1992).

At G i/S  there is a down-regulation of C41 specifically in the nuclear 

pellet, which cannot be detected in intact REFs (figure 11). Transgelin levels 

are not affected, differing from previous studies on expression of the PC4 

doublet which showed C41 levels were unaffected by treatm ents such as 

transform ation  and shape change which altered transgelin  expression 

(Shapland et al., 1988).

Other investigations into the effects of arresting cells at the Gi /  S
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boundary have revealed variations in nuclear protein expression at this 

point. For example, the MCM protein family in yeast can be transported out of 

nucleus into the cytoplasm at the G i/S  boundary and are believed to have 

roles as so called '"licensing factors", ensuring chromatin replication occurs 

only once per cycle (Kimura et al., 1994). Also there is a correlation between 

expression of PCNA and ribonucleotide reductase genes, both components of 

the DNA synthesis machinery, and transit from Gi into S (Hamilton et al., 

1992). Similarly, the rad21 gene product, believed to be involved in DNA 

repair, shows increased expression at the G i/S  boundary (Birkenbihl and 

Subramani, 1995).

4.3.4 S, Double Thym idine Block: FACS analysis indicates 41% of cells 

are in S phase, compared to 12% in an asynchronous population and an 

extended Gi peak is seen on the profile indicating cells are unable to progress 

into G z/M  following double thymidine block (figure 14). Thymidine block 

treatm ent works by incorporation of thym idine, a thym ine analogue into 

DNA which is being newly synthesised in S-phase and thus blocks cells in 

mid-S phase (Gazitt and Erdos, 1994; Gazitt et al., 1993).

At this stage of the cell cycle there is a down-regulation of C41 only in 

the nuclear pellet, which cannot be detected in intact cells (figure 13). This 

dow n-regulation  is less prom inent than  in cells blocked at G i/S  by 

aphidicolin, and is in contrast w ith findings which report the increased 

expression of nuclear proteins during S-phase.

At S-phase a num ber of matrix associated proteins are believed to be 

synthesised (Bludau et al., 1986) and the proto-oncogene product, c-myc only 

associates w ith the matrix during S-phase, reflecting its possible role in DNA 

replication (Waitz and Loidl, 1991). A num ber of other proteins involved in 

DNA synthesis show S-phase specific expression such as members of the yeast 

MCM family, the mammalian equivalent PI and the hum an nuclear protein
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BM28, all of which have pu tative  roles involving the onset of DNA 

replication (Starborg et al., 1995; Kimura et al., 1994; Todorov et al., 1994). Also 

associated w ith S-phase is num atrin, believed to have DNA binding activity 

(Hamilton et al., 1992), and PCNA expression peaks in S-phase highlighting 

its activity as a DNA polymerase 8 cofactor and its im portant role in DNA 

replication (Bravo and M acDonald-Bravo, 1987). Also the increased 

abundance of p42 and p38 in complex with p53 during S-phase suggests these 

nuclear proteins may be involved in prom oting cell grow th (Chen et al.,

1994).

4.3.5 M, Nocodazole: FACS analysis indicates 83% of cells are in M 

phase, com pared to only 13% in a mixed, asynchronous population. A 

prom inent G i / M  peak is seen on the profile indicating cells are unable to 

com plete m itosis follow ing trea tm ent w ith  nocodazole (figure 16). 

Nocodazole depolymerizes microtubules, so arresting cells during mitosis by 

disrupting the mitotic spindle, thus preventing cell division from reaching 

completion (Kallajoki et al., 1995). During mitosis, all of the major structural 

elem ents of the nucleus undergo specific physical rearrangem ents as 

replicated chromosomes are segregated into two daughter cells (Compton and 

Cleveland, 1994; Nurse, 1990).

Results suggest that REFs which have undergone M -phase blocking 

w ith nocodazole treatm ent, show no effect on expression of PC4 in intact 

cells, or in the nuclear or supernatant fractions, when compared w ith controls 

(figure 15).

This is in contrast to other proteins located in the nucleus which are 

affected by mitotic disruptions, often reflecting a mitotis-associated function. 

One such protein is NuMA which is present in the nucleus during interphase 

and associates w ith the mitotic apparatus during M-phase (Compton and 

C leveland, 1994; C leveland, 1995). Sim ilarly, CENP-F levels reach a
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maximum in M-phase and are degraded rapidly following mitosis, reflecting 

a function as part of the kinetochore (Liao et al., 1995). The m itotic 

distribution of cytostellin suggests its importance during mitosis, as it is seen 

to localise to discrete sites in the cytoplasm and form a ring around the 

m itotic spindle in d ividing cells (W arren et al., 1992). A nother m atrix 

associated protein, SPN, is located in the nucleus at interphase then migrates 

first to the centrosomes, then to the spindle pole at specific points during 

mitosis, and is believed to be an important factor in formation of the mitotic 

spindles (Kallajoki et al., 1991).

4.3.6 Summary of Cell Cycle Data: FACS traces appear to correlate with 

profiles of cells in the phase of the cell cycle they should represent, although it 

was not possible to distinguish between Go and Gi by this m ethod of flow 

cytometry (Coon and Weinstein, 1991). The main finding was a decrease in 

expression of C41 in the nucleus of REFs during late Gi and S phase (Table 3), 

in  contrast to proteins believed to be involved in DNA replication which 

show increased expression at this stage (Kimura et al., 1994; Ham ilton et al., 

1992; Blubau et al., 1986). This dow n-regulation m ay indicate C41 in the 

nucleus is transported out of the nucleus, or that only C41, not transgelin, 

undergoes proteolytic degradation at that particular time point. The stability 

of this protein during M phase suggests it does not interact w ith any of the 

key  co m p o n en ts  of the  m ito tic  a p p a ra tu s , a lth o u g h  fu r th e r  

immunofluorescence could confirm this (Warren et al., 1992; Liao et al., 1995; 

Rattner et al., 1992).

4.4 Nuclear Solubilisation

4.4.1 Nuclease Digestion: Following treatm ent of cells w ith nonionic 

detergents and chromatin digesting nucleases (DNase and RNase), PC4 was 

found to still associate w ith the nucleus (figure 17), indicating that this
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interaction is not dependent on chrom atin or RNA structure, sim ilar to 

findings from work on N ufl, a matrix associated protein (M irzayan et al., 

1992). The use of nonionic detergents in this procedure is believed to allow 

rem oval of soluble proteins w ithout their aggregation to the detergent- 

resistan t nuclear m atrix (Capco et al., 1982). The presence of sucrose 

containing digestion buffer was found to be unsuccessful in increasing the 

am ount of soluble PC4 and this association w ith an insoluble component of 

the nucleus remained.

This insolubility of PC4 rem ained despite the presence of RNase, 

believed to cause disruption to the RNA containing fibers of the nuclear 

m atrix (Fey et al., 1986). This may suggest an association w ith the RNP- 

depleted matrix, a less mechanically stable structure, w ith a greatly altered 

morphology (Fey at al., 1986; He at al., 1990). Although treatm ent w ith RNase 

and DNase is thought to be effective at removing up to 98% of chromatin, 

this can result in aggregated and distorted nuclear structures (Jackson and 

Cook, 1988), which may have led to the increased proteolytic degradation of 

nuclear PC4.

4.4.2 Digestion w ith NaCl: Despite increasing NaCl concentrations up 

to 2.0M, PC4 staining is still seen in the nucleus (figure 18), indicating that, 

again similar to N ufl, association of this protein w ith the nucleus is not 

dependent on ionic interactions between proteins (M irzayan et al., 1992). 

Extraction in lower salt concentrations did not affect am ounts of PC4 in the 

nucleus, in contrast to work carried out on ActSp, a nuclear actin-associated 

protein, which was almost completely removed by 0.5M NaCl (Weber et al.,

1995). Extraction with 2.0M NaCl led to a partial solubilisation of nuclear PC4 

into the cytoplasmic fraction and was the m ost effective concentration. 

Unfortunately the high ionic conditions probably caused loss of membrane 

integrity (Mirzayan et al., 1992), which led to extensive degradation of the
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protein.

Salt concentration is believed to be of importance as chromatin in vitro 

is soluble in low salt, then becomes insoluble at physiological concentrations 

and soluble again at levels above 0.2M (Jack and Eggert, 1992). In agreement 

w ith this study on nuclear PC4, others have shown that 2.0M NaCl is the 

most effective solubilisation treatm ent for revealing the nuclear matrix, with 

an increased ability to remove histones and expose the networks of matrix 

filaments (Eberharter et al., 1993; Jackson and Cook, 1988). However, the use 

of 2.0M NaCl is believed to have disruptive effects on m atrix structure, 

resulting in artefacts such as the rearrangement of DNA attachment sites and 

precipitation of transcription complexes (Eberharter et al., 1993; Fey et al, 1986; 

Dwarakanath et al., 1991; Mirkovitch et al., 1984).

This distortion of the internal structure of the nucleus due to the 

extreme ionic environm ent may have resulted in proteolytic degradation of 

transgelin into small fragments, unresolvable by the m ethod of SDS-PAGE 

used. An alternative hypothesis to account for the lack of the higher 

molecular weight band (figure 18, 3b) is that both isoforms have been cleaved, 

resu lting  in their resolution further dow n the gel. U nfortunately , as 

antibodies specific to each of the two PC4 polypeptides are not available, it is 

not possible to test what kind of degradation has occured, but some staining is 

lost from the nucleus, indicating a degree of solubilisation.

Due to these strong associations with the nucleus, making it extremely 

resistant to nuclease and high salt extraction, it is unlikely that PC4 is free in 

the nucleoplasm, bound by ionic interactions or a constituent of chromatin. It 

is possible, therefore, that nuclear PC4 m ay be tightly associated w ith 

insoluble fractions of the nuclear matrix (He et al., 1990) or to actin filaments 

in the nucleus (Amankwah and DeBoni, 1994).
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4.5 Effect of Growth in Non-Adherent Culture on PC4 Expression

Culture of anchorage dependent fibroblasts in non-adherent conditions 

has been show n to result in suppression of growth, specifically affecting 

mRNA and protein  synthesis, effects which are reversed following re

spreading (Benecke et al., 1978). DNA synthesis also decreases, and cells 

develop a rounded  m orphology, likened to m otile, transform ed cells 

(Folkman and Moscana, 1978). Protein synthesis is thought to recover quickly 

from non-adherence, requiring only attachm ent to a surface, while nuclear 

events such as mRNA production and DNA synthesis require extensive 

spreading and are profoundly dependent on cell shape (Ben-Ze'ev, 1980).

Previous work has shown a complete down-regulation of transgelin 

following grow th in non-adherent conditions for 72 hours, sim ilar to the 

effect of transform ation by tum our viruses (Shapland et al., 1988). Findings 

suggest 24 hours after re-plating are necessary for transgelin re-expression. It is 

thought that re-expression is under transcriptional rather than translational 

control as cells incubated for the initial 24 re-attachment period w ith either 

cycloheximide (blocks de novo protein synthesis), or actinomycin D (blocks 

mRNA production) did not show re-expression of transgelin (Shapland et al., 

1988).

The expected down regulation of transgelin following culture in non

adherent conditions was confirmed in intact, shape-changed cells. Findings 

also shows complete absence of either PC4 isoform in the nuclear pellet of 

REFs, w ith C41 only present in the supernatant (figure 19). This could be due 

to degradation of C41 inside the nucleus or transit of C41 out of the nucleus 

following shape change, possibly connected w ith the fact that cells in this 

condition are thought to be blocked from cycling normally, unable to enter S 

phase (Folkman and Moscana, 1978).

For re-plating studies Swiss 3T3 cells were used, which unfortunately 

were found not to express transgelin (figure 20). Again, both isoforms were
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absent from the nucleus, suggesting either degradation or transport of C41 out 

of the nucleus (figure 20). Re-expression of C41 after 72 hours in the nuclear 

pellet (figure 23) could signify transport of C41 back into the nucleus, possibly 

via a potential Nuclear Localisation Signal (Martin Smith, unpublished data).

4.6 Transform ation

The effect of transform ation by DNA and RNA tum our viruses has 

previously been shown to be a complete down-regulation of transgelin in 

mesenchymal cells (Shapland et al., 1988). This finding has been confirmed 

and extended to show a down-regulation of transgelin in the nucleus of SV40 

transformed fibroblasts (figure 24). If both nuclear and cytoplasmic isoforms 

are coded for by the same gene, this confirms previous w ork indicating 

transgelin expression is controlled at the level of transcription (Shapland et 

al., 1988).

4.7 Further W ork

Study of the expression of PC4 at defined stages of the cell cycle has 

shown a variation in levels of C41, the lower molecular weight PC4 isoform 

during late G i/S  phase. This could be confirmed by immunofluorescence of 

cell cycle arrested cells (Warren et al., 1992). Unfortunately, as the monoclonal 

antibody recognises both transgelin and C41, it would not be possible to study 

an isoform specific change in expression. Further investigation of w hat PC4 

binds to in the nucleus w ould be of interest, possibly involving more 

extensive extraction procedures such as rem oval of histones by lithium  

diiodosalicylate (Mirkovitch et al., 1984) or using matrix-specific proteases 

(Dwarakanath et al., 1991). A successful extraction procedure would provide 

valuable information as to the specific location of PC4 in the nucleus (Weber 

et al., 1995)

Sequencing of C41 revealed a putative NLS motif, which could be tested
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by attaching the NLS to a large, inert protein  and investigating if this 

sequence is sufficient to direct the molecule into the nucleus (Garcia-Bustos et 

al., 1991). Alternatively, the NLS sequence could be deleted or m utated in 

order to determine if this prevents the accumulation of PC4 in the nucleus, 

thus questioning whether or not the NLS on C41 is functional (Silver, 1991). 

The combined molecular weight of both polypeptides is below the 60kD 

believed to require an NLS and so both proteins could conceivably enter the 

nucleus by passive diffusion down their concentration gradients. However, if 

the NLS does prove to be functional, it would also be of interest to investigate 

the possibility that C41 may be acting as a carrier to transport transgelin into 

the nucleus.
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