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ABSTRACT

The cytoskeleton plays an essential role in cell development, morphology 

and plasticity. In neurons, the cytoskeleton has been implicated in many functions 

including signal transduction, neurite outgrowth and transport of organelles. This 

thesis focuses on a putative cytoskeletal regulatory protein found to be expressed 

selectively in peripheral sensory and sympathetic neurons. The transcript 

encoding the villin-like protein was identified in a difference-cloning exercise to 

find sensory neuron-specific genes. Pervin, the predicted 829 amino acid protein, 

has 60% identity with villin and is the rat homologue of advillin. 

Immunoprécipitation studies show that pervin and actin interact together in vivo. 

Transfection of COS-7 fibroblast cell lines demonstrates co-localisation of 

epitope-tagged pervin with GFP-actin and results in an increase in process 

formation. This effect is abolished when the putative actin-bundling headpiece of 

pervin is deleted. Biolistic transfection of primary cultures of rat dorsal root 

ganglion sensory neurons results in increased neurite outgrowth with FLAG- 

tagged pervin. Deletion of the actin bundling headpiece inhibits normal neurite 

growth. These data suggest that pervin may play a significant role in regulating 

process outgrowth in peripheral neurons through a mechanism that involves the 

activity of an actin-bundling domain.
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GENERAL INTRODUCTION
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The peripheral nervous system

The nervous system can be separated into central and peripheral 

components. The central nervous system includes the brain and spinal cord. The 

peripheral nervous system includes the sensory and autonomic nervous systems 

which all have ganglia outside the spinal cord. The peripheral nervous system is 

derived from neural crest cells which, during development, migrate to dispersed 

locations within the adult (Le Dourain & Smith, 1988). The autonomic system is 

divided into the sympathetic and parasympathetic nervous system. The 

sympathetic system prepares the body to respond to sudden stressful encounters 

by increasing cardiovascular function, and releasing adrenal catecholamines. The 

parasympathetic nervous system controls the body functions during non-stressful 

conditions as well as coordinating the recovery of the body after the activation of 

the sympathetic system.

Sympathetic nervous system

Sympathetic neuronal cell bodies are located in the periphery in ganglia 

that are present in three locations. These locations are termed the paravertebral, 

prevertebral and previsceral ganglia. The paravertebral position constitutes the 

bilaterally located sympathetic chain that also has vertical interconnections 

between the ganglia. Prevertebral ganglia are located at the origin of the vessels of 

the abdominal aorta whilst the previsceral ganglia are found near or in the pelvic 

visceral organs. Each ganglion receives an input of preganglionic neurons from 

the spinal cord and in the case of the prevertebral ganglia there is an additional 

imput from the sensory neurons of the enteric plexuses (Kreulen & Szurszewski,
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1979). Central neurons innervating the sympathetic system are present in the 

hypothalamus and brain stem (Jansen et a l, 1995). Projection targets of one 

ganglia, the superior cervical ganglia (SCG), found in the neck, includes the 

submaxillary lymph nodes (Romeo et al, 1994), pineal gland (Reuss & Moore, 

1989) iris, tongue and thyroid gland (Flett & Bell, 1991).

The post ganglionic cell bodies extend long axons from the ganglia to their 

many peripheral targets and release mainly noradrenaline (Benarroch, 1994). A 

small proportion of rat SCG neurons contain cholinergic precursor molecules 

(Langley & Grant, 1999). The neurons themselves are a heterogenous population, 

differing in their neuron size, neurotransmitter expression and release and 

electrophysiological characteristics. In mice and guinea-pigs, larger neurons in 

the thoracic ganglia lie in secretomotor pathways whilst the smaller neurons lie 

mainly within the vasoconstrictor pathways (Gibbons et a l, 2000).

Adrenergic neurons also co-express various peptidergic neurotransmitters. 

This peptide expression can be linked to specific neuronal pathways and is termed 

‘chemical coding’ (Costa et al, 1986). In the guinea-pig, paravertebral lumbar 

ganglia neurons forming the vasoconstrictor pathways are noradrenergic and 

contain neuropeptide Y. However, the neurons forming the vasodilator pathways 

are cholinergic and contain neuropeptide Y, vasocative intestinal peptide and 

dynorphin. In mice, differing neuropeptide expression patterns are also localised 

within sympathetic nerve pathways (Gibbons, 1991). Electrophysiological 

analysis of neurons from the SCG, thoracic and celiac ganglia showed varying 

action potential characteristics possibly due to differential expression of ion 

channels (Jobling & Gibbons, 1999).
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Sensory neurons

Sensory neurons transmit information to the central nervous system about 

the nature, intensity, duration and location of sensory stimuli. Peripheral cell 

bodies originate in the dorsal root ganglion (DRG) found running bilaterally along 

the length of the spinal cord. The neurons are bipolar, with axons terminating in 

the dorsal horn of the spinal cord and target sites within the body e.g. in the skin, 

visceral organs or muscle spindles. The neurons are a heterogeneous population 

that can be distinguished by cell body diameter, organelle distribution, state of 

myelination and conductance velocities (Akopian, 2000 ; Scott, 1992). Large 

diameter neurons are myelinated and contain A a, AP, AÔ fibres with rapid 

conduction velocities. Small diameter neurons are non myelinated, and contain C 

fibres with slower conduction velocities.

C fibres can be defined into two classes. 70-80% of all DRG neurons 

express the nerve growth factor (NGF) tyrosine kinase receptor (Trk) A during 

development and require NGF for survival during embryonic life (Snider & 

McMahon, 1998). This includes virtually all of the small diameter neurons. 

During the first three weeks after birth in rat and mouse, one half of these cells 

loose Trk A and by adult hood expression is reduced to only 40-50% of DRG 

neurons (Molliver et al, 1997). These cells also co-express CGRP and substance 

P. The cells that loose Trk A bind the lectin IB4 and gain the ret receptor kinase 

during late embryonic development and the first week after birth. These cells 

then become sensitive to glial cell line derived neurotrophic factor, (GDNF). This 

up-regulation is maintained into adulthood. The neurons that are IB4 positive 

correspond to the nociceptive DRG population and express P2X3 receptors, 

tetrodotoxin-resistant sodium channels, acid sensing ion channel (ASIC) 2b, ASIC
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3 and vanilloid receptor-1 (VR-1), (Caterina.gr al., 1999 ; Waldmann & 

Lazdunski 1998 ; Caterina et al, 1997 ; Waldmann et al, 1997 ; Akopian et al, 

1996 ; Chen et al, 1995).

C fibre and some A fibre axons terminate in free endings. The remaining 

A fibre endings associate with specialised non-neuronal capsules cells, which 

surround the axon terminal in muscle and skin or different connective tissue 

structures. These structures include the cutaneous mechanoreceptors e.g. 

Meissners corpuscles and Merkels discs.

Sensory neurons have a range of functions that can be classified into three 

basic types, mechanoreceptors including proprioreceptors, thermoreceptors and 

nociceptors. See Table 1.1 for a more detailed functional list of fibre subtype and 

function. Some neurons are also polymodal, i.e. they can respond to two or more 

distinct stimuli. Large diameter neurons are usually involved in detecting 

proprioception, and tactile capacity i.e. stretch, joint position, mechanical pressure 

and visceral information. A neurotrophic factor NT-3 activates Trk C receptors 

on these neurons and is essential for medium to large diameter neuronal survival 

during development. When the genes for both NT-3 and Trk C were disrupted the 

null mutant mice showed defects in walking and posture (Enfors et al, 1994 ; 

Farinas et a l, 1994 ; Klein et a l, 1994). Large diameter neurons are also 

responsible for detecting touch by innervating rapidly adapting and slowly 

adapting low threshold mechanoreceptors including lanceolate fibres and Merkel 

cells (Welsh et al., 2002 ; Koltzenburg et al, 1997 ; Albers et al, 1996).

Small diameter neurons express a battery of receptors and ion channels to 

detect molecules released by tissue damage, dramatic temperature changes and 

high threshold mechanical stimuli. A tedrodotoxin resistant sodium channel alters
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Receotor Tvne 
terminal

Submodalities Fibre Receotive

Mechanoreceptor Pressure (Hairless) A a Merkel cells
Pressure (hairy type I) A a Tactile disks
Pressure (glabrous SA) Aa/Ap Ruffini corp
Pressure (hairy type II) AP Ruffini corp
Touch (glabrous RA) A a Meissner corp
Touch (Gl-hair) A a Hair follicle
Touch (G2-hair) Aa/Ap Hair follicle
Touch (D-hair) AÔ Hair follicle
Touch (field 1&2) Aa/AP Free ending
Vibration A a Pacinian corp
C-mechanoreceptors C Free ending

Mechanoreceptor/ Joint (movement & position) Ap/AÔ Free ending
Proprioreceptor Muscle spindle static AP Flower spray

Tendon organ A a Golgi organ
Joint (phasic) A a/A P Free ending
Muscle spindle phasic A a Annulospiral

Visceral Baroreceptors A6 Free ending
mechanoreceptor Tension/stretch (colon) A6/C Free ending

Pressure (uterine) C Free ending

Thermoreceptor Warm C Free ending
Cold AÔ/C Free ending

Nociceptor Mechanical (HTMN) AP/AS Free ending
Mechanical (joint) AÔ Free ending
Mechanical (muscle) AÔ Free ending
Mechanical (muscle) C Free ending
C-mechanical (skin) C Free ending
Cold C Free ending
Heat AÔ/C Free ending
Heat-mechanical AÔ Free ending
Heat-mechanical C Free ending
Cold-mechanical C Free ending
C-polymodal C Free ending
C-polymodal (visceral) C Free ending
Chemical (visceral) C Free ending

Table 1.1: Functional heterogeneity of prim ary sensory neurons and their 

nerve endings, (reproduced from Akopian., 2000). corp, corpuscle.
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the transduction threshold of these neurons after phosphorylation (Fitzgerald et 

al, 1999 ; Akpoian et al, 1996). An ATP-activated P2X3 ion channel, also 

specific for the nociceptive population of small diameter neurons, could have a 

role in the transmission of pain signals to the central nervous system via the dorsal 

horn (Gu & McDermott, 1997 ; Chen et a l, 1995). A receptor was recently 

cloned that is activated by noxious heat of 48 “C and low pH (Caterina et a l,

1997). This receptor, VR-1 is actually a non-selective ion channel that has a high 

Ca^  ̂permeability.

The cellular cytoskeleton

The neuronal cytoskeleton was described in 1904 by Ramon y Cajal as a 

‘neurofibril network’, which extended from the cell body into the axon and 

dendrites of neurons. These fibrils were later identified as polymeric 

microtubules, intermediate filaments and microfilaments, the three components 

of the cytoskeleton. All three are formed by polymerisation of basic monomeric 

proteins and once polymerised play an essential role in the function of all cells 

from determining and controlling morphological regulation to intracellular 

transport, special organisation of organelles, anchoring of cell surface receptors 

and in certain cases motility.

In neurons the cytoskeleton plays a specialised role in axonal transport. 

Practically all protein synthesis is undertaken in the cell body. All proteins then 

have to be transported via a rigid cytoskeletal network to the nerve ending. The 

cytoskeleton has also been implicated in a variety of events occurring at the nerve 

terminal such as regulating receptor function (Furukawa et a l, 1997), 

endocytosis (Qualmann et al, 2000) and growth cone motility (Tanaka & Sabry,
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1995 ; Sobue, 1993). For the purpose of this introduction only proteins specific 

to the nervous system and in particular sensory and sympathetic neurons are 

discussed.

Microtubules

Microtubule structure

Microtubules are polar polymers made up of 100 kDa tubulin subunits. 

The tubulin molecule is a heterodimer consisting of two polypeptide chains, a- 

tubulin and p-tubulin, which are highly homologous (Luduena, 1998). Multiple 

genes encode tubulin isoforms in eukaryotes (Luduena, 1998). A third subunit, y- 

tubulin, was identified in Aspergillus nidulans (Oakley & Oakley, 1989). This 

subunit was thought to have a role in nucleating microtubules and binding to their 

minus ends (Schiebel, 2000). Recently four more members of the tubulin family 

have been identified, Ô, e, r\ and Ç-tubulin. Of these, only 0-tubulin and e-tubulin 

have been found in mammals. They have been proposed to play a role in 

centriole and basal body assembly and function (Dutcher, 2001).

All of these tubulin subunits are also capable of undergoing post- 

translational modification e.g. phosphorylation and acétylation. These 

modifications usually result in stabilisation of the subunit within the microtubule 

(Luduena, 1998). They may also be involved in modulating the attachment of 

molecular motors to tubulin subunits (Rosenbaum, 2000).

The linear head to tail arrangement of tubulin heterodimers results in a 

protofilament. Usually thirteen of these filaments create a microtubule in which a  

monomers from one filament are aligned laterally next to a  monomers from the 

adjacent filament, like wise for p monomers, see Figure 1.1. It is only at the seam
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where the protofilaments join to form the cylinder that there is not identical 

monomer alignment. The resulting microtubule is polarised with a P-tubulin rich 

+ end and a a-tubulin rich -  end (Desai & Mitchison, 1997).

a-tubulin binds guanosine triphosphate (GXP) and this remains bound to 

the protein and is not hydrolysed to guanosine diphosphate (GDP). In contrast, 

the binding of GXP to P-tubulin is necessary for microtubule assembly, where 

upon GXP is hydrolysed and becomes non-exchangeable. Tubulin bound to GDP 

is less stable than tubulin bound to GXP. To prevent the monomers dissociating 

from the polymer the ends are sealed with a GXP cap (Caplow & Shanks, 1996).

Microtubules are dynamic polymers that can respond rapidly to 

intracellular cues by altering their structure. A model called dynamic instability 

has been proposed to explain microtubule assembly and disassembly (Mitchison 

& Kirschner, 1984). The microtubules constantly undergo elongation and rapid 

shortening by the addition or subtraction of tubulin subunits (Sammak & Borisy, 

1988). The switch from elongation to shortening microtubule length is called 

catastrophe. The reverse, switching from shortening to elongating length is called 

rescue (Walker et al., 1988). Microtubules have also been observed in the process 

of treadmilling subunits. Disassembly of monomers from one end and addition of 

subunits to the other end of the microtubule has been observed in vitro and in vivo 

(Grego et al., 2001 ; Waterman-Storer & Salmon, 1997).
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F ree  tu b u lin  
■ d im e rs

(♦) E nd : f a s te r  r a te s  o f 
tu b u lin  a d d i t io n  
a n d  re m o v a l

l-l E n d  s lo w e r  r a te s  o f 
tu b u lin  a d d i t io n  
a n d  re m o v a l

Fig 1.1: A model of a microtiibiilc. The cartoon shows 
a polar microtubule made up of hcad-to-tail interactions 
of tubulin dimers. 1 he dimers associate linearly to form 
protofilaments that then in turn associate laterally to form 
the hollow cylindrical wall of a microtubule. Polarity of 

the mierotubule results in different polymerisation rates at 
either end of the mierotubule. 1 he + end is the faster 

grow ing end whilst the - end is the slower grow ing end.
Adapted from Darnell ct al., (1990).
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Mierotubule function

Microtubules are very versatile polymers and constitute different 

structures throughout the cytoplasm, such as, fibrous networks supporting 

interphase cells and creating spindles in mitotic cells, axonemes in ciliated and 

flagella cells and bundles in axons and dendrites. These structures are involved in 

chromosomal separation (Brunet & Vemos, 2001), cell motility (Blocker et al,

1998), and transport of organelles respectively (Goldstein & Yang, 2000).

Long (100-500 pM) and stiff mierotubule bundles are present in neuronal 

axons filling the axoplasm and maintaining the structure of the nerve (Weiss, 

1986). These bundles have a uniform polarity in that all the fast growing ends are 

aimed towards the growth cone or synapse (Baas et al., 1988). The microtubules 

are crucial for bi-directional transport of proteins between the cell body via long 

axons to the nerve terminals (Goldstein & Yang, 2000). Molecular sorting and 

transport of mRNA also occurs, delivering the mRNA to the correct cellular 

compartment (Knowles et al., 1996).

The cell body of a neuron is responsible for manufacturing all the proteins 

and lipids necessary for membrane extension at the neuronal tip (Vance et al., 

2000). The transport of these components via vesicles from the cell body to the 

neuron tip is called anterograde transport and was found to occur at two speeds, 

fast and slow (Brady., 1991 ; Grafstein & Forman, 1980). Fast anterograde 

transport moves materials such as organelles and vesicles at speeds of 50-400 mm 

per day. These cellular components are carried along mierotubule bundles by 

motors proteins such as the kinesin family (Hirokawa, 1998). Slow anterograde 

transport is split into two components, the first is slow component a, which carries 

tubulin and neurofilament polypeptides at speeds of 0.1-1.0 mm per day (Hoffman
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& Lasek, 1975). Slow component b is the second type of slow transport, carrying 

actin, metabolic enzymes and regulatory proteins at speeds of 2-8 mm per day 

(Black & Lasek, 1979).

Microtubules are also capable of transporting endocytotic and pre- 

lysosomal vesicles away from the tip of the axon. This is called retrograde 

transport powered by motor proteins called dyneins (Goldstein & Yang, 2000). 

Information is also transmitted back to the cell body from the neurite tip in the 

form of neurotrophin-receptor complexes e.g. NGF and TrkA (Reynolds et al, 

2000).

Genetic studies in the nematode Caenorhaditis elegans (C.elegans) 

highlighted a role for microtubules in the mechanical response to touch. 

C.elegans, a small (1mm) nematode normally found in the soil, has a life cycle of 

just 2.5 days at 25 °C. The adult nematode is made up of 959 cells and 302 of 

these cells are neurons. (Sulston & Horvitz, 1977 ; Sulston et a l, 1983). 

Mutations of the genome that resulted in the failure of the nematode to respond to 

a light prod with an eyelash hair were analysed. Out of the four hundred 

mutations, sixteen were identified that had specific roles in touch cell 

development and function (Chalfie & Au, 1989 ; Chalfie & Sulston, 1981).

There are six touch receptors in C.elegans that run longitudinally down the 

body and are surrounded by an extracellular matrix called the mantle (Chalfie & 

Sulston, 1981). The receptors contain microtubules that are composed of bundles 

of 15 protofilaments (Chalfie & Thompson, 1982 ; 1979 ), see Figure 1.2a. 

Structural analysis of the genes involved in C.elegans touch sensation revealed 

two genes that were homologous to epithelial sodium channels, genes mec-4 and 

mec-10. Genetic mutantions of mec-1 and mec-5 genes altered or inhibited the
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production of the extracellular mantle. Mutations of genes mec-7 and mec-12 

disrupted the production of the microtubules present in the touch neurons (Chalfie 

& Au, 1989; Chalfie & Sulston, 1981). These genes encoded a-tubulin {mec-12) 

and p-tubulin {mec-7) and were necessary for touch cell function. A model has 

been proposed to explain how the C.elegans mediate gentle touch, see Figure 

1.2b. Pressure applied to the external surface of the nematode results in a tension 

between the cuticle and mantle on one side of the channel and the rigid 

intracellular microtubules on the other side. This tension could force open the ion 

channel and activate the neuron (Gillespie & Walker, 2001).

Microtubule regulation

The functions of microtubules rely on either the dynamic instability of the 

polymers i.e. growth cone guidance or maintaining the stability of polymers 

formed i.e. axonal microtubules. To achieve these two apposing functions, 

specific proteins bind to and modulate microtubule function. This broad and 

homologous family are known as microtubule-associated proteins (MAPs). 

Members of this family such as MAPI and MAP2 consist of varying numbers of 

isoforms (Cassimeris & Spittle, 2001). MAPI A is known to affect microtubule 

dynamics in vitro by increasing microtubule stability, and increasing elongation 

(Valliant et a l, 1998 ; Pedrotti & Islam, 1994). In vitro, MAP2 increased 

assembly and nucléation of the microtubules and stabilised the microtubule lattice 

(Vandecandelaere et al, 1996 ; Kowalski & Williams, 1993). MAP2C was also 

able to bundle microtubules into very stable structures (Umeyama et al, 1993).
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Fig 1.2: C.e/egan touch receptor structure and transduction model.
a: A cartoon of a section through a touch receptor neuron process, 
h: The proposed model for a touch receptor. Hypothetical locations 
of mec proteins are indicated. Taken from Gillespie & Walker., ( 2001 ).
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MAP IB is thought to be involved in promoting neurite outgrowth as it 

appears before axon initiation (Gordon-Weeks & Fischer, 2000). Tau has also 

been implicated in neurite outgrowth. Over-expression of tau in non-neuronal 

cells resulted in axon-like extensions protruding from the cells whilst tau over 

expression in a rat pheochromacytoma cell line, (PC 12 cells), resulted in 

increased neurite extension (Esmaeli-Azad et al, 1994 ; Baas et al, 1991 ; Knops 

et al, 1991). SCO 10, a member of the stathmin family, can rapidly disassemble 

microtubules in vitro and was observed in the growth cones of cortical neurons 

(Di Paolo et al, 1997 ; Riederer et al, 1997).

Intermediate filaments

Intermediate filament structure

The intermediate filaments form the second component of the cellular 

cytoskeleton and have been somewhat neglected. The multigene family has been 

analysed and due to sequence homology has been classified into six groups, see 

Table 1.2.

The proteins are expressed in cell-type specific patterns with specific 

functions. The neurofilaments, NF-L (70 kDa), NF-M (150 kDa), NF-H (200 

kDa) (Lee & Cleveland, 1996), a-intemexin, nestin and peripherin are all 

developmentally regulated and neuron-specific. Nestin and vimentin, a ubiquitous 

intermediate filament, are the first intermediate filaments to be detected during 

development in neuroectoderm cells that can develop into neurons and glial cells, 

a-intemexin is expressed in most of the migrating central nervous system neurons 

and reaches maximum expression at embryonic day sixteen in rat (Lee & 

Cleveland, 1996). Neurofilament expression lags behind that of a-intemexin in
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central and peripheral nervous system neurons. NF-H, usually undetectable as the 

neurons are migrating and extending neurites, is the last of the three 

neurofilaments to be expressed (Liem., 1990). In mature central nervous system 

neurons a-intemexin and NF-L distribution is usually similar. However, a- 

internexin is usually expressed in neurons with small axons whilst the 

neurofilament proteins are mainly in neurons with larger axons. Neurofilament 

accumulation increases after synapse formation and myelination in large motor 

and sensory neurons and is paralleled by a decrease in peripherin and a-intemexin 

(Lee & Cleveland, 1996).

Peripherin is expressed abundantly in both the peripheral and central 

nervous system (Lee & Cleveland, 1996). In the peripheral nervous system it is 

expressed in medium and small diameter sensory neurons and small autonomic 

ganglia neurons during development (Goldstein et al., 1991). It is first expressed 

in the embryo just behind NF-L.

The intermediate filaments have differing sequences but they share a common 

structure. The proteins consist of a highly conserved central rod domain, formed 

from a coiled coil of two a-helices. On either side of the rod are globular amino 

and carboxyl terminal domains. It is these domains that provide the different 

characteristics of the different proteins. The proteins assemble into filaments by 

initially forming a dimer with the ends associating in a head to tail manner. These 

dimers associate into a linear array to form protofibrils. It is these structures that 

intertwine to create an apolar filament of 10 nm in diameter, see Figure 1.3 (Fuchs 

& Cleveland, 1998). a-intemexin is capable of self-assembly into filaments in the 

absence of any other intermediate filament proteins (Ching & Liem, 1993). 

However, a double mutant mouse lacking either NF-M or NF-H was unable to
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create filaments showing that NF-L requires either of the two subunits (Elder et 

a l, 1999).

Cytoplasmic and nuclear intermediate filament types

Types Sub-units

I Acidic Cytokeratins

II Basic Cytokeratins

III Desmin, Glial fibrillary acidic protein,

Peripherin, Vimentin,

IV Neurofilaments, light (NF-L), medium

(NF-M), heavy (NF-H)

a-intemexin, Nestin

V Laminins A, B, C

Other non classified Filensin

Table 1.2: Cytoplasmic and nuclear intermediate filament types. Taken from 

Duprey & Paulin (1995).
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Fig 1.3: The levels of organisation and assembly of intermediate 
filaments. I’hc primaiy structural unit is a coiled-coil dimer of two 

polypeptides. A tetramer is formed by antiparallel, staggered 
side-by-side aggregation of dimers. It is not known whether the 
'protruding' ends are heads {1 ) or tails (2). Tetramers aggregate 

end-to-end to form a protofilament, and eight protofilaments form 
a cylindrical 10 nm thick filament. Taken from Darnell ef al., (1990).
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Intermediate filament function

Intermediate filaments form very stable structures and until recently were 

thought to be incapable of the dynamic activity seen with the other two members 

of the cytoskeleton. However, live cell studies have shown that intermediate 

filaments are actually under constant flux within cultured cells (Ho et al, 1998 ; 

Yoon et al, 1998). Recently, it has been shown that the network is capable of 

rapid re-organisation due to the discovery of pools of soluble intermediate 

filaments subunits that can exchange along the entire length of intermediate 

filaments (Okabe et a l, 1993). The microinjection of neurofilaments into 

cultured DRG ganglion demonstrated that these exogenous subunits could be 

incorporated into the endogenous filament (Staube-West et a l,  1996). The 

microinjection of an excess of NF-H also altered the organelle localisation within 

the cell bodies, in particular the Golgi complex.

Neurofilaments of mature myelinated neurons are composed of a NF-L 

core, with NF-H and NF-M subunits incorporated into the fibre so that their tails 

extend laterally (Perrone Capano et a l,  2001). After synapse formation, the 

expression of the neurofilaments is elevated, along with axonal myelination and 

increased axon diameter. The diameter of an axon is an important factor in 

determining the speed at which nerve impulses are propagated along the axon. A 

correlation between axonal diameter (radial) growth and neurofilament number 

was observed suggesting that neurofilaments were involved in determining radial 

growth. (Perrone Capano et a l, 2001). A Japanese quail mutant lacking NF-L 

failed to show normal radial growth, and a decrease in axonal conductance was 

also observed (Ohara et al., 1993 ; Yamasaski et a l, 1992). Inhibition of 

neurofilament transport in a NF-H null mutant mouse led to decreased radial
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growth (Eyer & Perterson, 1994). There is also thought to be a link between 

myelin and axonal radial growth as demyelination decreased radial growth in 

mouse sciatic neurons (Cole et al, 1994 ; de Waegh et al, 1992).

The functions of the individual proteins during neurogenesis have been 

studied. Nestin was visualised with specific antibodies in the neurites and growth 

cones of P19 embryonic carcinoma cells and primary cultured cerebellar granular 

cells (Yan et al, 2001). NF-L has been detected in the neurites of NGF induced 

PCI2 cells (Lee & Page, 1984). A recent study of the role of neurofilaments in 

axonal outgrowth wsQà Xenopus laevis embryos as a model (Walker et al, 2001). 

Spinal cord cultures injected with antibodies against NF-M showed that the longer 

neurites had a reduced extension period compared to the control neurites. The 

specific effect on longer neurites was probably due to the expression of 

neurofilaments in older axonal shafts hence disruption occurred after neurite 

initiation.

The role of a-intemexin was studied during neurite outgrowth in mouse 

NB2a/dl neuroblastoma cells (Shea & Beerman, 1999). After dibutryl cAMP 

differentiation of the cell line, a-intemexin and NF-L were present in extending 

neurites and a-internexin was present at the base of the extending axon. 

Antisense oligonucleotide treatment of the cells reduced a-intemexin expression 

by 50 % and inhibited the production of axon-like neurites. Peripherin on the 

other hand was not seen to be involved in neurite formation (Troy et al, 1992). 

The inhibition of peripherin transcription by antisense olignucleotides in PC 12 

cells failed to affect NGF-induced neurite outgrowth.
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Intermediate filament regulation

Neurofilaments are regulated by the constant actions of protein kinases 

including protein kinase C and casein kinase, and phosphatases acting at the head 

or tail of the proteins. Phosphorylation either inhibits assembly or causes the 

disassembly of the intermediate filament (Perrone Capano et a l, 2001). It also 

correlates with a reduction in transport rate. Another effect of phosphorylation is 

an increased negative charge associated with the NF-M and NF-H tail domains 

that is believed to increase the distance between the tails. This in turn regulates 

filament spacing and axonal calibre.

Proteins associated with intermediate filaments are poorly understood. 

Generally they are taken to be intermediate filament cross-linking proteins rather 

than assembly promoting such as the neuron specific proteins NAPA-73, IF -400 

and A60 (Duval et al, 1995 ; Ciment, 1990 ; Rayner & Baines, 1989). A sensory 

neuronal specific isoform of BP AGI (bullous pemphigoid antigen 1) called 

BP AG In is a member of a cytoskeletal cross-linking family that includes plectrin. 

The protein is present in the DRG and sympathetic nervous system (Dowling et 

al, 1997 ; Bernier et al, 1995). BPAGln specifically contains a carboxyl 

terminal intermediate filament binding domain and in transfected cells was able to 

bind intermediate filaments and F-actin suggesting a linker function that may be 

physiologically important in neurons (Yang et al, 1996). Yeast two hybrid and 

transfection assays show that the carboxyl domain could associate with peripherin 

and a-intemexin but not with the neurofilaments NF-H/M/L (Leung et al, 1999).
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Actin

Actin structure

Actin is a 42.5 kDa globular protein that polymerises to form 

filamentous actin (F-actin). Six isoforms of actin have been found in vertebrates 

including chick, human and rat, each different isoform encoded by a separate gene 

(Miwa et a l, 1992 ; Chang et a l, 1984 ; Nudel et al, 1982). These isoforms 

show tissue specificity. Three a-actin genes are expressed in the skeletal, cardiac 

and smooth muscle along with a y-actin muscle isoform (Garrels & Gibson, 

1976). Two non-muscle isoforms have also been discovered, cytoplasmic P-actin 

and y-actin. These two isoforms are present in neurons (Choo & Bray, 1978). y- 

actin is localised throughout the whole neuron (Bassell et a l, 1998). p-actin is 

enriched in growth cones and filopodia, only weakly visualised in the axon and is 

not present in the cell body. As the animals age, P-actin expression decreases 

until it is only present in the dendritic spines of the neurons, structures that retain 

a capacity for morphological modification (Micheva et al, 1998).

Globular actin monomers assemble into linear polymers by diffusion 

or with the help of actin-binding proteins. The polymers or filaments consist of 

two staggered rows of monomers non-covalently bound and twisted into a helix, 

see Figure 1.4. The helix, approximately 6  nm in diameter, is polarised with a + 

‘barbed’ end where monomers are preferentially added, and a -  ‘pointed’ end 

where monomers are preferentially removed (Forscher, 1989). The description of 

a barbed end comes from the arrowhead appearance visualised when myosin head 

fragments bind F-actin (Stossel, 1989). Polymerisation of actin is ATP dependent 

and actin-ATP is incorporated tightly into the filament at the barbed end. As the 

monomer moves through the filament the ATP bound to actin slowly hydrolyses
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to ADP (adenosine diphosphate) and Pi (inorganic phosphate) (Stossel, 1989). 

Thus ADP-actin dissociates from the filament at the pointed end. This results in 

rapid growing filaments which have sub-domains containing ATP, ADP and 

ADP-Pi. These domains vary in susceptibility to interactions with other proteins. 

The older parts of the filament (ADP-actin) are less resistant to dissociation and 

actin binding protein induced severing of the filament (Forscher, 1989 ; Stossell, 

1989).

The addition and loss of monomers from either end of the filament is 

known as ‘tread milling’ and actin undergoes constant assembly and disassembly, 

see Figure 1.5 (Wegner, 1976). In vitro, monomeric actin exchange with the 

barbed end is diffusion controlled and faster than the affinity and exchange of 

actin from the pointed end. This is very inefficient and at steady state it is more 

likely that there is fluctuation in filament length as subunits are added to pre

existing filaments, not the creation of new nuclei and potential new filaments. 

The concentration of monomeric actin when the on/off rates are balanced at each 

end of the filament is known as the critical concentration. Net polymerisation 

occurs when the monomeric concentration is higher then the critical concentration 

and net depolymerisation occurs when the monomeric concentration is lower than 

the critical concentration. To regulate monomer association with filaments actin- 

binding proteins decrease the number of monomers free for polymerisation 

(Stossel, 1989).

Actin regulation

The regulation of actin is carried out by a wide variety of actin binding 

proteins and holds the key to the dynamic function of actin. As with
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One actin 
m onom er

Fig 1.4: A model of a helical actin filament. The globular actin monomer 
is composed of two domains and is dumbbell shaped. Each monomer has 
strong interactions with each of its two adjacent neighbours e.g. monomer 

3 has strong interactions with monomers 2 and 4. Weaker interactions 
occur with monomers two away in the helix e.g. monomer 3 has weak 

interactions with 1 and 5. Taken from Darnell et al., (1990).
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Pointed end with 
higher Cc

ADR ATP

ATP-actin ADP-Ppactln ADP-actin

Fig 1.5: The turnover of an actin filament. At steady state, 
the net assembly at the barbed end (+) equals the net assembly 

at the pointed end (-), this is termed treadmilling. This 
filament turnover involves a sequence of actin assembly, 

ATP hydrolysis. Pi release, filament disassembly and 
nucleotide exchange as shown by the cartoon. Cc: critical 

concentration. Taken from Chen el a!., (2000).
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microtubules, proteins will either promote or inhibit the polymerisation or 

depolymerisation of F-actin. The general mechanisms by which the actin 

cytoskeleton is controlled within a cell is described below (Forscher, 1989 ; 

Stossel, 1989).

Actin depolymerisation

To alter the cytoskeleton actin filaments must be broken down so the 

monomers can be recycled to create fresh filaments in different locations. This 

can be achieved in a variety of ways. Actin filaments can have their barbed ends 

blocked or capped by proteins, e.g. gelsolin, to physically prevent the further 

addition of monomers (Gremm & Wegner, 2000). Depolymerisation will occur 

as the loss of monomers continues from the pointed end of the capped filament. 

Monomeric actin-binding proteins, e.g. profilin sequester these monomers 

preventing their nucléation (the creation of new filaments usually in association 

with an actin binding protein) or re-addition to the filaments. Therefore, the 

filament looses monomers that are not replaced and so decreases in length.

Fragmentation of filaments can be induced by actin-binding proteins. The 

gelsolin family of actin binding proteins bind to the sides of filaments with high 

affinity during a localised increase in intracellular calcium (Ca^^). The proteins 

sever non-covalent bonds between monomers and then tightly adhere to the 

barbed end of the severed filament i.e. capping the severed end. Other proteins 

such as ADF/cofilin can promote the removal of monomers from the pointed end 

o f the filament (Carlier et al, 1997). Gelsolin and other proteins can also promote 

nucléation by aggregating monomeric actin but remain bound to the barbed end of 

the actin oligomers. Nucléation, combined with the blocking of barbed ends of
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new actin filaments produces numerous short inactive filaments that await 

polymerisation. This means that under the right conditions a huge increase in 

filament length and an alteration of the cytoskeleton will occur (Stossel, 1989).

Actin polymerisation

The assembly of new filaments or the extension of filaments already in 

position will occur by relieving the restraints imposed on the filament or 

monomer by actin binding proteins. The activation of this process is usually via a 

second messenger cascade. For growth to occur monomeric actin needs to be free 

to polymerise and actin barbed ends need to be free to accept the monomers. This 

can occur in two ways. Firstly, actin-binding proteins such as the arp2/3 complex 

can nucleate monomers without capping the barbed end and induce an increased 

number of actin filaments (Machesky & Insall, 1999). Secondly, protein caps are 

removed from the barbed ends of filaments. This uncapping, in the case of 

gelsolin is caused by the translocation of the protein to the plasma membrane. 

Receptor activation can lead to the turnover of phospholipids in the plasma 

membrane resulting in the production of phosphatidylinositol 4,5 bisphosphate 

(PIP2). Profilin and gelsolin will bind to PIP2 releasing monomeric and 

filamentous actin respectively in the process. Thus the filament now has a free 

barbed end so is capable of undergoing elongation with the increased monomeric 

pool. Hydrolysis of PIP2 by phospholipase C will result in the release of actin 

binding proteins from the plasma membrane, which are once again free to cap, 

sever and nucleate, thereby slowing filament growth. The influx of Ca^^ via ion 

channels or the release of intracellular Ca^  ̂from internal stores can also regulate 

actin-binding proteins (Forscher, 1989 ; Stossel, 1989).
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As the filaments elongate they are incorporated into the shifting 

cytoskeleton by cross-linking molecules e.g. villin, fimbrin and fascin which bind 

to the groove of the filament helix, cross-linking the filament into bundles and 

protecting against fragmentation (Forscher, 1989 ; Stossel, 1989).

Actin function

Actin based axonal transport

Actin filaments transport organelles in conjunction with myosin motor 

proteins. Microtubules rarely penetrate the actin cortical meshwork so actin 

filaments are needed to locally transport organelles from the microtubule bundles 

to the plasma membrane, including the leading edge of neurons (Bearer & Reese, 

1999 ; Langford, 1995). The movement of particles along giant squid axonal 

microtubules and then F-actin was determined by Kuznetsov et al (1992). Evans 

& Bridgman (1995) observed the same phenomena in SCG neuronal growth 

cones. Neuronal mitochondria use both microtubules and actin filaments to travel 

in the neurites of sympathetic neurons (Morris & Hollenbeck, 1995).

The actin motor myosin V has been found to have a role in fast axonal 

transport along actin filaments (Tabb & Molyneaux, 1998). Function blocking 

antibodies inhibited the transport of endoplasmic reticulum vesicles along F-actin 

in giant squid axons by 90 %. A yeast two-hybrid assay identified a microtubule 

transporter motor protein (KhcU), as being able to interact with myosin isoform 

Va (Huang et al, 1999). Thus a vesicle with multiple motors could move from 

microtubules to F-actin seamlessly within the periphery of a growth cone.
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Growth cone motility and axonal elongation

The actin cytoskeleton has a very important role to play in neurite outgrowth 

during development. When the actin cytoskeleton was disrupted using 

pharmacological agents, defects in axon outgrowth and guidance were observed 

(Letoumeau et al, 1987 ; Bentley & Toroian-Raymond., 1986). At the tip of an 

extending axon or neurite is a highly motile compartment called the growth cone. 

The peripheral region of the growth cone is actin rich whilst microtubules inhabit 

the central region, see Figure 1.6. The dramatic structure of the peripheral region 

of the growth cone consists of a large fan-like protrusion called the lamellipodia 

which is found in between thin tubular filopodial extensions that can reach several 

cell diameters ahead of the growth cone centre (Lewis & Bridgeman, 1992). The 

continuously extending and retracting filopodia are less than 5 pm in diameter and 

contain a tight bundle of 15-20 actin filaments (Lewis & Bridgman, 1992 ; 

Bridgman & Daily, 1989 ; Tosney & Wessells, 1983). They continuously sample 

the extra cellular environment, detecting attractive or repellent guidance cues, to 

determine the correct direction the neuron should take (Mueller, 1999). The 

growth cone is responsible for pulling the neurite of cultured neurons forward that 

in turn leads to axonal elongation. This motility is due to a dynamic actin 

cytoskeleton, the myosin responsible for pulling the neurite of cultured neurons 

forward that in turn leads to axonal elongation. This motility is due to a dynamic 

actin cytoskeleton, the myosin motor proteins, adhesion molecules and actin- 

binding proteins such as gelsolin, arp2/3, ADP and profilin (Suter & Forscher, 

2000 ; Mitchison & Kirschner, 1988).

Axonal elongation is thought to consist of three phases: protrusion, 

engorgement and finally consolidation (Goldberg & Burmeister, 1986).
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Fig 1.6: A diagram of a neuronal growth cone. I hc structural 
domains of the microtubulc rich central domain and the F-actin 

rich peripheral domain arc shown. 1 he peripheral domain 
contains bundled actin filaments (filopodia) and cross-linked 
networks of unpolariscd F-actin (lamellipodia). lakcn from 

Line/ ai, (1994)
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Protrusion

A forward movement can be facilitated by the actin filaments within the 

filopodia and lamellipodia undergoing elongation at the leading edge and 

depolymerisation within the centre of the growth cone. Two models have been put 

forward which explain how actin within the growth cone can create a forward 

movement. They are the treadmilling model and the array treadmilling model 

(Jay, 2000 ; Svitkina & Borisy, 1999 ; Lin et a l, 1994 ; Mitchison & Kirschner, 

1988).

The actin filaments of the filopodia and lamellipodia constantly flow in a 

retrograde fashion away from the leading edge (Jay, 2000 ; Suter & Forscher, 

2000 ; Lin et al., 1994). Protrusion of growth cone filopodia is thought to occur 

when filaments are prevented from undergoing retrograde flow by the 

engagement of actin, associated proteins and a receptor that can attach to the 

extracellular environment. This protein complex has been compared to the clutch 

of a car (Mitchison & Kirschner, 1988).

The second model, array treadmilling, put forward by Svitkina & Borisy 

(1999) proposes that the lamellipodia undergoes treadmilling as a complete 

structure, not as individual filaments. Branching of F-actin at the leading edge is 

nucleated by arp2/3 whilst ADF depolymerises the rear of the F-actin 

lamellipodial network.

Engorgement

Engorgement is microtubule dependent as inhibition of microtubule 

instability reduces the rate of axonal elongation and prevents organelles moving 

from central to peripheral areas of the growth cone (Gallo & Letoumeau, 2000).
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Time-lapse observations of fluorescently labelled micro tubules in living growth 

cones show that the tips of axonal microtubules continuously probe the actin rich 

peripheral domain of the cone. The insertion of new membrane into the growth 

cone plasmalemma is also microtubule dependent. The microtubules elongate by 

the addition of tubulin subunits in axons and the transport of pre-established 

polymers into the growth cone. F-actin depolymerisation at the rear of the 

lamellipodia creates a space for the elongating microtubules (Forscher & Smith, 

1988). However, microtubules can also extend into F-actin rich areas indicating 

that they may become trapped or stabilised by interactions with F-actin (Gordon- 

Weeks, 1991 ; Lin & Forscher, 1993 ; Bentley & O’Connor, 1994).

Consolidation

The areas of the growth cone lateral to the engorged area become 

quiescent and coalesce to form a new length of axon. This phase is perhaps the 

least understood although two definite things are known to occur. Firstly, 

microtubules become bundled and secondly, new actin protrusions largely stop in 

the region of the plasma membrane lateral to the bundled microtubules (Gallo & 

Letoumeau, 2000).

Microtubules are also important in growth cone turning. Inhibition of 

microtubule dynamics and elongation in chick DRG neurons prevented growth 

cones from turning to avoid a negative cue and was F-actin dependent 

(Challacombe et a l, 1997). Microtubules are also required to maintain the 

lamellipodia and filopodia of the growth cone. The morphology and stability of 

these stmctures is altered by interfering with microtubule dynamics (Gallo, 1998). 

Microtubule binding proteins e.g. MAPI A and IB, have also been found to bind
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actin, providing a way in which the two cytoskeletal elements could be associated 

(Togel et al, 1998 ; Pedrotti et al, 1994).

Actin-binding proteins

Proteins that modulate the behaviour of the actin cytoskeleton can be 

divided into groups depending on their roles within the cell and in particular the 

neuron. Functions include filament assembly (nucléation), severing, capping and 

cross-linking actin.

Actin nucleating proteins

Assembly of actin is particularly important when it occurs at the leading 

edge of a cell as the creation of new filaments can produce a force for motility and 

shape change (Borisy & Svitkina, 2000).

Profilin

Profilin is an important regulator of various aspects of actin dynamics. 

The protein acts as a highly efficient nucleotide exchange factor, catalysing the 

conversion of ADP-actin to ATP-actin (Sohn & Goldschmit-Clermont, 1994 ; 

Theriot & Mitchison., 1993). Profilin has a high affinity for ATP-actin. By 

sequestering ATP-actin profilin prevents its addition to elongating actin filaments 

(Carlsson et a l, 1977). The phosphoinositide PIP2 is required to release profilin 

from actin, producing a large pool of ATP-actin that can take part in a rapid burst 

of filament growth. Profilin bound to actin can bind to the barbed end of a 

filament increasing the length of the filament by one monomer as it dissociates.
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Although profilin is ubiquitously expressed it still has a very important 

role to play in the nervous system. Over-expression of a mutated form of profilin 

in a cell line that extends neurites in serum free conditions (NlE-115 cells) 

severely impairs normal neurite outgrowth (Suetsugu et al., 1998). The protein 

has been visualised within the lamellipodia of leech neurites and mutations of 

drosophila genes result in an inhibition of axonal outgrowth in motor neurons 

(Wills et al, 1999 ; Neely & Macaluso, 1997).

The arp2/3 complex

The arp2/3 complex is made up of seven proteins including the actin 

related proteins arp2 and arp3 and is present at the leading edge of a variety of 

cells (Higgs & Pollard, 2001). In vitro, the complex will cap the pointed end of 

filaments, cross-link and create branched filaments and promote F-actin 

nucléation, albeit weakly (Machesky & Insall, 1999). In vivo, the protein has 

been localised to the Y junctions of F-actin branches in lamellipodia (Svitikina & 

Borisy, 1999).

The efficiency of arp2/3 nucléation is greatly enhanced by the interaction 

of the complex with numerous activating proteins. Cortactin is one such actin 

binding protein localised to the lamellipodia. It induces nucléation and stabilises 

branches formed by the arp2/3 complex (Weaver et a l, 2001). A family of 

proteins that play a major role in arp2/3 activation and actin remodelling are the 

WASp/Scar proteins (Machesky & Insall, 1999). The original family member, 

WASp, has restricted expression within haematopoietic cells. When WASp is 

mutated in humans, defects in platelet development and leukocyte function result 

in Wiskott-Aldrich Syndrome (Derry et a l, 1994). However, a second
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homologous protein, N-WASp, was identified that is more widely dispersed and 

highly expressed in the brain (Miki et a l, 1996). Scar (suppressor of cAR), 

originally discovered in Dictyostelium discoideum, has four human homologues, 

Hs-Scarl-4 (Machesky & Insall, 1999). The WASp/Scar proteins contain 

numerous domains that interact with signalling molecules such as PIP2 , profilin, 

actin monomers and the arp2/3 complex (Higgs & Pollard, 2001). WASp but not 

Scar proteins contain a binding site for the rho GTPase, cdc42, a protein that 

induces filopodia in 3T3 fibroblasts (Nobes & Hall, 1995). Scar proteins do not 

contain the domains necessary for rho GTPase interactions but do seem to interact 

with rac, the rho GTPase that induces lamellipodia in 3T3 fibroblasts (Machesky 

e ta l, 1999).

Sharing an amino terminal region that interacts with proline rich target 

sequences and a central proline rich region that binds to profilin are distant 

relatives, the Ena/VASP family (Machesky & Insall, 1999). This family also has 

an important role to play in actin dynamics, especially in the nervous system. 

Enabled (Ena) is a Drosophila gene that is necessary for axon guidance during 

development (Gertler et al, 1995). The mammalian homologue mena is present 

in the filopodia of growth cones and also has an important role in axon guidance 

(Lanier gr a/., 1999).

Cross-linking proteins

Bundles of actin act as scaffolding that support or stabilise cellular 

protrusions, invaginations or domains of the plasma membrane. They are created 

by actin-binding proteins that cross-link filaments. All cross-linking proteins 

require at least two actin-binding sites to enable them to bind to two separate
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filaments. Larger and more fiexible proteins such as the spectrin family form actin 

networks (Bennett & Gilligan, 1993). Smaller actin-binding proteins tend to 

closely pack F-actin into bundles. These bundles are found in finger-like 

microvilli, filopodia and lamellipodia (Bartles, 2000). The bundles can contain 

from seven filaments up to several hundred and are polar with the barbed tip 

nearest the membrane.

Filamin and a-actinin are located in the growth cones of growing chick 

DRG neurons (Letoumeau & Shatuck, 1989). Another protein fascin, is located in 

the filopodia of PC12 cell growth cones (Sasaki et al, 1996) and snail Helisoma 

(Cohan et al, 2001). The presence of all of these actin-binding proteins in the 

filopodia and lamellopodia of developing neuronal growth cones implies they 

have a role to play in motility and path finding.

Severing and capping proteins

ADF/cofilin

The ADF/cofilin family are small, conserved, widespread proteins that 

regulate actin dynamics in eukaryotes and include cofilin and actin 

depolymerising protein (ADF) (Bamburg, 1999). ADF and cofilin, were initially 

isolated from chick, bovine or porcine brain respectively, and are considered to be 

isoforms with similar activities although there are subtle differences in their 

behaviour in vitro (Bamburg, 1999). The most highly conserved region in the two 

proteins are the known actin binding domains (Bamburg, 1999). ADF is located 

in areas of the cell with dynamic actin cytoskeletons such as the leading edge of 

fibroblasts, neuronal growth cones and post synaptic densities (Svitkina & 

Borisey, 1999 ; Bamburg & Bray, 1987).
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ADF/cofilin have binding sites for both monomeric and filamentous actin 

(Pope et al, 2000). These proteins have a high affinity for ADP-actin, present at 

the pointed ends of F-actin. Carlier et al (1997) showed that in vitro, ADF 

increased the off-rate of monomeric actin from the pointed end of the filament. 

An increase in treadmilling could be bought about by the increased number of 

monomers dissociating from the filaments. These monomers are then free to 

undergo nucleotide exchange and be re-incorporated into the filament via the 

barbed end.

When ADF/cofilin binds to F-actin the monomers rotate within the 

filament weakening the monomeric bonds and inducing severing of the filament 

(Bamburg, 1999). As severing would not cap the barbed ends the net treadmilling 

rate of the filament would not change. Carlier et al (1997) argue that severing 

does not explain the increased treadmilling effect of ADF/cofilin they observed in 

vitro. This model of enhanced treadmilling of F-actin was used to explain the 

effect of ADF in embryonic spinal cord or cortical neurons (Meberg & Bamburg, 

2000). The over expression of the protein resulted in neurite out growth which 

was postulated to have occurred due to increased filament turnover.

The gelsolin family

The gelsolin family shares homologous domains and presently consists of 

the following proteins: gelsolin (Yin & Stossel, 1979), gelsolin-3 (Vouyiouklis & 

Brophy, 1997), adseverin (Rodriguez et al, 1990), CapG (Dabiri et al, 1992), 

flightless I (Campbell et al, 1993), villin (Brescher & Weber, 1979), advillin 

(Marks et a l, 1998), supervillin (Pestonjamasp et al, 1997), quail (Mahajan-
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Miklos & Cooley, 1994), severin (Andre et al., 1988) and fragmin (Hasegawa et 

al, 1980).

CapG and adseverin

These proteins are Ca^^ regulated and can bind to the barbed ends of F- 

actin with high affinity. Adseverin can sever F-actin but CapG is not able to carry 

out this function (Sakurai eta l, 1991 ; Southwick & DiNubile, 1986).

Adseverin shows a more restricted expression pattern than the 

ubiquitously expressed gelsolin and CapG, including certain lymphocytes and 

some renal, adrenal and intestinal epithelial cell types (Lueck et al, 1998). CapG 

is found at levels comparable to gelsolin in many cell types and is abundant in 

macrophages (Dabiri et al, 1992). CapG dissociates from barbed ends in low 

Ca^  ̂unlike gelsolin that requires phosphoinositide binding for release. CapG is 

thought to have a role to play in cellular ruffling at the membrane edge as null 

CapG mice macrophages showed reduced spontaneous ruffling and a reduction in 

phagocytosis (Witke et al, 2001).

Gelsolin

Gelsolin (80 kDa) is the founder member of the gelsolin actin binding 

family and is ubiquitously expressed. It was first isolated in 1979 from rabbit 

macrophages by Yin & Stossel and can cap, sever and nucleate the actin 

cytoskeleton in a Ca^^ dependent manner (Yin et al, 1981). A similar closely 

related but slightly larger protein was also discovered in the plasma of various 

species including pig and human (Kwiatowski et a l, 1986). Plasma gelsolin 

severs F-actin released from the cytoplasm of dying cells to prevent an increase in
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blood viscosity (Vasconcellos & Lind, 1993). Two initiation sites and the 

alternative splicing of the gene encodes both forms of gelsolin that differ by 

twenty-five amino acids (Kwiatowski et al, 1986).

Gelsolin is made up of six homologous, evenly spaced, segments of 120- 

130 amino acids (Way & Weeds, 1988). Each segment contains a further 

homologous domain consisting of approximately 40 amino acids (Bazari et a l, 

1988). The first three domains segments one to three, are separated from the last 

three domains, segments four to six, by a 53 amino acid linker (Bumtnick et al, 

1997). Comparison of segments one to three with segments four to six shows 49 

% homology between the two halves of the protein implying that some sort of 

gene duplication had occurred early in the evolution of this protein (Way & 

Weeds., 1988 ; Kwiatowski et al, 1986).

Function o f gelsolin

The different functions of gelsolin have been pin pointed to various 

segments within the protein. Initially, the protein was cleaved by proteolytic 

digestion to release gelsolin fragments that underwent analysis in vitro 

(Kwiatowski et al 1987 ; Chaponnier et a l,  1986). cDNA deletion mutants 

produced by bacteria expression also helped define the functions of different 

portions of the protein (Way et al, 1992 ; 1989). The amino terminal half of 

gelsolin (segments one, two and three) can sever F-actin in a Ca^^ independent 

manner. The carboxyl terminal (segments four to six) on the other hand has no 

severing, capping or nucleating activity but does contain two Ca^^ binding sites 

(Pope et a l, 1995). Segment one is required for the stable capping of F-actin but 

not for nucléation. Segments one to three are the minimum segments required to
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sever F-actin. The F-actin binding domain, located within segment two of 

gelsolin, associates to the side of the actin filament (Puius et a l, 2000). Two 

monomeric actin-binding sites have been isolated, one each in segment one and 

segment four (Pope et a l, 1995).

The role of calcium in the regulation of gelsolin has been studied by 

various groups but is complex and still not completely unravelled. Initial studies 

in calcium free conditions showed that gelsolin was unable to function, yet the 

truncated peptides of segments one to three or two to six could sever and bind F- 

actin (Way et a l, 1992 ; Kwiatkowski & Yin., 1987). Way et al (1992) 

concluded from their mutant protein analysis that in Ca^^ free conditions the 

conformation of gelsolin prevents actin binding. Segments four to six, they 

hypothesised, were interacting with segment one. Ca^^ somehow caused this 

molecule to open exposing the actin binding sites. This would have accounted for 

the ability of the relevant fragments to bind actin in a Ca^^ free environment.

Crystal structure analysis of segment one associated with actin confirmed 

the presence of the monomeric actin-binding site (McLaughlin et al, 1993). Two 

Ca^^ sites were present, one of which was formed after actin had bound to 

segment one. Actin provided a residue (Glu 167) to complete the gelsolin Ca^  ̂

binding site. Examination of the crystal structure of gelsolin itself confirmed that 

in the absence of Ca^^ the protein formed a tight globular structure (Burtnick et 

al, 1997). Therefore large conformational changes of the structure would be 

necessary to bring the relevant gelsolin domains into contact with actin. Both 

Bumick et al and Pope et al (1997 ; 1997) suggested a tail latch model in which 

carboxyl terminal rearrangement resulted in actin-binding to the amino terminal. 

The protein was kept in a closed configuration by a strong non-covalent bond

52



between segment two and the carboxyl half of the protein. A conformational 

change in segments four, five and six was induced by submicromolar Ca^  ̂and 

this released the bond, thus opening out the molecule. The frozen crystal structure 

of segments four to six complexed with actin provided further evidence that this 

model was correct (Robinson et al, 1999), Segment six was seen to rotate after 

Ca^^ binding to segments four to six, and connect to segment five. This 

movement exposed the segment four monomeric actin-binding site. Deletion of 

the last twenty-three residues in gelsolin increased calcium independent severing 

as seen by F-actin protein severing assays. It has been suggested that these amino 

acids form the latch that holds gelsolin in an actin resistant conformation (Lin et 

al, 2000). Therefore, in the absence of calcium, the tip of segment six associates 

with segment two maintaining a globular structure. Calcium binding within 

segments four to six alters the shape of these segments, moving the tip away from 

segment two. The tip of segment six re-associates with the protein somewhere on 

segment five. This allows the protein to open out and reveal the actin binding 

sites within segments one, two and four. Upon binding of monomeric actin to 

segments one and four further calcium ions can be bound to gelsolin.

Regulation o f  gelsolin

The inhibition of actin severing is mediated via phopshoinositide binding 

to gelsolin. Gelsolin peptides competed with full-length gelsolin for F-actin in the 

presence of PIP2 in vitro (Janmey et al, 1992). Peptides corresponding to a 

polybasic region between segment one and two (residues 150-169) successfully 

bound to PIP2 so allowing full-length gelsolin to sever F-actin. Another PIP2 

binding site was located in 1992 by Yu et al determined by deletion mutagenesis
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and competition with a synthetic peptide. This PIP2 binding site also inhibited F- 

actin binding and was found between gelsolin residues 135 and 149. Both of 

these regions are arginine and lysine rich with a consensus sequence thought to be 

important in the binding of negatively charged head groups of inositol lipids. A 

third PIP2 binding site was recently located in the carboxyl terminal half of the 

protein (Feng et a l,  2001). Phosphotidylinositol analogues that can be 

photoactivated were added to gelsolin and separate gelsolin amino and carboxyl 

halves. A new phosphotidylinositol binding site (residues 621-634) was detected 

that requires an intact structure for efficient binding. Gelsolin must translocate to 

the plasma membrane where the phosphotidylinositols are present in order to bind 

PIP2 . This interaction prevents actin binding to gelsolin and so inhibits severing 

and capping.

The binding of gelsolin to PIP2 at the plasma membrane can also affect 

phosphotidylinositol signalling pathways. Gelsolin from platelets was seen to co- 

immunoprecipitate with phospholipase C (PLC) isoforms PLCyl, PLCSla and 

PLCP (Baldassare et al, 1997 ; Banno et al, 1992). Phospholipase C hydrolyses 

PIP2 to produce 1,4,5-triphosphate (IP3) and diacylglycerol. IP3 then interacts 

with IP3 receptors on the endoplasmic reticulum releasing intracellular calcium. 

Diacylglycerol activates serine/threonine kinases of the protein kinase C family, 

see Figure 1.7 (Payrastre et a l, 2001). The hydrolysis of PIP2 by PLCyl and 

PLCôIa in cytosolic preparations from platelets was inhibited by gelsolin. 

Gelsolin also moderately inhibited PLCP hydrolysis of PIP2 (Banno et al, 1992). 

It would seem that gelsolin can competitively bind both the PLC substrate PIP2 , 

preventing it’s hydrolysis by steric hindrance and phospholipase C itself, possibly 

transporting the enzyme to the membrane.
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Fig 1.7 ; The pathways of Ptdlns synthesis and interconversions.
The diagram shows the main pathways of phophatidylinositoi (Ptdlns) 
interconversions in mammalian cells. The canonical pathaway is 
highlighted by boxes and blue arrows. The pathways leading to the 
synthesis of Ptdlns (3)P, (3,4)P2 and (3,4,5)P  ̂are not yet established 
in vivo. Diacylglycerol (DAG) is recycled via phosphatidic acid back to 
Ptdlns. PI 3-, 4-, or 5- K: phophoinositol kinase, PME: 
phosphomonoesterase. Adapted from Payrastere et al, (2001).
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Gelsolin has also been implicated in playing a role in the rac signalling 

pathway. Rac is a member of the rho GTPase family that is involved in regulating 

cell surface protrusions i.e. ruffling (Nobes & Hall, 1995). Fibroblasts, from 

gelsolin null mutant mice, showed large stress fibres and defects in motility 

compared to wild type cells. The speed with which they filled in a ‘wound’ made 

in the culture dish and migrated across filters of a Boyden chamber was reduced 

(Witke et al, 1995). These findings suggested that gelsolin and a rho GTPase 

were involved in the same regulation pathway (Azuma et al, 1998). Immunoblot 

analysis of fibroblasts and tissue from null mutant mice showed rac over 

expression. This elevated expression was reduced to normal levels after gelsolin 

transfection into fibroblasts. These cells then displayed normal movement 

compared to the wild type cells. The lack of gelsolin did not affect the ability of 

rac to translocate to the membrane after stimulation with endothelial growth 

factor. So it would seem that rac requires gelsolin to mediate ruffling activity and 

motility in these cells. Rac has also been implicated in gelsolin function in 

neutrophils (Arcaro, 1998). G-protein receptor activation of neutrophils triggers 

rac that controls the release of gelsolin from the barbed ends of F-actin, 

independently of PIP2 . Therefore, the regulation of gelsolin is not as simple as 

first thought, with the protein affecting signalling pathways.

Villin

Tissue specificity

Villin (95 KDa) is an unusual member of the gelsolin family as it bundles 

F-actin and is also tissue specific. It is found in epithelial cells and was first
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discovered in gut brush border microvilli. (Robine et a l, 1985 ; Bretscher & 

Weber., 1979). Immunohistochemistry and electron microscopy have been the 

main techniques with which villin tissue specificity has been detected. In situ 

hybridisation located villin mRNA along the villi of the adult human jejeunum, 

mouse intestinal cells and at the villus base where terminal differention occurs 

and the brush border originates (Li et al, 1998 ; Landry et al, 1994 ; Boiler et al,

1988). Northern blot analysis of rat and human tissue found villin mRNA in 

intestinal cells, kidney, liver (Pringault et al, 1986). Villin is located in the acinar 

cells of the rat pancreas, parotid and prostate glands and epithelial cells of adult 

liver ducts (Robine et al, 1985 ; Drenckhahn et a l, 1983). Hofer et al found 

villin in the vomeronasal organ chemoreceptive receptors of the nose, an organ 

that detects pheromones and taste receptor cells of the rat tongue (Hofer & 

Drenckhahn, 1999 ; Hofer et a l, 2000).

Functional domains o f villin

Chicken and rat villin binds to monomeric actin in a Ca^^ dependent 

manner and increases the rate of polymerisation. In the absence of calcium (less 

than lO’̂ M) villin cross-links F-actin to form bundles (Bretscher & Weber, 1980). 

In the presence of calcium (approximately lO'^M) villin restricts the 

polymerisation of actin, severing F-actin to create short filaments (Bretscher & 

Weber, 1980). Calcium dependent actin-binding and cysteine residue mapping 

have identified three calcium binding sites in villin, one of which is in the amino 

terminal portion of the protein, one in the carboxyl terminal and the final one in 

the headpiece. (Hesterberg & Weber, 1983 ; Matsudaira et al, 1985).
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As with gelsolin, limited proteolysis of villin protein was carried out. 

These experiments yielded a large protein of 90 KDa and a small headpiece 

domain of 76 residues. The core protein maintained the calcium-dependent 

ability to sever, cap and nucleate actin but was unable to bundle F-actin. Ca^  ̂

dependent monomeric actin-binding was present in this portion of the protein. 

The headpiece located at the carboxyl terminal of villin was structurally distinct 

from the core. This carboxyl peptide has a calcium independent F-actin binding 

site and is incapable of binding monomeric actin. The headpiece involvement in 

bundling actin was shown by its ability to compete with villin for F-actin and 

inhibit actin bundling. (Glenney et al, 1981).

A mixture of deletion experiments and analysis of the crystal structure 

determined the residues important for F-actin binding to the headpiece. 

Expression of villin in CV-1 fibroblasts produced long microvilli on the cell 

surface due to the rearrangement of the actin cytoskeleton (Friederich et al,

1989). This striking phenotype was abolished when 113 carboxyl terminal amino 

acids were removed from the protein. Truncation of the protein by seven but not 

three amino acids was enough to completely inhibit microvilli production. Four 

charged amino acids, KKEK (residues 820-823), three amino acids from the end 

of the protein, were mutated to the lesser-charged KEEE. The mutant protein 

showed a loss of activity implicating the motif in the binding of F-actin 

(Friederich e/a/., 1992).

The headpiece is stable against thermal dénaturation indicating it has a 

stable and compact conformation. Cysteine mutagenesis pointed to the headpiece 

being split into two sub domains (Doering & Matsudaira, 1996). Two amino 

acids in the isolated carboxyl domain, K38 and E39, were also found to be
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important in F-actin binding in addition to the KKEK motif. Thus, the important 

F-actin binding amino acids seemed to be distributed throughout the headpiece. 

The amino acids that form the F-actin binding site in the headpiece were finally 

confirmed in 1999 (Vardar et a l, 1999). Mutagenesis and peptide binding 

identified the residues as K38, K65, K71, E72, K73 and F76 and they include the 

residues implicated by Friereich et al (1992) and Doering & Matsudaira (1996).

The isolated headpiece does not compete with the F-actin binding site 

present in segments two and three, therefore binds to different sites on F-actin 

(Pope et a l, 1994). Mutations of villin segment two, replacing arginine 137, 

lysine 144 and lysine 145 with alanine, alanine and glutamate reduced binding to 

F-actin in vitro and affected bundling and severing (Friederich et a l, 1999).

By the time the basic function of villin had been determined it was 

becoming apparent that this protein showed remarkable similarity to gelsolin. 

This was confirmed by similarities in sequence, actin binding activities and 

patterns of proteolytic cleavage (Pollard & Cooper, 1986 ; Stossel et al, 1985). 

Detailed analysis of cloned chicken villin using site-specific proteolysis revealed 

that villin is organised into seven structural segments. The first six are 

homologous to each other and to the segments found in gelsolin, including the 

internal domains. The seventh domain corresponded to the headpiece (Bazari et 

al, 1988). The homologous domains were also found in two other actin severing 

proteins, fragmin from Physarum polycephalum  (Ampe & Vanderkerkhove, 

1987) and severin from Dictyostelium discoideum (Andre et al, 1988), except that 

these proteins only contained three homologous domains (Bazari et a l, 1988). 

This was the beginning of the gelsolin actin binding family, based on these 

characteristic homologous domains.
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Regulation o f  villin

As with gelsolin, villin-severing activity is inhibited by PIP2 . Information 

provided by site directed mutagenesis and peptide model studies located part of 

the F-actin binding site to segment two (de Arruda et al, 1992). Jamney et al 

(1992), created villin peptides based around the putative villin actin-binding site. 

These peptides competed with villin and gelsolin for phosphoinositides PIP and 

PIP2 . Only villin peptides, based on the sequence between villin segments one 

and two were able to compete with villin and gelsolin for the PIP2 . Thus villin is 

regulated by PIP2 in a similar manner to gelsolin. Villin activity can also be 

regulated by tyrosine phosphorylation and, like gelsolin, is capable of interacting 

with phospholipase C (Khurana et al, 1997).

In the following chapters evidence of a role for pervin in regulating the 

actin cytoskeleton and neurite outgrowth will be provided.
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CHAPTER TWO

MATERIALS AND METHODS
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2:1 Bacteriology 

2:1 i: Bacterial strains

For plasmid amplification E. Coli strain XLl Blue (Stratagene) were used.

2:1 ii: Growth media

All bacteria growth reagents were purchased in powder form from Life 

Technologies unless otherwise stated, made up with water as per manufacturers 

instructions and autoclaved. All media and plates contained ampicillin (Sigma) at 

50 pg/ml unless otherwise stated. A 1000 X stock solution was made in distilled 

water and stored at -20°C. Solutions were allowed to cool to less than 55°C 

before the addition of ampicillin. Bacteria were grown up in Luria Broth Base 

(LB) or on LB plates (LB, 2% select agar).

2:1 Hi: Bacteria transformation

50 pi aliquots of competent cells were thawed on ice. A maximum of 1 ng 

of plasmid DNA or 1-50 pi of ligation mix was added to each aliquot and the 

mixture was incubated on ice for 30 minutes. The bacteria were then subjected to 

a shock consisting of a 30 s exposure to 42°C and then returned to ice for 5 

minutes. 1 ml of SOC medium (20g/l bacto-tryptone, 5g/l bacto-yeast extract, 8.5 

mM sodium chloride, 2.5 mM potassium chloride, 10 mM magnesium chloride, 

20 mM glucose, pH 7.0) was added and the bacteria shaken at 37°C for 1 hour. 

10-200 pi of bacteria mixture was then plated out onto LB plates with ampicillin 

and incubated overnight at 37°C. Individual colonies were picked the next day 

and grown up in 2 ml of LB with ampicillin overnight at 37°C with constant 

agitation.
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2:2 DNA Preparation

2:2 i: Small scale DNA preparation

1.5 ml from a 2 ml overnight bacterial culture was spun at 10,000 G for 30 

seconds. The pelleted bacteria were thoroughly resuspended in 100 pi of GTE 

solution (50 mM glucose, 25mM Tris-HCl (pH8.0), 10 mM ethlenediaminetetra- 

acetic acid (EDTA, pH 8.0), autoclaved) and left at room temperature for 5 

minutes. 200 pi of 0.2M sodium hydroxide (NaOH)/l% sodium dodecyl sulphate 

(SDS) (w/v), freshly prepared, was added and the solutions gently mixed by 

invertion. After a maximum of 5 minutes incubation at room temperature 150 pi 

of potassium acetate solution (3M potassium acetate, adjusted to pH 4.8 with 

glacial acetic acid) was added, followed by a 5 minute incubation on ice. The 

solution was then spun at 10,000 G for 3 minutes at 4 °C and 0.4 ml of 

supernatant was transferred to a fresh microfiige tube. DNA was precipitated by 

addition of 0.24 ml of isopropanol (0.6 volume), incubation at room temperature 

for 2 minutes and pelleted at 10,000 G for 3 minutes at room temperature. The 

pellet was then washed with 70 % ethanol twice, dried, dissolved in 30 pi water 

and stored at -20°C.

Alternatively, the following ammonium acetate precipitation was 

performed to remove much of the RNA and proteins, allowing better visibility of 

small (2 0 0 - 1 0 0 0  base pair) restriction digest fragments after electrophoresis. 

Water was added to the above DNA to a total of 50 pi. 100 pi of 7.5 M 

ammonium acetate was added and the solution put at - 2 0 °C for 2 0  minutes, then 

spun at 10,000 G for 10 minutes. The pellet was washed with 70 % ethanol twice, 

dried, dissolved in 30 pi water and stored at -20°C.
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Two methods were undertaken for large scale DNA preparation. The first, 

similar to the method above, yields large amounts of DNA ideal for cloning 

purposes. The second, yields ultrapure DNA via a rapid purification Qiagen 

Resin which is ideal for transfection of mammalian cells and DNA sequencing.

2.2 ii: Large scale DNA preparation

0.5 ml of an overnight bacterial culture was used to inoculate 200 ml of 

LB medium in a 1 1 flask. The bacteria were grown overnight, shaking at 37°C. 

The cells were spun at 4000G for 5 minutes, thoroughly resuspended in 4 ml GTE 

solution (see2:2 i) and left at room temperature for 5 minutes. 8  ml of 0.2M 

NaOH/1% SDS (w/v) was added to lyse the cells, the tube rolled gently to mix the 

contents and incubated at room temperature for 5 minutes maximum. 7 ml of 

potassium acetate solution (see 2 ;2 i) was added, which precipitates cell debris 

such as genomic DNA. The solutions were gently mixed and left on ice for 30 

minutes followed by spinning at 1500 G for 15 minutes at 4 °C. 11.4 ml of 

isopropanol was added to the supernatant, mixed and incubated at room 

temperature for 5 minutes before spinning at 4000 G for 20 minutes at 20 °C. The 

pellet was washed with 70% ethanol, dried and resuspended in 1 ml of water. 2 

ml of 7.5 M ammonium acetate was added to the above DNA solution, mixed and 

incubated at -20 °C for 20 minutes. After spinning at 4000 G for 15 minutes at 4 

°C, the supernatant was mixed with 1.8 ml of isopropanol and incubated at room 

temperature for 20 minutes, followed by spinning at 4000 G for 20 minutes at 20 

“C. The pellet was washed with 70% ethanol, dried and resuspended in 300 pi of 

water. The concentration of DNA was determined accurately by UV
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spectrophotometery (1 OD 260 = 50 pg/ml) or by linearising the plasmid and 

electrophoresising against a known concentration of DNA markers.

2:2 Hi: Qiagen® Plasmid purification

0.5 ml of a high copy plasmid e.g. pRK7 vector overnight bacterial culture 

was used to inoculate 25 ml of LB medium in a 500 ml flask (Sivilotti et al, 

1997). The bacteria were grown overnight, shaking at 37°C. The bacteria were 

pelleted by centrifugation at 6000 G for 15 minutes at 4°C and then resuspended 

in Buffer PI which contains RNase A. 4 ml of Buffer P2 was added and the tubes 

gently mixed by inversion 4-6 times and incubated for 5 minutes at room 

temperature. Next, 4 ml of chilled Buffer P3 was added and the tubes were 

inverted 4-6 times and left on ice for 15 minutes before centrifugation at 20,000 G 

for 30 minutes at 4°C. The supernatant was removed and re-spun as above for 15 

minutes to pellet any suspended or particulate material. The Qiagen-tip 100 was 

equilibriated by applying 4 ml of Buffer QBT which flowed through the column 

via gravity flow. The DNA containing supernatant was then applied to the 

column and allowed to enter the resin by gravity flow. The Qiagen-tip was then 

washed twice with 10 ml of Buffer QC and the DNA eluted with 5 ml of Buffer 

QF. The DNA was then precipitated by adding 3.5 ml of isopropanol and 

spinning at 15,000 G for 30 minutes at 4°C. The pellet was washed with 70 % 

ethanol and spun at 15,000 G for 10 minutes, dried and resuspended in 100 pi of 

distilled water. All solutions except from isopropanol and ethanol are provided in 

the Qiagen kit.
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2:3 Cloning techniques

2:3 i: Restriction digests o f DNA

All restriction enzymes were purchased from Roche or New England 

BioLabs and were used with the buffers provided. 0.2-2 pg of plasmid DNA was 

digested with over 10 units of enzyme, in a total volume of 20 pi at 37 °C for 2 

hours. In all cases the volume of enzyme did not exceed 1/10 of the total volume 

of the reaction.

2:3 ii: Filling in overhanging 5* ends o f DNA using Klenow enzyme

Klenow enzyme allows overhanging 5 ’ ends of DNA to be blunted before 

ligation to other blunt ended DNA fragments. 1 to 2 pg of DNA was mixed with 

1 pi Roche restriction buffer B, 2 pi of 10 mM dNTPs (Amersham Pharmacia 

Biotech) and 1 pi Klenow enzyme (Roche) in a total volume of 10 pi. The 

reaction was incubated at 37 °C for 30 minutes only, followed by 

phenol/chloroform extraction (see 2:3 iv).

2:3 in: Dephosphorylation o f DNA

In order to prevent vector DNA cut at one or more restriction enzyme sites 

from re-ligating, rather than incorporating other fragments of DNA in the ligation 

mix, the terminal phosphate at the 5’ end of the vector can be removed using 

alkaline phosphatase from shrimp (Roche). 7 pi of digested Vector DNA (50 ng) 

was mixed with 0.9 pi of 10 X dephosphorylation buffer (Roche) and 1 unit (1 pi) 

of Phosphatase, alkaline, shrimp. This was incubated at 10-60 minutes at 37°C 

and the enzymatic reaction inactivated at 65 °C for 15 minutes.
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2:3 iv: Phenol/chloroform extraction

0.5 volumes of Tris-saturated phenol, pH 7.5 and 0.5 volumes of 

chloroform were added to the solution containing DNA. The solutions were 

vortexed, spun at 17,000 G for 10 minutes and the aqueous phase retained. To 

this was added sodium acetate to 0.2 M (3M stock adjusted to pH 5.0 using glacial 

acetic acid) and 1 volume isopropanol or 2.5 volumes of 100 % ethanol. After 

mixing well the solution was put at -20 °C for a minimum of 30 minutes then 

spun at 17,000 G for 10 minutes. The pellet was washed with 70 % ethanol twice, 

dried and dissolved in water.

2:3 v; Ligation o f DNA fragments

This involves inserting a foreign piece of DNA into a vector with 

compatible or non compatible cohesive termini. Vector DNA concentrations were 

in the order of 50-150 ng/pl or taken directly from 2:3 iii. A 1:3 vector to insert 

ratio was used to ensure efficiency of ligation. In a total volume of 10-20 pi, 1-2 

pi of 10 X ligation buffer, DNA insert and vector and 1-2 pi of T4 DNA ligase 

(Roche) were mixed, incubated over night at 10-16 °C (4 °C for blunt ended 

ligations) and stored at -20°C ready for transformation into bacteria (see 2:1 Hi).

2:3 vii: Electrophoresis o f nucleic acids

Restriction digested DNA fragments or polymerase chain reaction (PCR) 

products were mixed with 1:6 volumes with Gel loading solution (Sigma). 

Agarose gels were made using 0.9-1.4 % agarose (Life Technology) in 1 X TAB 

buffer (0.04 M TRIZMA® Base, 0.001 M EDTA, pH to 8.0 with glacial acetic 

acid) with 25 pg ethidium bromide per 100 ml. 5 pi of Hyperladder, a
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quantitative 1 Kb DNA ladder (Bioline) was loaded in an adjacent well. 

Electrophoresis was carried out in 1 X TAB buffer at 80 V and an image of the gel 

was taken under UV light with a CCD camera.

If DNA was to be extracted from the gel after electrophoresis, low melting 

point agarose (BMP) was used and the required band of DNA was quickly cut out 

using a scapel.

2:3 viii: Extraction o f  DNA from  agarose gels

If DNA extraction from the gel was carried out using the phenol 

chloroform method the excised gel was completely melted at 65 °C in 500 pi of 

STB buffer (0.1 M NaCl, 10 mM Tris-Cl (pH 8.0), 1 mM BDTA (pH 8.0) with 10 

pg transfer RNA which acted as a carrier (10 pg/pl stock solution in water, 

Roche). This solution then under went phenol/chloroform extraction as described 

in 2:3 iv.

Alternately the relevant band of DNA was excised and DNA was extracted 

from the agarose using a GBNBCLBAN II kit (Anachem), following the 

manufacturers instructions. The kit contains a silica matrix called GLASSMILK® 

that binds single and double stranded DNA without binding DNA contaminants.

2:3 iix: Cloning o f  pervin

Pervin was cloned by Akopian & Wood as follows (1995). Neonatal rat 

DRG RNA was used to create oligo (dT)-primed cDNA. This cDNA was then 

hybridised with photobiotin-labelled RNA from the liver then the kidney, and the 

cortex plus the cerebellum. The DNA/RNA hybrids were complexed with 

streptavidin and then isolated by phenol extraction. This resulted in an 80 fold
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concentration of DRG-specific transcripts. This remaining cDNA was used to 

generate double stranded DNA and then amplified via a multi-step PCR. This 

allowed the equivalent amplification of various sized transcripts. The PCR 

products were then cloned into À-Zap II (Stratagene) and the resulting library 

screened with radiolabelled probes derived from DRG mRNA, cerebellum and 

cortex RNA and cDNA from the PCR. Thus clones could be isolated that were 

only positive for the DRG probes. The size of the 91 clones isolated was 

analysed. Cross hybridisation of the clones reduced the number of distinct clones 

to 46. These clones were then analysed by northern analysis and in situ 

hybridisation that again narrowed down the number of apparently DRG specific 

clones to a final number of 23. One of these clones was a partial cDNA encoding 

an open reading frame with homology to villin (Akopian & Wood., 1995). A 2 

Kb probe (nucleotide position 985 -  2985) was used to screen the oligo-dT 

primed rat DRG cDNA library (Akopian & Wood ., 1995 ; Chen et al, 1995). A 

full length clone encoding an 829 amino acid protein that showed 60% homology 

to rat villin at the amino acid level was isolated, and the sequence deposited 

(EMBL Accession number AFO 99929).

2:3 ix: FLAG-taggedpervin constructs

A 3 Kb cDNA pervin insert was ligated with linearised pRK7, transformed 

into E.Coli XL-1 blue bacteria and pRK7-pervin clones selected (Sivilotti et al, 

1997). The pRK7-pervin construct was PCR amplified with SP6 -primer and a 

pervin-FLAG primer,

(5'-

ATAATCCCGGGGTC.CTTGTCATCGTCGTCCTTGTAGTC.ATTGGTCACA
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G-3'). The FLAG sequence is underlined. The PCR fragment was cut with Sma 

I, separated on LMP agarose and the Sma I fragment eluted using 

phenol/chloroform extraction (see 2:3 viii). pRK7-Pervin was then cut with Sma I 

and the linearised construct ligated with the PCR product and transformed into 

XL-1 blue bacteria by electroporation. Approximately 50% of the colonies 

contained the Smal fragment in the correct orientation. The pervin-FLAG 

construct was cut with EcoR I which released a 2.3 kb fragment which includes 

only 13 amino acids of the headpiece removing the cluster of amino acids vital for 

F-actin-binding. The insert was re-ligated into pRK7 and a clone containing the 

vector in the correct orientation selected.

2:3 x: Cycle sequencing method

Samples were prepared using the BigDye Terminator cycle sequencing 

ready reaction following the manufacturers instructions. 5.5 pi of 0.3-0.5 pg of 

double stranded/ plasmid/PCR product DNA was mixed with 3.2 pmol of primer 

and 4 pi of Bigdye Terminator mix to a final volume of 10 pi and overlayed with 

a drop of mineral oil. A Biometra® UNO-Thermoblock or a Techne® Genius 

were used to heat the samples to 96 °C for 30 seconds, 50 °C for 15 seconds and 

60 °C for 4 minutes. 25 of the above temperature cycles were performed, 

followed by storage at 4 °C.

The aqueous phase was transferred to a new microfiige tube, mixed with 

100 pi of chloroform, vortexed thoroughly and spun for 10 minutes at 17,000 G, 

room temperature. The aqueous phase was then mixed with 1 pi of sodium 

acetate (pH 5.5) and 25 pi of ethanol and incubated on ice for 30 minutes only. 

After centrifugation at 17,000 G, 18 °C for 25 minutes the pellet was washed
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twice with 70% ethanol, dried and resuspended in 4 pi of loading buffer (80% 

formamide, 20% 50 mM EDTA containing 30 mg/ml dextran blue) and stored at

4 °C until required. Sequencing gels were prepared using ultra pure AccuGel™ 

29:1 (National Diagnostics) according to ABI instructions. The gel was pre-run 

until the correct gel temperature was reached. Samples were denatured at 95°C for

5 minutes and placed on ice until the gel was ready to load. 1-2 pi of each sample 

was loaded and electrophoresed for 7 hours. The data was collected by an ABI 

Prism™ 377 DNA Sequencer and analysed using Factura™ (ABI). Sequences 

were compared using BLAST at NCBI.

2:4 RNA extraction and analysis

2:4 i: RNA extraction via the Chomczynski Method

This method for RNA extraction from tissues was taken from 

Chomczynski & Sacchi (1987). The homogeniser was washed with 0.1 M NaOH, 

rinsed thoroughly with water and washed with Solution D (4 M guanidine 

thiocyanate salt, 25 mM citric acid pH 7, 0.5 % SDS) containing 0.013 M P 

mercaptoethanol before use. One 80-90 % confluent 10 cm dish of COS-7 cells 

was trypsinised and pelleted before being homogenised for 3 minutes in up to 1 

ml of Solution D containing P mercaptoethanol on ice. DRG dissected from 

neonatal rats were homogenised, 10 ml Solution D per 1 g of tissue. 1/10̂  ̂volume 

of 2 M sodium acetate pH 4.0 and 1 volume of ice cooled water saturated phenol 

were added the tube and vortexed. 1/5^ volume of chloroform isoamyl (49:1) was 

then added, the tube vortexed for 1 0  seconds, cooled on ice for 15 minutes and 

spun at 2, 000 G for 30 minutes at 4 “C. Almost all of the upper phase was 

transferred to a new tube, 1 volume of isopropanol added, the tube incubated at
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-20 °C for 30 minutes after which the RNA was pelleted at 2, 000 G for 10 mins 

at 4 °C. For tissue homogenised in volumes of Solution D of 1 ml or less the 

pellet was washed twice in excess 70% ethanol, dried and dissolved in water. The 

RNA yield was measured using a UV spectrophotometer (1 OD26 0 = 40 pg/ml)

For tissue homogenised in volumes of Solution D above 1 ml, 300 pi of 

Solution D was used to dissolve the pellet so it could be transferred to a 1.5 

microfiige tube. 300 pi of isopropanol was added and the tube placed at -20 °C 

for 30 minutes. RNA was pelleted during a 17,000 G spin at 4 °C for 10 minutes 

and the pellet was then washed twice at 4 °C with fresh ice cold 70% EtOH, dried 

and dissolved in water. The RNA yield was measured using a UV 

spectrophotometer (1 OD2 60 = 40 pg/ml)

2:4 ii: Northern analysis o f RNA

Random-primed ^^P-labelled DNA Pst I -Pst I fragment probes (50ng, 

specific activity 2x10^ c.p.m per pg DNA) from the 3’ UTR, (nucleotide position 

1916 -  2899) were used to probe total RNA extracted from neonatal tissues, see 

2:5). Total RNA was separated on 1.2% agarose-formaldehyde gels and capillary 

blotted onto Hybond-N (Amersham Pharmacia Biotech). The amounts of RNA 

on the blot were roughly equivalent, as judged by ethidium bromide staining of 

ribosomal RNA and by hybridisation with the ubiquitously expressed L-27 

ribosomal protein transcripts (LeBeau et al, 1991). Filters were prehybridised in 

50% formamide, 5 X SSC containing 0.5% SDS, 5 X denhardts solution (0.5 g 

ficoll 400, 0.5 g polyvinyl pyrollidine, 0.5 g bovine serum albumin faction V), 

100 pg/ml boiled sonicated salmon sperm DNA (average size 300 bp), 10 pg/ml 

poly-I-C at 45°C for 6 hours. After 36 h hybridisation in the same conditions
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using 10  ̂c.p.m. per ml hybridisation probe, the filters were briefly washed in 2 X 

SSC at room temperature, then twice with 2 X SSC with 0.5% SDS at 6 8  °C for 

15 min, followed by a 20 min wash in 0.5% SDS, 0.2 X SSC at 6 8 °C. The filters 

were autoradiographed overnight on Kodak X-omat film.

2:5 In situ hybridisation

2:5 i: Preparation o f probe

cRNA probes were generated using a 0.2 kb DNA sequence (2649 to 

2899 bp) from the 3 ’ UTR region of the pervin cDNA. Sense and anti sense RNA 

probes were generated using Kpn I digestion and SP6  or Sal I digestion and T7 

RNA polymerases respectively. 3-5 pg pGEM®-3Z plasmid containing 0.2 kb of

DNA sequence (2649 to 2899 bp) from the 3’ UTR region of the pervin cDNA 

was linearised with either Kpn I or Sal I (see 2: 3i). To check digestion was 

successful a small quantity of the reaction mix was run on an agarose gel. Ipl of 

tRNA (lOpg) and STE to a total volume of 200pl was added to the digested 

cDNA and then the aqueous phase was extracted with phenol/chloroform 

purification (se 2: 3 iv). To precipitate the cDNA 2.5 volumes of ethanol was 

added to the aqueous phase along with a final concentration of 1 / 1 0 ^̂  sodium 

acetate (pH 4.8- 5.0). The mixture was left for at least 20 minutes at -20°C and 

then spun at 17, 000 G for 5min at 15°C. The resulting pellet was washed with 

70% ethanol twice and resuspended in 5 pi of RNase free water. The following 

solutions were added in sequence to create DIG-11-UTP labelled RNA. To avoid 

the co-precipitation of DNA and spermidine, the reagents were mixed in series 

and not kept on ice.
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lOpil autoclaved H2 O 

2^1 10 X polymerase buffer (Roche)

2pl 10 X NTP labelling mix (Roche)

5 pi DNA template

0.3pi RNasin (Promega)

After a gentle mix 1 pi T7 or Sp6  RNA polymerase (Roche) was added and the 

reaction incubated at 37°C for Ihr. RNA should now have been transcribed from 

the template cDNA which was then digested by 0.5pi of RNase free DNasel 

(Roche) at 37°C for 30-45 min. The final volume of the reaction mixture was 

increased to 200pl using autoclaved water and sodium acetate (pH 4.0) was added 

to a final volume of 0.2M as well as one volume acid-phenol. After a vigorous

vortex the tubes were spun and the aqueous layer retained. DNA enters the

organic phase provided it is acidic, whereas the RNA will stay in the aqueous 

phase. RNA was extracted with 0.5 volume chloroform/ 0.5 volume acid phenol, 

vortexed, spun and the aqueous layer, containing RNA kept. RNA was 

precipitated with one volume of isopropanol at -20°C for at least 1.5 hr. After a 

20 minute spin (17,000 G) at 4°C the pellet was washed with 70% ethanol twice, 

dried and resuspended with 20pl autoclaved H2 O. An aliquot was checked on a 

1 % agarose gel. (0 .8 pl sample and 5pl buffer (80% formamide/ 1 0 % loading dye 

(0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol). Before 

hybridisation the probe was boiled at 80°C for 5 min, then put on ice before 

loading.
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2:5 H: Detection o f mRNA by in situ hybridisation

Freshly dissected neonatal rat DRG were rapidly frozen. 10 pm sections 

were cut using a cryostat, placed on to electrostatically charged slides (BDH) and 

air dried for 20 min to a maximum of three hours. The sections were fixed with 

cold 4 % paraformaldehyde in PBS (140 mM NaCl, 2.7 mM KCl, 8.1 mM 

NaiHPO#, 1.5mM KH2PO4 pH 7.4) for 10 minutes, washed in cold PBS and 

dipped in a stirring solution of triethanolamine/acetic acid (3.5 ml 

triethanolamine, 750 pi acetic acid, 300 ml distilled water) for 10 minutes which 

will reduce the ability of charged probes to bind electrostatically to the section, ie, 

positive charged amino groups. This was followed by a further wash in PBS at 

room temperature. The slides were transferred into a humid chamber containing a 

50% formamide/4xSSC mix and left for 1-6 hours with 700-800 pi of 

hybridisation buffer (50% molecular grade formamide, 4 X SSC, 2 X denharts 

soln (0.2 g ficoll 400, 0.2 g polyvinyl pyrollidine, 0.2 g bovine serum albumin 

fraction V), 50pg/ml tRNA, 150pg/ml denatured salmon sperm) on each slide at 

room temperature. After this period of time the hybridisation buffer was replaced 

with 160 pi of hybridisation buffer containing 10-300 ng/ml of probe RNA and 

left shaking at 65 °C for at least 16 hours. To remove excess probe the sections 

were washed in 2 X SSC 4 times at 72°C; once in 2 X SSC at 72°C and once in 

0.1 X SSC at 72°C before being transferred to 0.1 X SSC at room temperature.

The probe was detected using an anti-digoxigenin antibody conjugated to 

alkaline phosphatase (Roche) (Schaeren-Wiemers & Gerfm-Moser, 1993). This 

involved shaking the slides in B1 solution (O.IM TRIZMA Base® pH 7.5, 0.15 M 

NaCl) for 10 min and then blocking for 1 hour in B2 (2% sheep serum in B1 

solution) before 160-250 pi of the anti-Digoxigenin antibody (1-3:1500 dilution in 

B2) was added and left for 1.5 hours flat at room temperature in water saturated 

conditions.

The enzyme alkaline phosphatase requires an alkaline pH to function 

efficiently. The slides were placed in solution B3 (0.1 M TRIZMA Base® , 0.1 M
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NaCl, 340^1 of concentrated HCl, 50mM MgCh, pH 9.5 ) for 5 min. Finally 

150-200 pi of B4 solution/slide was added (1 ml B3 solution, 4.5 pi NBT, 3.5 pi 

BCIP, 25 pi of 5mg/ml levamisole) and the slides left in the dark so the colour 

could develop. The B4 solution contains nitro-blue-tetrazolium-chloride (NBT) 

and 3-bromo-chloro-3-indoly-phosphate, 4-toluidine salt (BCIP). BCIP serves as 

the substrate for alkaline phosphate forming 5-bromo-4-chloro-3 -indoxy 1. On 

reaction with NBT an insoluble purple indigo-dye is formed. This reaction can 

take 1 hour to overnight. The slides were checked under the microscope 

periodically and once a high amplification of signal was observed the reaction 

was stopped with PBS or B5 (10 mM TRIZMA Base® pH 8 , 1 mM EDTA). The 

slides were then stored at 4°C in PBS.

2:6 COS-7 cell culture, transfection and analysis

2.6 i: COS-7 cell culture and transfection

COS-7 cells were cultured in Dulbecco's MEM with L-glutamine (Life 

Technologies), 10% foetal calf serum (Sigma), 0.5 U/ml penicillin and 0.5 pg/ml 

streptomycin (Life Technologies). The cells were seeded at a density of 0.1-0.3 x

10  ̂cells per 60 x 20 mm dish (Falcon) and left overnight.

The Gene Puiser apparatus (Biorad) is a pulse generator that uses capacitor 

discharge to produce controlled exponential pulses for cell electroporation. The 

resistance of the electroporation media is dependent on its ionic strength. As 

ionic strength increases, resistance of the medium decreases. A pulse delivered 

into a medium of higher ionic strength (low resistance) will have a shorter time 

constant if all else remains constant. A buffered saline solution has a resistance 

about 10 X that of PBS containing no Ca^  ̂or Mg

The cells were removed from the plate with trypsin-EDTA (Life 

Technologies) and washed in and resuspended in 350 pi HEBS buffer (20mM
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HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HP04 and 6  mM D-glucose pH 

7.4). 20-30 pg DNA each of green fluorescent protein-actin, (GFP-actin), (Ochoa 

et al., 2000) a gift from Michael Way, (EMBL, Heidelburg), pRK7 or pervin- 

FLAG or headless pervin-FLAG were mixed with HEBS buffer to a final volume 

of 150 pi. The cells and DNA were mixed, added to sterile 0.4cm electrode gap 

Gene Puiser Cuvette and transfected using a Gene puiser II (Biorad), conditions of 

high capacitance, 0.3 KV and 0.2 F. After the cells were re-plated in media they 

were left for 72 hours.

2:6 ii: Immunocytochemistry

The COS-7 cells or DRG cultures were fixed in 4% paraformaldehyde 

for 1 0  minutes, blocked using 1 0 % goat serum and stained over night using a 

dilution of 1:200 anti-FLAG M2 monoclonal antibody. An anti-mouse IgG, 

F(ab’ )2  Rhodamine Red-X labelled antibody , dilution 1:400 (Jackson Lab) or an 

anti-mouse IgG, F(ab’ )2 fluorescein labelled antibody, dilution 1:200 (Jackson 

Lab) and / or Phalloidin-TRITC, dilution 1:20 (Sigma) were added for 1-2 hours 

before the cells were mounted in citifluor. Images were taken using a Leica TCS 

NT confocal microscope or Leica DM RB combined with Openlab 2.2.i 

(Improvision). Phalloidin-TRITC is a bicyclic peptide isolated from Aminta 

phalloides mushroom. The peptide binds competively to actin filaments 

preventing depolymerisation.

2,6 Hi: Counting filopodia on COS-7 cells

COS-7 cells were transfected (see 2:6 i) and actin, pervin-FLAG and 

headless pervin-FLAG were visualised, see 2:6 I,i and the proteins then studied
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using a Leica Leitz DM RB microscope. Single cells positive for GFP-actin and 

anti-FLAG were chosen and their filopodia counted. Images were captured using 

a Leica TCS NT confocal microscope.

2:6 iv: Observation o f filopodia on COS-7 cells

COS-7 cells were co-transfected with FLAG-tagged pervin and GFP-actin, 

see 2:7. The cells were placed in extracellular solution (140 mM NaCl, 4 mM 

KCl, 2 mM CaC12*, 1 mM MgC12*, 10 mM Hepes acid pH 7.35-7.4, *based on 1 

M stock) and a GFP-actin positive cell was chosen. Every 30s images at x 100 

were taken, (2s exposure at 458 nm), for 1 hour at room temperature. After the 

hour was up the cells were fixed and stained, see 2:6 ii. The cell that had been 

subjected to the time lapse study was found and an image take. The cell was 

visualised with a CCD camera linked to either a Leica or Zeiss microscope. The 

Openlab 2.2.i program was used to capture the images (X 100 or X 25).

2.7 Protein analysis

2:7 i: TnT Coupled Reticulocyte Lysate Systems

Eukaryotic in vitro translation of larger mRNA species uses Reticulocyte 

Lysate System. Prepared from New Zealand white rabbits, the reticulocytes are 

lysed and endogenous mRNA is digested by micrococcal nuclease, therefore 

reducing background translation. The lysate contains the cellular components 

necessary for protein synthesis: tRNA, ribosomes, amino acids, initiation, 

elongation and termination factors.

Qiagen purified circular plasmid DNA in vectors containing T7 (Pervin in 

pcDNA 3) or Sp6  (Pervin-FLAG, headless Pervin-FLAG in pRK7) promoters
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underwent single tube coupled transcription/translation to double check that the 

cloned Pervin-FLAG and headless FLAG were in frame and capable of being

translated into protein by the COS-7 cells and DRG neurons.

Reagents were removed from the -70°C and defrosted on ice apart from 

TnT® Reticulocyte Lysate that was rapidly thawed by hand before placing on ice. 

The following reagents were added in order to a 1.5 microfrige tube on ice, gently 

mixed and given a brief spin.

TnT® Reticulocyte Lysate 12.5 pi

TnT® Reaction Buffer 1 pi

TnT® RNA Polymerase (T7 or SP6 ) 0.5 pi

Amino Acid Mixture minus Methionine, 1 mM 0.5 pi

[̂ ^S] methionine ( > 1 , 0 0 0  Ci/mmol at 1 0  mCi/ml) 1 pi

RNasin ® Ribonuclease Inhibitor (40 u/pl) 0.5 pi

DNA template (0.5pg/pl) 1 pi

Nuclease Free Water to a final volume of 25 pi

The reaction mix was left at 30 °C for 90 minutes and then mixed 1:1 with 2 X 

sample buffer and denatured at 100°C for 5 minutes. Care was taken as the 

mixture was now radioactive. The samples were separated via SDS-PAGE see 

2:8 and the gel dried under vacuum on to blotting paper. The gel was then placed 

under X-omat film for a minimum of 16 hours to detect the labelled translated 

protein.
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2.7 ii: Lysis o f Triton X-100 soluble and insoluble cellular fractions

COS-7 cells were transfected, see 2:6 i, with 20 pg GFP or 20 |ig pervin- 

FLAG/headless pervin-FLAG and left for 1, 2 or 3 days at 37°C. The dishes were 

placed on ice, the media removed and the cells washed twice with ice cold PBS. 

400 pi of IX Lysis Buffer (1 mM MgCL, 75 mM KCl, 2.5 mM EGTA pH 8 , 1 

mM KPO4 , 5 mM |3-glycerol phosphate 0,1 mM DTT, 2.5 mM ATP, 1% Triton 

X-100 and protease inhibitor cocktail (Roche)) was added to each dish, left for a 

few minutes and then the cells scraped from the dish and transferred to an 

microfuge tube. Then spun at 5, 000 G, 4°C for 20 minutes. The Triton X-100 

soluble supernatant representing the cytoplasm and non-cytoskeletal associated 

elements was removed and mixed with an equal volume of 2 X sample buffer. 

The pellet representing Triton X-100 insoluble cytoskeletal elements was 

resuspended in 250 pi of 2x SDS PAGE sample buffer (100 mM TRIZMA Base® 

pH 6 .8 , 4 % SDS, 0.2% bromophenol blue, 20% glycerol, 200 mM DTT). Both 

the pellet and the supernatant were denatured for 3 -5  minutes at 100°C and 

stored at -20 X  until analysed by SDS-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE), see 2:8

2:7 Hi: Determination o f protein concentration using the Bradford Assay

The Bradford assay quantitates by optical density the binding of 

Coomassie brilliant blue to a protein. Under acidic conditions the dye is in a red, 

doubly protonated form. After binding to protein the dye looses the protons and 

turns blue. This is compared to the binding of Coomassie brilliant blue to 

different amounts of a standard protein, eg bovine serum albumin. This protocol 

quantifies 1 to 1 0  pg protein using a standard curve.
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2:7 iv: Creating a standard curve

A protein stock solution of 0.5 pg/pl was made by mixing 50 pi 10 mg/ml 

BSA (Fraction V), (made in a tube previously coated with BSA) with 950 pi 

distilled water. To create the samples required for the standard curve 0,5, 10, 20, 

30 and 40 pi of 0.5 pl/pg BSA stock solution were added to a 1 ml of Bradford 

Reagent diluted 1:4 with distilled water. This gave final BSA concentrations of 0, 

2.5, 5, 10, 15 and 20 pg respectively. The samples were vortexed and their OD 

reading taken at 595 nm. The readings were then plotted as OD versus BSA 

concentration. 1 0  pi of each sample with unknown protein concentration was 

mixed with 1 ml of Bradford Reagent diluted 1:4 with distilled water and 

vortexed. Each sample’s OD reading was then taken as above. These results 

were then used to read off approximate protein concentrations using the standard 

curve.

Using this information it was decided to run between 30-100 pg of protein/lane 

via SDS-PAGE, see 2:8.

2:7 v: Immunoprécipitation o f COS-7 cell lysates

COS-7 cells were transfected , see 2:6 i and left for 72 hours. The cells 

were rinsed 3 times with PBS phosphate buffered saline and solubilized with 1 ml 

of Lysis Buffer (50 mM TRIZMA Base® pH 7.5, 150 mM NaCl, 5 mM EDTA, 5 

mM EGTA, 1 % Triton X-100, ImM Na pyrophosphate, 1 mM Na orthovanidate, 

0.5M NaF and protease inhibitor cocktail (Roche) pH 7.4). The cells were left on 

ice for 30 minutes and the dishes gently rocked occasionally. Insoluble material 

was removed by centrifuging the cell lysates at 17,000 G for 30 minutes at 4°C. 

13 pl/ml of lysate of anti-p-actin monoclonal antibody or 5 pl/ml of lysate anti 

FLAG M2 monoclonal antibody were added to the cell lysate supernatants and the
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mixture incubated overnight at 4°C. 200 of Protein A sepharose CL-4B 

(Amersham Pharmacia) or 40 pi of Protein G Plus-agarose (Santa Cruz) was 

subsequently added and the lysate incubated for a further hour. The lysate was 

spun at 17,000 G for 5 minutes at 4“C and the pellet washed 3 times with Lysis 

Buffer. The pellet was resuspended in 50 pi of sample buffer and boiled for 5 

minutes prior to SDS-PAGE, see 2:8.

2:8 Electrophoresis of protein samples

The protein samples were separated via SDS-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) through a 6 % stacking gel which is poured on top 

of a polymerised 10% separating gel. 4-10 pi of Rainbow Marker (Amersham 

Pharmacia Biotech) was used and the gel run at 7 mA and 250 V over night or 

150 V for 8  hours.

2:8 i: Protein to membrane transfer

The electrophoresed proteins were transferred to Hybond-C extra 

membrane via electrophoretic elution. A sandwich was made consisting of a 

piece of transfer membrane and the gel between adsorbant filter paper. This was 

submerged into a transfer tank filled with transfer buffer (39 mM glycine, 48mM 

TRIZMA Base®, 0.037% SDS, 20% methanol) with the membrane closest to the 

positive electrode (red). Transfer occurred between 5 hours to over night at 

around 13 volts, maximum current

2:8 ii: Detection o f  proteins using ECL ™

The primary antibodies, anti-P-actin monoclonal antibody and anti-FLAG 

M2 monoclonal antibody were detected using highly sensitive ECL™ reagents 

(Amersham Pharmacia Biotech). A secondary horseradish peroxidase antibody
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(Amersham Pharmaica Biotech) is capable of catalysing the oxidation of luminol 

in alkaline conditions, potentiated with phenol. Immediately after oxidation 

luminol is in an excited state and will decay back to ground state via a light 

emitting pathway (emission at 428 nm). The protocol laid out in the ECL manual 

was followed. This method will detect 1 pg of antigen or less on Hybond-ECL, 

with high resolution.

The membrane was removed from the transfer tank and the marker bands 

marked onto the membrane. Non-specific binding sites on the membrane were 

blocked for 45 minutes using 100 ml of blocking solution (5% powdered milk and 

0.1% Triton X-100 in PBS). The membrane was heat sealed into a small plastic 

bag containing 6  ml of Blocking solution or 0.1% Triton X-100 in PBS and 10-40 

pi of 1 pg/pl anti mouse FLAG monoclonal antibody or 20 pi of anti-P actin 

antibody. This was left shaking at room temperature for 1 hour or at 4°C over 

night. The membrane was then washed, shaking, for 10 minutes 3 times in 150 

ml of Wash buffer (0.1% Triton X-100 in PBS). 3 pi of anti mouse-HRP 

(Amersham Pharmacia Biotech) and 4.5 ml of Blocking buffer (1:1500 dilution) 

was added to the membrane in a heat sealed bag and left for 1 - 2  hours at room 

temperature. The membrane was washed 3 times as above. Wearing gloves 1 ml 

each of Solution 1 and 2 (from the kit) were mixed on a hard-wearing piece of 

plastic. The excess Wash buffer was drained from the membrane and it was 

placed face down on top of the 2 ECL ™ solutions and incubated for 1 minute at 

room temperature. After draining off excess solution the membrane was wrapped 

in Saran wrap, smoothing out any bubbles. The membrane was then exposed to X- 

omat film for 30s to a few minutes and the film developed by washing firstly in
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developer and then in fixer (Champion Photochemistry Int Ltd; Devalex 

Developer, Devalex Developer Starter and Fixaplus).

2:9 DRG culture and transfection 

2:9 i: DRG culture

DRG were dissected from new bom rat pups and placed immediately into 

Dulbecco's MEM with L-glutamine, 0.5 U/ml penicillin and 0.5 pg/ml 

streptomycin and washed in PBS minus Ca '̂^/Mg The DRG were then left for 

30 minutes to 1 hour in a final concentration of 0.125% collagenase XI at 37°C. 

The cells were triturated gently 3 times with a 19 gauge needle and then up to 10 

times with a 21 gauge needle to break up the ganglia and release single cells. The 

media containing the cell suspension was gently laid over 70 pm nylon filter 

(Falcon) and then washed at 89 G for 5 minutes to pellet the single cell 

suspension. The cells were resuspended in Dulbecco's MEM with L-glutamine 

containing 10% foetal calf serum, 0.5 U/ml penicillin and 0.5 pg/ml streptomycin 

and 50 ng/ml NGF (Promega) and cultured in the centre of 0.05 mg/ml poly

lysine coated glass cover slips at 37°C.

2:9 ii: DRG transfection

DNA was transfected into DRG neurons using the PDS-1000/He Biolistic 

particle delivery system (Biorad) according to the manufacturer’s instructions. 

All solutions where possible underwent 0.22 pm filtration. This method uses 

pressurized helium to introduce DNA-coated sub-cellular microcarriers into cells 

over a range of velocities.

The Biolistic PDS-1000/He system uses high pressure helium, released by a
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rupture disk, and partial vacuum to propel a macrocarrier sheet loaded with 

millions of microscopic tungsten or gold microcarriers toward target cells at high 

velocity. The microcarriers are coated with DNA or other biological material for 

transformation. The macrocarrier is halted after a short distance by a stopping 

screen. The DNA-coated microcarriers continue traveling toward the target to 

penetrate and transform the cells. The launch velocity of microcarriers for each 

bombardment is dependent upon the helium pressure (rupture disk selection), the 

amount of vacuum in the bombardment chamber, the distance from the rupture 

disk to the macrocarrier (Fig 2.1b: A), the macrocarrier travel distance to the 

stopping screen (Fig 2.1b: B), and the distance between the stopping screen and 

target cells (Fig 2.1b: C), see Fig 2.1.

2:9 Hi: Preparation o f gold particles

The plastic macrocarriers were inserted into metal holders and autoclaved along 

with three stop screens per individual wrap. For the bombardment of six dishes, 3 

mg of 1 . 6  pm gold particles were washed by vortexing vigorously with 1 ml of 

sterile 70% EtOH for 4-5 minutes. The particles were then pelleted by spinning 

for 30 s at 15, 000 G and the supernatant removed. The pellets were washed and 

pelleted as above with 1 ml of 1 0 0 % ethanol and the particle pellet was then 

vortexed for 1 minute 3 times with 1 ml of sterile water and pelleted by a brief 30s 

spin. After the final spin all of the supernatant was removed and 50 pi of sterile 

50% glycerol was used to resuspend the pellet. This will give a concentration of 

60 mg/ml gold particles. The following reagents were added to this tube in the 

order that they are listed below and vortexed continuously for 15 minutes.
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a

b
B efore

Gas Acceleration Tube

Rupture Disk 
Macrocarrier 

DNA-coated Microcarrier 
Stopping Screen

Target Cells

After

Fig 2.1: The Biolistic PDS-lOOO/He Particle delivery system .
A: The instrument prepared for bom bardm ent o f  eells in a petri dish 
within the chamber. The arrow  points to the part o f  the instrument 
shown in detail in B. B: High pressure helium, re leased by the rupture 
disk in a partial vacuum  propel Is a m aeroearrier  sheet loaded with DNA 
covered gold m icroearriers tow ards the eells at high velocity. The 
m aeroearrier is halted after a short d istance by a stop screen whilst the 
gold microearriers travel through the stop screen to penetrate the eells below. 
Distances A, B and C are variable and along with the helium pressure and 
the am ount o f  vacuum  in the cham ber control the launch velocity o f  
microearriers for each bom bardm ent.
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5 )Lil of DNA or a mix of DNA (total DNA 5 îg)

50 \i\ of2.5M CaCl2

50 fil of 0.1 M spermidine (base free, tissue culture grade)

The gold particles were allowed to settle by leaving the tube standing for 3-4 

minutes and the supernatant was then removed. 140 pi of 70 % ethanol was added 

and the particles vortexed for 1 min and allowed to settle for 3-4 minutes. This 

process was repeated with 140 pi of 100% Ethanol and all of the supematent 

removed. The particles were finally resuspended in 60 pi of 100% ethanol. 10 pi 

of suspended gold was smeared onto the centre of the plastic in each maeroearrier 

placed in a petri dishes containing silica, then dried inside a tissue culture hood. 

They must be used immediately. A PDS-1000/He Biolistic particle delivery 

system (Biorad) was used to biolistically transfect the cells at 500 psi helium 

output pressure and a vacuum of 6-8 Hg inches according to manufacturers 

instructions. After transfection, fresh media was added to the DRG cultures which 

were analysed 24 and 48 hours later.

2:9 Hi: Measuring neurite outgrowth in transfected DRG neurons

The cells were fixed using 4% paraformaldehyde for 10 minutes and then 

images were captured using the FITC/TRITC filter of a Leica TCS NT confocal 

microscope and saved as TIFF files using Adobe Photoshop. The images were 

then analysed by computerised image analysis with Kontron KS400 2 Image 

Analysis Software (Imaging Analysis), using a macro (developed by Dr 

Christopher Thrasivoulou Royal Free Hospital UK). This involved converting the 

image into a binary image where the neurites and cell body are white and the
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background is black. The program masks the cell body and measures the total 

length of the remaining white neurites in pixels. Pixel length was calibrated so 

that the neurite length could be converted into pm. All analyses were performed 

blind.

All reagents were obtained from BDH or Sigma unless other wise stated
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CHAPTER THREE

PERVIN, A PERIPHERAL

NERVOUS

SYSTEM-SPECIFIC MEMBER OF

THE GELSOLIN FAMILY.
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ABSTRACT

The gelsolin family includes an ever-increasing number of proteins that 

have a variety of expression patterns and functions. They all share a common six- 

domain structure, are predominantly regulated by Ca^^ and PIP2 and have a role to 

play in the severing and capping of actin.

A novel member of this family was isolated from a rat cDNA difference 

library that had been enriched for DRG specific genes. This clone was named 

pervin because it was found specifically in the peripheral nervous system and 

was homologous to villin. Sequence analysis of pervin showed that the six 

repeated homologous domains found in the gelsolin family were also conserved in 

pervin. Residues important for actin-binding, severing and bundling were also 

conserved.

Pervin possesses a villin-like carboxyl headpiece. In villin, this headpiece 

has been shown to bind F-actin, creating bundles at low internal Ca^^ 

concentrations. The residues that are vital for F-actin binding are also conserved 

in pervin. This allows the inclusion of pervin into a second family, which consists 

of proteins varying in their amino terminals but all possessing a carboxyl terminal 

villin-like headpiece.

Pervin is tissue specific, being found only in the peripheral nervous 

system. Northern blot analysis and in situ hybridisation show the expression of 

pervin in the superior cervical ganglia and the sensory neurons of the dorsal root 

ganglia but not in the central nervous system, spinal cord, gut, kidney or muscle.
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Gelsolin family similarities

All gelsolin family members contain six repeated homologous segments 

throughout their structure, except CapG, severin and fragmin which only have 

three repeated segments (Way & Weeds, 1988). Each segment has a globular 

structure constructed from a central p sheet surrounded by two a  helices 

(Burtnick et al, 1997). Within each segment is a further short homologous 

sequence domain (Bazari et al, 1988). In addition to these six segments some of 

the family members (villin, quail, supervillin and advillin) possess a carboxyl 

terminal headpiece which gives the protein an actin bundling function. The six 

globular segments are protease resistant thus proteolytic cleavage of villin and 

gelsolin resulted in the creation of peptides consisting of one or more homologous 

segments. Corresponding gelsolin and villin segments showed similar functions 

in actin polymerising and severing assays (Chaponnier et al, 1986 ; Kwiatkowski 

et a l, 1985 ; Yin & Stossel., 1979). A calcium dependent monomeric actin- 

binding site was present in segment one and segment four. Segment two of villin 

and gelsolin contained an F-actin binding site and was vital for severing function. 

More detailed NMR structure analysis and mutation studies revealed some of the 

specific residues important in the F-actin binding sites of villin and gelsolin 

(Vardar et al, 1999; Burtnick et al, 1997 ; McLaughlin et al, 1993).

PIP2 binding sites have been located throughout gelsolin and villin. Two 

PIP2 binding domains located by peptide mapping in segment two can inhibit the 

severing function of gelsolin and villin by competitively preventing actin binding 

to the adjacent F-actin binding site (Jamney et al, 1992 ; Yu et al, 1992; Yin et 

al, 1988. A further site was recently found, again by peptide mapping, between 

domains five and six (Feng et al, 2001).
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Gelsolin family tissue specificity

Gelsolin is found in the majority of cell types with the exception of the 

liver (Kwiatkowski et al., 1988). It is expressed in rat oligodendrocytes and 

Schwann cells (Tanaka & Sobue, 1994 ; Legrand et al, 1991), rat DRG neurons 

and PC 12 cells (Tanaka et al, 1993), ox spinal cord, chicken brain (Petrucci et 

al, 1983), rabbit photoreceptors and retinal ganglion cells (Legrand et al, 1991). 

An alternatively spliced isoform of gelsolin, gelsolin-3, had restricted expression, 

as seen by in situ hybridisation, compared to cytoplasmic gelsolin and was 

expressed primarily in oligodendrocytes in the central nervous system, as well as 

lung and testis (Vouyiouklis & Brophy, 1997). No gelsolin-3 was seen in the 

neuronal cell body enriched area of brain. Arai and Kwiatowski (1999) detailed 

the mRNA expression patterns of gelsolin, CapG and adseverin in developing and 

adult mice by in situ hybridisation. Adseverin and CapG show 60% and 55% 

amino acid identity to gelsolin respectively (Dabiri et a l, 1992 ; Sakurai et al, 

1991 \Y \x et al, 1990). In most tissues, expression was complementary and did 

not overlap. Expression was also seen to be developmentally regulated such as 

that of adseverin expression in the bone, which was present throughout 

embryogenesis yet disappeared in the adult. The proteins have subtle differences 

in their function, CapG is not able to sever filaments whilst the regulation of 

gelsolin and adseverin by Ca^  ̂differs (Lueck et a l, 2000). Thus the differential 

expression of these proteins would imply that they have distinct functions in vivo.

Flightless I, another member of the gelsolin family originally found in 

Dropsophila melanogaster, has a structure made up of two distinct regions (de 

Couet et al, 1995). The amino terminal half of the protein contains seventeen 

repeats of a 380 amino acid leucine rich motif (LRM), these motifs are
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characteristic for protein-protein interactions (Kobe & Deisenhofer, 1994). 

Proteins such as flightless I LRM associated protein (FLAP) and ras have been 

shown to bind to the LRM region of flightless I, (Fong & de Couet, 1999 ; 

Goshima et a l,  1999 ; Liu & Yin, 1998). The carboxyl terminal half of the 

protein has 50% sequence similarity to gelsolin (segments one to six) and, like 

gelsolin, can bind monomeric and F-actin as well as severing F-actin (Davy et al, 

2001 ; 2000 ; Goshima et a l, 1999). A specific function has yet to be determined 

for this protein but it was found to be highly expressed in the human skeletal 

muscle (Campbell er fl/., 1997).

Two proteins displaying a carboxyl headpiece, villin and quail, show 

tissue specific expression. Villin was originally purified from intestinal epithelial 

cell brush borders. (Bretscher & Weber, 1979). Specific antibodies showed villin 

was mainly found in the microvilli of the intestinal and kidney epithelial cell 

brush borders. Villin was localised along the F-actin bundles supporting the 

microvilli (Dudouet et al, 1987 ; Rodman et al, 1986 ; Drenckhahn & Mannherz, 

1983 ; Bretscher et al, 1981) as well as in the duct lining cells of the pancreas, 

liver and epididimis (Robine et al, 1985) and the proximal part of the oviduct and 

the ductuli efferentes which are part of the seminiferous ductal system (Horvat et 

al, 1990).

Since the discovery of villin there have been many proteins discovered 

that have the gelsolin homologous six repeated domain as well as the villin-like 

head piece. One of these proteins, quail, is also tissue specific. Quail is a gene 

originally cloned from Drosophila ovaries that is only expressed in the ovaries 

and testis of the female and male flies respectively (Mahajan-Miklos & Cooley, 

1994). The protein has a specific role during oogenesis involving the transport of
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the cytoplasm from the nurse cells into the oocyte. This 887 amino acid protein 

has 30% identical residues and 50% overall similarity with chick villin. Despite 

the two additional insertions of twenty-four and seventeen amino acids between 

segments five and six in the quail protein, the gelsolin family domains were 

conserved. At the carboxyl terminal is an F-actin bundling villin-like headpiece 

which possessed the amino acids KKQK, not KKEK as seen in villin.

A novel peripheral nervous system protein has been cloned from a DRG 

difference library and named pervin (Akopian & Wood, 1995). This protein 

showed 60% homology to villin and in particular possessed conserved repeated 

domains found in gelsolin actin-binding proteins. Comparisons were made 

between pervin and other gelsolin family members looking at the conserved 

residues implicated in F-actin, monomeric actin and PIP2 binding.
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Cloning o f pervin from rat DRG

A difference library was created by Akopian & Wood (1995) from 

neonatal rat DRG to try to isolate genes specifically found in peripheral sensory 

neurons. To remove non-specific genes from the DRG, cDNA from DRG was 

hybridised with photo-biotin labelled RNA from liver, kidney, cortex and 

cerebellum. Any DNA /RNA hybrids formed were removed by the addition of 

streptavidin which has a high affinity for biotin. The remaining DRG specific 

rich cDNA was used to form the library. The library was then screened with 

probes derived from cortex and cerebellum poly (A)+ RNA, DRG poly (A)+ RNA 

and the subtracted cDNA from the DRG. Using a 2 Kb probe (nucleotide position 

985 -  2985) a partial cDNA encoding an open reading frame with homology to 

villin was isolated from the DRG difference library (Akopian & Wood., 1995). A 

full length clone encoding an 829 amino acid protein that showed 60% homology 

to mouse villin at the amino acid level was isolated, and the sequence deposited 

(EMBL Accession number AFO 99929), see Figure 3.1. This villin-like-protein 

also shows 92% homology with Advillin suggesting that it is the rat homologue of 

this protein, see Figure 3.2 a (Marks et al, 1998).

Structural comparison ofpervin with other members o f the gelsolin family 

Villin is a member of a family of proteins that bind and sever actin. Gelsolin is 

the founder member of this family and contains a homologous repeated domain 

within each of its six repeated segments. All other members, as well as sharing a 

similar function, also share these characteristic domains throughout their amino 

acid sequence. Pervin was compared with villin and gelsolin to see if it too
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PERVIN 1
V IL L IN 1

PERVIN 61
V IL L IN 61

PERVIN 1 2 1
V IL L IN 1 2 1

PERVIN 1 8 1
V IL L IN 1 8 1

PERVIN 2 4 1
V IL L IN 2 3 5

PERVIN 3 0 1
V IL L IN 2 9 5

PERVIN 3 6 1
V IL L IN 3 5 5

PERVIN 4 2 1
V IL L IN 4 1 5

PERVIN 4 8 1
V IL L IN 4 7 5

PERVIN 5 4 1
V IL L IN 5 3 5

PERVIN 6 0 1
V IL L IN 5 9 5

PERVIN 6 6 1
V IL L IN 6 5 5

PERVIN 7 2 1
V IL L IN 7 1 5

PERVIN 7 7 6
V IL L IN 7 7 5

LVPL:rAHGNFYEGDCYI ILSTRRVGSLLSQ  
F'/PSSTFGSFFDGDCY\A/LAIHKTSSTLSY

IYTTQLDDY LGG SPVQHREVQYHESDTFRGYFtJ^G11YKKG 
IYTTQMDDYI .KGRAVQHREVQGNESETFRSYFKQGLVIRKG

1 8 1  ESNSGERL------------- RAM .LAKDIRDREGGGRAEIGVIEGDKEAASPELMTVLQNTLGRRS
1 8 1  ESNRMERLRG- -M LAKE IRDQEIRGGRTWGWDGEKEGDS PQLMAIMNHVLGPRK

PLVQELLNHDDCYILDQSGTK  
PLTQDLLKHEDCYILDQGGLK

SKALDFI rMKGYPSSTirvÆTVNDGAESAMFKQLFQKWSVEDQ 
;QALHF 1KAKQYPPSTQVEVQNDGAESPI FQQLFQKWTX'PNR

PVE
PYE

6 0 1  WDLLGGKAPYANDKRLQQETLDIQVRLFECSNKTGRFLVTI VTDFTQDDLSPGÜVMLLOT
5 9 5  rtMALGGKAPYArJTKRLQEEllQVITPRLFECEriQTGRFLATI I FDFNQDDl EEELAELLLTV

.STAQEYLVTHPSGRDPDTPILI IKQGFEPPTFTGWFLAW 
TTVQEYLKTHPGNRDLErPI IWKQGHEPPTFTGWFLAW

I'ig 3.1 : The alignm ent o f  rat pervin witli m ouse villin. Pervin show s 60  % 
identity w ith villin. Red residues denote identity and blue residues denote sim ilarity. 
Com parison was carried out using the C lustalW  1.8 program (.leanm ougin et a l 1998). 
The red boxes mark the conserved dom ains characteristic o f  the ge lso lin  actin-binding  
fam ily o f  w hich v illin  is a member. The pink box denotes the carboxyl-term inal 
headpiece o f  villin . Pervin show s conserved residues in these seven  dom ains.
Pervin accession  number: N M 0 2 4 4 0 1 , v illin  accession  number: M 98454
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Fig 3 .2 a; Alignment of pervin with some of the gelsolin family members.

The ClusterW 1.8 program was used to align the amino acid sequences 

(Jeanmougin et a i, 1998). Red denotes identity and blue denotes similarity The 

red boxes mark the conserved domains characteristic of the gelsolin actin-binding 

family of which pervin is a member. The blue lines mark two conserved regions 

found before domain one and four. The green lines mark the actin binding sites. 

The purple lines mark the PIP2 binding sites.

b: A cartoon of the pervin family. Each family member is 

characterized by at least one homologous segment and within that segment is a 

further homologous domain, marked by the red boxes in a. Additional members 

have a carboxyl headpiece and/or a protein/DNA interaction site.

c: The unrooted phylogénie tree of the gelsolin family. The Clustal W 

alignment program was used to generate a dendrogram describing the 

approximate groupings of the sequences by similarity. The branches represent % 

divergence between the sequences.

Species and accession numbers are as follows, Physarum polycephalum 

fragmin U70047, Dictyostelhm severin P I0733, mouse gelsolin J04953, mouse 

adseverin Q60604, rat pervin NM024401, mouse advillin

AF041448, mouse villin M98454, mouse CapG NM007599, drosophilia flightless 

I UOl 182, dictyostelium proto villin P36418, drosophila quail Q23989 and human 

supervillin AF051850.
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a
fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 1
protovillin 1
quail 1
supervillin 1
fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 1
protovillin 1
quail 1
supervillin 61
fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 1
protovillin 1
quail 1
supervillin 121
fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 1
protovillin 1
quail 1
supervillin 181
fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 60
protovillin 1
quail 1
supervillin 241
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120 ERAKNLIVLNLSNNQIESIPTPLFIHLTDLLFLDLSHNRLETLPPQTRRLINLKTLDLSH

supervillin 301 AAKRLLFREMEKSFDEQNVPKRRSRNTAVEQRLRRLQDRSLTQPITTEEWIAATLQASA

18 0 NPLELFQLRQLPSLQSLEVLKMSGTQRTLLNFPTSIDSLANLCELDLSHNSLPKLPDCVY

supervillin 361 HQKALAKDQTNEGKELAEQGEPDSSTLSLAEKLALFNKLSQPVSKAISTRNRIDTRQRRM

fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 12 0
protovillin 1
quail 1
supervillin 301

fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 180
protovillin 1
quail 1
supervillin 361

fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 240
protovillin 1
quail 1
supervillin 421

fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 300
protovillin 1
quail 1
supervillin 481

fragmin 1
severin 1
gelsolin 1
adseverin 1
pervin 1
advillin 1
villin 1
CapG 1
flightless 360
protovillin 1
quail 1
supervillin 541

24 0 NWTLVRLNLSDNELTELTAGVELWQRLESLNLSRNQLVALPAALCKLPKLRRLLVNDNK

421 NARYQTQPVTLGEVEQVQSGKLIPFSPAVNTSVSTVASTVAPMYAGDLRTKPPLDHNASA

300 LNFEGIPSGIGKLGALEVFSAANNLLEMVPEGLCRCGALKQLNLSCJJRLITLPDAIHLLE

481 TDYKFSSSlENSDSPVRSILKSQAWQPLVEGSENKGMLREYGETESKRALTGRDSGMEKY

3 60 GLDQLDLRNNPEL- -VMPPKPSEASKATS

541 GSFEEAEASYPILNRAREGDSHKESKYAVPRRGSLERANPPITHLGDEPKEFSMAKMNAQ
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fragmin
severin
gelsolin
adseverin
per-vin
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

387 LEFYNIDFSLQTQLRLAGAAVPPSMPSSATPKDSTARKIRLRRGPRSEGDQDAAKVLKGM
1 ----------------------------------------------------------- ME
1 ------------------------------------------------------------------------------------------------------------------------

601 GNLDLRDRLPFEEKVEVENVMKRKFSLRAAEFGEPTSEQTGTAAGKTIAQTTAPVSWKPQ

-MQKQKEYNIADSNIANLGTELEKKVKLEASQHEDAWKGAGKQVGVEIWRIQQ
-MIKNRKLDITSTNVAGIGTDLDKKCRLDAASTEAQWKGVGQAPGLKIWRIEN
----------------------------- MWEHPEFLKAGKEPGLQIWRVEK
--------------------------- MAQELQHPEFARAGQQAGLQVWRVEK

1 ---------------------------------- MXXXSLSSAFRTVTNDPGIITWRIEK
1 ------------------------------------- MSLSSAFRAVSNDPRIITWRIEK
1 ---------------------------------- MTKLNAQVKGSLNITTPGIQIWRIEA
1 -------------------------------- MYTPIPQSGSPFPASVQDPGLHIWRVEK

447 KDVAKDKDNEAGAVPEDGKPESLKPKRWDESLEKPQLDYSKFFEKDDGQLPGLTIWEIEN 
3 PPLELPTQRKRVIPSKFGILKRNAEIEAEKNRENLQQSSCFSHINEIGKEIGLEIWKIID
1 ------------------ MPPFNFIKQEIRPNTIPDLKVDATFRKVAKHAITFAIWKIDE

661 DSSEQPQEKLCKNPCAMFAAGEIKTPTGEGLLDSPSKTMSIKERLALLKKSGEEDWPJNRL

53 FKV^P VPKKHHGSFYTGDSYIVLSTYHPKTNP-------------------------
53 FKV rp-VPESSYGKFYDGDSYIILHTFKEGNS---------------------------
2 5 FDL '■P-VPPNLYGDFFTGDAYVILKTVQLRNGN--------------------------
27 LEL rp-VPQGAYGDFYVGEPYLVLHTTKSSRG---------------------------
27 MEL rh-VPLSAHGNFYEGDCYIILSTRRVGSL---------------------------
2 4 MEL IL-VPLSAHGNFYEGDCYIVLSTRRVGSL--------------------------
2 7 MQM fP-VPSSTFGSFFDGDCYWLAIHKTSST--------------------------
2 9 LKP fP-lARESHGIFFSGDSYLVLHNGPEEAS---------------------------
507 FLPIK 1EEWHGKFYEGDCYIVLKTKFDDLG--------------------------
63 DST :q k--vp k v n h s t f e t nksylllmgqfydgnm-------------------------
43 DRL ̂ -VQRSHYGTFYDSCAYIIYAASLSGHYANHE----------------------

721 SRRi JEGGKAPASSLHTQEAGRSLIKKRVTESRESQMTIEERKQLITVREEAWKTRGRGAA

85         _--j-----------------
84 -------------------------------------------------------------
57 -------------------------------------------------------------
58 -------------------------------------------------------------
58 -------------------------------------------------------------
55 -------------------------------------------------------------
58 -------------------------------------------------------------
60 -------------------------------------------------------------

538 -------------------------------------------------------------
96 -------------------------------------------------------------
78 --------------------------------------------------------- TITR

781 NDSTQFTVAGRMVKKGLASPTAITPVASAICGKTRGTTPVSKPLEDIEARPDMQLESDLK

8 5  DKLAYDVHFWLGAFTT-
8 4 -------LKHDIHFFLGTFTT-
57
58 
58 
55 
58 
60

-LQYDLHYWLGNECS-
-FSYRLHFWLGKECS-
-LSQNIHFWIGKDSS-
-LSQNIHFWIGKDSS-
-LSYDIHYWIGQDSS-
---H-LHLWIGQQSS-

-q d e a gtaay:
-qdeagtaay;
-QDESGAAAII
-QDESTAAAII
-QDEQSCAAI
-QDEQSCAAI
-QDEQGAAAI
-RDEQGACAV:

53 8 ----- LLDWEIFFWIGNEAT-------------- LDKRACAAIF
9 6  NIKTYNIHFWIGELLINSQETINFCNDRIEELERIIKYNi
82 EQKPNVSLERYIHYWLGKNVS-------------- EQNRSNWHK
841 LDRLETFLRRLNNKVGC4MHETVLTVTGKS VKEVMKPDDDETFAK

F TVELDDYLGGLPVQY 
KnVELDDFLGGAPIQY 
TVQLDDY LNGRAVQH 
TVQMDDYLGGKPVQS 

YlTTQLDDYLGGS PVQH 
Y rTQLDDYLGGSPVQH 
’i TTQMDDYLKGRAVQH 
i|a VHLNTLLGER PVQH 
AVNLRNFLGARCRTV 

[(jKQFDS EQFYPE PILY 
IQELDSYLGNISSIY 

FlYRS VDYNMPRS PVEM
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fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

12 6 RE- 
12 3 RQ-
96 RE-
97 RE- 
97 RE- 
94 RE- 
97 RE- 
96 RE-
578 RE- 
151 RE- 
128 RE-

-VQGYESERFLSL
-CQSYESPSFLSL
-VQGFESSTFSGY
-LQGYESTDFVGY
-VQYHESDTFRGY
-VQYHESDTFRGY
-VQGNESETFRSY
-LQGNESDLFMSY
-EQGDESEQFLSL
-FQGKEGDIFMSY
-TQNLESARFLSY

901 DEDFDVIFDPYAPKLTSSVAEHKRAVRPKRRVQASKNPLKMLAAREDLLQEYTEQRLNVA

14 0 F PKGG- LRILDGGVETGFH- - HVE-------------------------- ADKYRTR - LL
137 FPK YFILSGGVESGFN— HVK-------------------------- PTEYKPR—LL
110 FKSG— LKYKKGGVASGFK— H W -------------------------- PNEVWQRLF
111 FKGG--LKYKAGGVASGLN--HVL--------------------------TNDLTAKRLL
111 FKRG- -11YKKGGVASGMK- - HVE-------------------------- TFSYDVKRLL
108 FKQG— IIYKKGGVASGMK— HVE--------------------------TNTYDVKRLL
111 FKQG- -LVIRKGGVASGMK- -HVE--------------------------TNSCDVQRLL
110 FPRG--LKYREGGGRVGISQDNLR--------------------------ATPAAIRKLY
592 FETEV-IYIEGGRTATGFY--TIE-------------------------- EMIHITRLYL
165 FKSYG-GPRYVAPLKLTSAS-AAI--------------------------ATAAKQYKLF
142 FKKG - - YDVRSGALIS A PQ----------------------------------- RPRLFQ
961 FMESKRMKVEKMSSNSNFSEVTLAGLASKENFSNVSLRSVNLTEQNSNNSAVPYKRLMLL

170
165
140
141 
141 
138
141
142 
623 
197 
165

1021

- --ÂXBLLHLKGKKHI RVHEftKT YKIs LNs G D VF VlDAGKTV IQ WNGAKAGL L EKVK 
HISGDKNAKVAE ''PLATSSLNSGDCFLLDAGLTIYQFNGSKSSPQEKNK
QVKGRRWRATE ̂ PVSWDSFNNGDCFILDLGNNIYQWCGSGSNKFERLK------ATQ
HVKGRRWRATE ’’PLSWESFNKGDCFIIDLGTEIYQWCGSSCNKYERLK------ASQ
HVKGKRMIRATE7 ̂ EMSWDSFNQGDVFLLDLGMVIIQWNGPESNSGERL------KAML
HVKGKRNIQATP ''EMSWDSFNRGDVFLLDLGMVIIQWNGPESNSGERLK
HVKGKRNVLAGE’ '’EMSWKSFNRGDVFLLDLGKLIIQWNGPESNRMERLR----- GMP :
QVKGKKNIrate: LALSWDSFNTGDCFILDLGQNIFAWCGGKSNILERNK-----AR
VHAYGATIHLEF^APAITSLDPRHAFVLDLGTHIYIWMGERSKNTLNSK----- ARI^
HLKGRRNIRVKQ’ T)ISSKSLNSGDVFVLDCEDFIYQWNGSESSRLEKGK-----GL:
LYARKWLRSIEV. kTI DWSHFNSDYV'MVLQTDNLTYVWI GRSS S G I ERRS 
QIKGRRHVQTRL ^EPRASALNSGDCFLLLSPHCCFLWVGEFANVIEKAK------------ ASI

E H

22 4 Q AIEGEREGIASGRWAE ADNDT--------EFFTLLGDKGPIADAA----AGGSDLEAD
219 RAIDAERKGLPKVEVFCETDSDIP----A- EFWKLLGGKG----------AIAAKHETA
194 KGIRDNERSGRAQVHVSEEETEP----- E-AMLQVLGPKPALPEG TEDTAKEDA
195 IGIRDNERKGRSQLIWEEGSEP----- S-ELMKVLGRKPELPDGD NDDDWADI
2 01 KDIRDREGGGRAEIGVIEGDKEA----- A-SPELMTVLQNTLGRRS11K PAVPSEVTDQ
192 KDIRDRERGGRAEIGVIEGDKEA----- A-SPGLMTVLQDTLGRRSMIKPAVSDEIMDQ
195 KEIRDQERGGRTYVGWDGEKEG----- D-SPQLMAIMNHVLGPRKELKAAISDSWEP

196 LA I RDS ERQGKAQVE11TDGE E P------A-EMIQVLGPKPALKEGN----PEEDITADQ
677 EKISKTERKNKCEIQLERQGEES----- A-EFWQGLGMTSEEADAAE PPKEHVPED
251 IRLRDEKSAKAK11VMDENDTDKD---- HPE FWKRLGGCKDDVQKAE--QGGDDFAYEK
215 LDWVQKHCSGSPITIVDDGYEQAM---- SQEHKELWNTMLPLKKRMVCQASQLVSEYAD
107 5 TLIQTKRELGCRATYIQTIEEGINTHTHAAKDFWKLLGGQTSYQSAGD PKEDELYEA

272 KKDQPAVLLRLSDASGKFEFTEVARGL 
263 PTKSEKVLYKLSDASGSLKFSEVSR-G 
242 ANRKLAKLYKVSNGAGSMSVSLVADEN 
24 4 SNRKMAKLYMVSDASGSMKVTLVAEEN-
2 54 QQKSTIMI.YHVSDTTGQLSVTEVATR-- 
245 QQKSSIMLYHVSDTAGQLSVTEVATR-- 
248 AAKAALKLYHVSDSEGKLWREVATR-- 
24 5 TNAQAAALYKVSDATGQMNLTKVADSS- 
72 7 YQPVQPRLYQVQLGMGYLELPQVELPE(
3 04 KSVEQIKLYQVENLNYEVHLHLIDPIGI 
270 YNSNKFRIYKCN-QRGRLHLDQLDVG-
1132 AIIETNCIYRLMDDKLVPDDDYWGKIP-

KVKRNLLDSNDVFVLYTG--AEVFAWVGKHAS 
KINKSSLKSEDVFIIDLG— NEIYTWIGSKSS 
PFAQGPLRS EDCFILDHGRDGKIFVWKGKQAN 
PFSMGMLLSEECFILDHGAAKQIFVWKGKNAN 
PLVQE L LNHDDCYILDQS-GTKIYVWKGKGAT 
PLVQDLLNHDDCYILDQS-GTKIYVWKGKGAT 
PLTQDL LKHEEC YILDQG-GLKIFVWKGKNAN 
PFASELLIPDDCFVLDNGLCGKIYIWKGRKAN 
KLCHTLLNSKHVA' ILDCY- -TDLFVWFGKKST 
iVYSTTQLNAEFCYILDCE--TELYVWLGKASA 
IfPAKDDLSDAHGVYLLDNYG-QSIWLWVGGQAP 
--KCSLLQPKEVLVFDFG--SEVYVWHGKEVT
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fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

329
319
301 
3 03 
311
302 
305 
304 
785 
362 
327
1187

364
354
336
338 
346
337 
340
339 
820 
397 
3 62

1247

VGEKKKA
pnekkta:
m e e r k a a:
PQERKTAJ
KVEKQAA
KVEKQAAJ
AQERSGA]
EKERQAA
RLVRAAA
NDQRTVA
QADALSAÿ(
LAQRKIA]

SFAQEYVQ-
SHATQYLV-
KTASDFIS-
IKTAEEFLQ-

-KAGLPIHTPVARILEGGEN 
-NNKRCEYTPIVRVLENGTN 
-KMQYPRQTQVSVL PEGGET 
- KMK'/STNTQ IQVL PEGGET

ISKALDFIK------------------------- MKGYPSSTNVETVNDGAES
ISKALDFIK------------------------- MKGYPSSTNVETVNDGAES
ISQALNFIK------------------------- AKQYPPSTQVEVQNDGAES
QVADGF IS------------------------- RMRYS PNTQ VEILRQGRES
^LSRELFN------------------------- MMDRPDYALVMRVPEGNEM
[ANAMDLLH------------------------- EDNRPSWTPIIKMTQGSEN
:GNGRAFVK------------------------- KKKYPDNTLWRVLEGHEP
'QLAKHLWNGTFDYENCDINPLDPGECNPLIPRKGQGR PDWAIFGRLTEHNET

EVFEDFFD---------------------------------
QSFETLLSA--------------------------------
PLFKQFFKN;\'RDPDQTDGPGLGYLSSHIAN----------
PIFKQF FKDV3CDKDQSDGFGKVYITEKVAQ---------
AMFKQLFQKWSVKDQTTGLGKTFSIGKIAK----------
AMFKQLFQKWSVKDQTTGLGKIFSTGKIAK----------
PI fqqlfqkv;tvpn r t s g l g k t h t v g s v a k----------
PIFKQFFKNWK--------------------------------------------------
QIfrtkfagwdevmavdftrtaksvaktganltqwarqqetrtdl aalfmprqsamplae 
t l f k d kfkkgswgeyvndnfekkpitgkgvaakavqekinvda lhnpekyqlskeerkst
VEFKRLFANV-JLNVWQENTRGHKPVSTKFGK------------------- LDAHSLCERPK
ILFKEKFLDWTELKRSNEKNPGELAQHKED------------ PRTDVKAYDVTRMVSMPQ

VERVPFDAGTLHTSTA 
IKQIPFDASK LHSSPQ 
IFQDKFDVTL LHTKPE 
IFQDKFDVSLLHTKPE 
VEQVKFDALTMHVQPQ

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail

382 MAAQHGMDDDGTGQ- 
384 MAAQHNMVDDGSGG- 
3 92 VAAQERMVDDGNGK-
383 VAAQERMVDDGKGQ- 
38 6 VAAQQKMVDDGSGE-

-KQIWRIEGSNKV
-VEIWRVENSGRVC
-VEVWRIENLELV
-VEVWRIENLELV
-VQVWRIEDLELV

V B L880 AEQLEEEWNYDLEM------------------- MEAFVLENKKF
457 IPTLHHVDDKHRGE------------------- LKIWHVRNRNKFI
403 MAADTQLVDDGRGE------------------- RVIYRVFGDQVQ

1295 TTAGTILDGVNVGRGYGLVEGHDRRQFEITSVSVDVWHILEFDYSI^

qVDPATYGQFYGGDS 
IDPSSYGEFYGGDC 

^EYQWHGFFYGGDC 
IVEYQWHGFFYGGDC 
IVESKWLGHFYGGDC

EV

PEEELGRFYTGEC
ISQSEFGLF\TIQSC
PISKTWFTTNAS
PKQSTGQFHEi'inft

423 YIILYTTi’RHGGRQ-
42 5 YIILYTYPRG---
433 YLVLYTYDVNGKP- 
42 4 YLVLYTYDVNGKP- 
42 7 YLLLYTYLIGEKQ-

-GQIIYNWQGAQS-TQDEVA 
--QIIYTWQGANA-TRDELT 
-CYILYIWQGRHA-SQDELA 
-HYILYIWQGRHA-SRDELA 
-HYLLYIWQGSQA-SQDEIA

921 YVFLCRYCIPIEEPENGSEDGANPAADVSKSSANNQPEDEIQCWYFWQGRNAGNMGWLT
498 YL VLFTLFAADGS---------------------- N-----NSI L YYWQGRFS - S S EDKG
44 4 FWKYSVQCATWPADLASVG------------------- IKTIIYQWNGSEA-SVESIS

1355 YWKWKFMVSTAVGSRQKGEHSVRAAG--------K--- EKCVYFFWQGRHS-TVSEKG

454 ASA
452 MSA
464 ASA
455 ASA
458 ASA

981 FT r
530 AAa
484 RA)

'TLQKKFKAMFGEELEWRIFQQQENLKFMSHFKRKFIIHTGKRK DKAHTAKGKS
.llakdvgkelhrscihvrtvqnî;e p n h f l e h f q g r m w f k g s r p n a t t e v s l e n l s s
IKFAKASFDGLKEPGMFVQLYEFDEPPHFLQIFEGKLIIRRGQRT EMPYNGNSNA
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supervillin 1402 TS^LMTVELDEERG AQVQVLQGKEPPCFLQCFQGGMWHSGRRE-----EEEENVQS

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapG
flightless
protovillin
quail
supervillin

fragmin
severin
gelsolin
adseverin
p e r v in
advillin
villin
CapgG
flightless
protovillin
quail

El %511 SIRLFQVR-ASSSGATRAV 
509 PTRLFQVR-RNLASITRIVEl 
520 PVRLFQIH-GNDKSNTKAVF ' 
511 PVRLFQIH-GNDKSNTKAVEi', 
514 strl f q v r-g t n a d n:k afe^

103 8 PVEFFHLRSNGGALTTRLIQ 
59 0 SLQGLYHVRGTEPINIHSIQ' 
541 LLDTFLLKVYGDASYNAKAVi; 

1454 EWRLYCVR-GEVPVEGNLLEl

PKSGALNSNDAFVLKTP---------SAAYLWVGAGAS
^VDANSLNSNDTFVLKLPR--------NNGFIWIGKGAS
S AS AS S LNSNDVF L L WTQ---------AEHY L WY PKGSS
SASASSLISNDVFLLRTQ---------AEITi’LWYGKGSS
rTARATS LNSNDVF ILKTP---------SCCYLWCGKGCS

NPDAVHLNSTFCYILHVPFETEDDSQSGIVYVWIGSKAC
ŸEKAISSLDSNDS FILVNFKN-------TISYIWVGKYSD
ETHLSSISSKDCYVIKTN----------HVWVWCGQSST
'ACHCSSLRSRTSMV/LNVN-------KALIYLÿJHGCKAQ

561 EAEKTAA( ÆLLKVLRS---- Q-------- HVQVEEGS E PDGFWEALGGKTS YRTS PRL
560 QEEEKGA: 3YVADVLKC---- K-------- ASRIQEGKEPEEFWNSLGGRGDYQTSPLL
570 GDERAMA: CELAELLCDG------- D------------------ADTVAEGQEPPEFWDLLGGKAPYANDKRL
561 GDERAMA: CELVDLLCDG--- N-------- ADTVAEGQEPPEFWDLLGGKTAYANDKRL
564 GDEREMAKMVADT ISRT----E-------- KQVWEGQE PANFWMALGGKAPYANTKRL

1098 NEEAKLV )DIAEQMFNSPWVSL-------- QILNEGDEPENFFWVALGGRKPYDTDAEY
643 e ke a a l q: :ssn v f t g y n------------- fqlidegdetsefwesletnsslsllkdy
591 GDAREMA [AVGALMGEN-------------- SLVLEGKESKEFWQSVAMYFNQTLVING

1506 ahtkevgrtaankikeqcpleaglhssskvtihecdegseplg fwdalgrrdrkaydcml

607 KDKK---MDAHPPRLFACSNRIGRFVIEEV
606 ETR---- AEDHPPRLYGCSNKTGRF11EEV
617 QQE----TLDIQVRLFECSNKTGRFLVTEV
608 QQE----TLDVQVRLFECSNKTGRFLVTEV
611 QEE----NQVITPRLFECSNQTGRFLATEir

] >G-
]>G-

1149 MNY---------TR-LFRCSNERGYYTVAEKC
689 YTQLRTV-EQEKKTRLFQCSNNSGVFKVFEII : 
636 NGNSCSSSTSSSSGAGSMCNGSSNGGNISPTI 

1566 QDPG----SFNFAPRLFILSSSSGDFAATEF\
SNNCYLNTSVPSKPRPPVQLFLVWWQQS 
fYPAR---------------------------------------------------

63 6
634 
644
635 
638

-ELMQEDLATD---DVMLLDTWDQVFVWVGKDSQEEEKT-
-EFTQDDLAED DVMLLDAWEQIFIWIGKDANEVEKK-
-DFTQDDLSPG DVMLLDTWDQVFLWIGAEANATEKE-
-DFTQEDLSPG DVMLLDTWDQVFLWIGAEANATEKK-
-DFNQDDLEEE DVFLLDVWDQVFFWIGKHANEEEKK-

-EALT
-ESVK
-GALS
-GALS
-AAAT

1172---------DFCQDDLADD-DIMILDNGEHVFLWMGPRCSEVEVK---------- LAYK
72 0 ---------DFSQDDLDSD-DVMILDNQKQIFVWGKESSDTEKL---------- MANE
69 6 SLRYEEILGFDQQDLSSD-CTYILDTGSLTYVWLGSQAPNQER------------ YTA

1598 APSWSSMPFLQEDLYSAPQPALFLVDNHHEVYLWQGWWPIENKITGSARIRWASDRKSA

67 5 SAKRYIETDPANRDRRTP-
673 SAKMYLETDPSGRDKRTP- 
683 TAQEYLVTHPSGRDPDTP-
674 TAQEYLVTHPSGRDPDTP- 
677 TVQEYLKTHPGNRDLETP-

ITWRQGFE PPS FVGWFLGWDNNYWSVDPLDRALAELAA --
IVIIKQGHEPPTFTGWFLGWDSSRW----------------
ILIIKQGFEPPT FTGWFLAWD PHIWS EGKSYEQLKNELGDA 
ILIIKQGFEPPTFTGWFLAWDPHIWSEGKSYEQLKNELGDA 
IIWKQGHE PPT'FTGWFL AWD PFKWSNTKS YDD LKAE LGNS

1211 SAQVYIQHMRIKQ PERPRKL FLTMKNKESRRFTKC FHGWSAFKVYL--------------
759 TALEYIMNAPTHRRDDPI--FTIQDGFEPHEFTFNFHAWQVNKTQQDSYKSKLSAILGSN 
741 lAQSYVQNAPFGRRSATA-LAWRQFQEPNVFKGFFESWQNDYGKNFHSYEKMRKDLGNK
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supervillin 1658 METVLQYCKGKNLKKPAPKSYLIHAGLEPLTFTNMFPSWEHREDIAEITE3ÜDTEVSNQITsupervillin 1658

fragmin
severin
gelsolin
adseverin
pervin 742
advillin 733
villin 736
CapG
flightless
protovillin 817
quail 800
supervillin 1718

fragmin
severin
gelsolin
adseverin
pervin 754
advillin 745
villin 749
CapG
flightless
protovillin 877
quail 812
supervillin 1730

fragmin
severin
gelsolin
adseverin
pervin 806
advillin 796
villin 804
CapG
flightless
protovillin 936
quail 864
supervillin 1765

TAIVRITADMKN-

-ATLSLNSSESGPKYYPVEVLLKSQDQELPEDVDPTKKENYLSXERDFVSVFG
-ATLYLNPSDGEPKYYPVEVLLKGQNQELPEDVDPAKKENYLS-EQDFVSVFG

ITRGQFVSL PGWKQLQ LKKEAGLF
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villin

pervin

advillin

quail
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ClustalM aleorithn PHYLOGENETIC TREE Phylogram

0.1 0.2

-pervin 
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-villin

- adseverin 

■gelsolin 

 CapG

■se v e rin

-fragmin

0.3
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— protovillin 

--------supervillin
0.4
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contained six homologous domains. Figure 3.1 shows that the domains are 

conserved in pervin when the protein sequence is compared to that of mouse 

villin; red boxes denote the homologous domains (Bazari et al., 1988). A cartoon 

representation of pervin can be seen in Figure 3.3, showing pervin amino acids 

corresponding to each domain alongside the amino acids of human villin as 

defined by Bazari et al (1988)

The homologies between the individual domains of mouse villin and 

mouse gelsolin are shown below. The program used to analyse the protein 

sequences was NCBI Blast 2 (Tatusova & Madden, 1999).

% amino acid identity of pervin compared with the individual domains of 

mouse villin and mouse gelsolin

Domain Villin Gelsolin

1 56 40

2 83 63

3 63 46

4 68 52

5 64 44

6 64 54

headpiece 47 none

Table 3.1: Comparison of villin and putative pervin homologous domains.

As can be seen from the above table, there is substantial identity between all the 

domains, especially domain two. This domain contains one of the F-actin binding 

sites.

109



The structural similarity between pervin, gelsolin and villin would indicate 

that pervin should be included in the gelsolin family. Thus the similarity to the 

remaining gelsolin family members was investigated. The amino acid sequence 

was compared to that of family members: fragmin, severin, gelsolin, adseverin, 

advillin, villin, CapG, flightless I, protovillin, quail and supervillin. As can be 

seen from Figure 3.2a (red boxes), the six characteristic homologous domains are 

conserved in pervin, (Bazari et al, 1988).

Two further conserved regions found in family members just before 

domains one and four or only domain one in the case of severin, fragmin and 

CapG (blue lines in Figure 3.2 a) were also conserved in pervin. Figure 3.6 shows 

the position and sequence of these domains as defined by Andre et al (1988) in 

gelsolin (66-81 and 446-460) and the corresponding pervin amino acids (14-28 

and 403-421).

Amino acids required for actin and PIP2 binding

The amino acids required for these proteins to bind actin and PIP2 have 

been determined. The corresponding amino acids were identified in pervin to 

determine if they were conserved, thus indicating a likelihood that pervin is 

functionally similar to other family members. The F-actin binding site for villin 

and gelsolin was identified using peptide models of actin binding sites and site 

directed mutagenesis (de Arruda et a l, 1992). The amino acids identified in 

human villin (125-154) are in green in Figure 3.5 along with the corresponding 

pervin amino acids (126-155). In Figure 3.2 a, the site is denoted by green lines. 

Within this site residues R137 and K142 were crucial for maintaining the severing 

ability of villin and are also conserved in pervin (Figure 3.5, bold amino acids).
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“ft'.-<* FT iETlETlETlETl 6

F
F

ï ï

F

PERVIN

PERVIN 27  VLV PLSAHGNFYEGDCYIILSTRRVGSLLSQNIHFW IGKDSSQDEQSCAA 78  

V IL L IN  52  VPVPTNLYGDFFTGDAYVILKTVQLRNGNLQYDLHYWLGNECSQDESGAA 101

t
PERVIN 1 5 2  VEM SW DSFNQGDVFLLDLGM VIIQW NGPESNSGERLKA 1 8 9  

V IL L IN  1 7 6  VPVS WES F NNG DGF IL  D LGNNIHQ WCG SNS NRYE RL K A 2 1 3

t
PERVIN

V IL L IN

2 7 8  RPLVQELLNHDDCYILDQS-GTKIYVWKGKGATKVEKQAA 3 1 9  

2 9 2  NPFAQGALKSEDCFILDHGKDGKIFVWKGKQANTEERKAA 3 3 1

t
PERVIN

V IL LIN
4 1 7  V P VEYQWHGFF Y GGDCY LVL YTY DVNGKPCYI LY IWQGRHASQ D ELA A S 4 6 5  

4 3 1  VPVDPATYGQFYGGDSYIILYNYRHGGRQGQIIYNW QGAQSTQDEVAAS 4 7 9

t
PERVIN

V IL L IN

PERVIN

V IL LIN

5 3 8  VSASASSLNSNDVFLLWTQAEHYLWYPKGSSGDERAMA 5 7 5  

5 5 4  VLPKAGALNSNDAFVLKTPSAAYLWVGTGASEAEKTGA 5 9 1

t
6 4 1  EVTDFTQDDLSPGDVMLLDTWDQVFLWIGAEANATEKEGA 6 8 0  

6 5 7  VPGELMQEDLATDDVMLLDTWDQVFVWVGKDSQEEEKTEA 6 9 6

Fig 3.3: An alignment of the homologous domains of human villin and the 
corresponding pervin sequence. Pervin residues show s hom ology  with the villin  
residues. The bold letters show  identity. The dom ains are as determ ined by Bazari 
et a i, (1988).
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Analysis and mutagenesis of the crystal structure of gelsolin segment two 

predicted the presence of a further F-actin binding site (Puius et al, 2000). Puius 

et al identified gelsolin residues 168 RRV 170 or residues 165 RNV 168 in 

human villin which were located in the site mapped by de Arruda et al (1992) 

(Figure 3.5). Pervin possesses the corresponding residues 146 RNI 149. A 

second site of residues important for F-actin binding were 210 RLK 212 and are 

outside of the area mapped by de Arruda et al (1992), within the second 

homologous domain. These residues in pervin are conserved 100%, 193 RLK 

195 and partially conserved in villin 193 RLR 195 (Figure 3. 5).

A third F-actin binding site is present in the villin headpiece. The residues 

important for F-actin binding were determined when the isolated villin carboxyl 

terminal headpiece underwent NMR analysis. Charged amino acids termed the 

‘crown’ encircle the headpiece structure and bind F-actin. A hydrophobic ‘cap’ 

of amino acids sits just above the crown and is thought to guide F-actin into the 

proximity of the charged ‘crown’. These amino acids (chicken villin-K38, E39, 

K65, K70, K71, E72, K73, F76, L75) are conserved in pervin (Figure 3.5) and in 

the villin-like headpieces in quail and supervillin where they are marked by green 

lines in Figure 3.2 and Figure 3.10 (Vardar et al, 1999).

The minimum residues required to bind monomeric actin in segment one of 

human gelsolin cDNA were determined using deletion mutagenesis (Way et al, 

1992). They were 119 HRE 121. In pervin (residues 96-98) and mouse villin 

(residues 96-98) these sites are conserved, underlying their importance (Figure 

3.5).
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PERVIN

♦
PERVIN 14 PGIITWRIEKMELVLV 2 8  

GELSOLIN 6 6  PGLQIWRVBKFDLVPV 81

PERVIN 4 0 3  NGKVEVWRIENLELVPV 4 2 1  

GELSOLIN 4 4 6  TGQKQIWRIEGSNKVPV 4 6 0

Fig 3.4: An alignment o f gelsolin residues defining a motif present 5 ’ to both 
domains one and four with corresponding pervin residues. This m otif is also  
conserved in severin im plying a genetic duplication event occured to create the vertebrate 
m em bers o f  the gelso lin  fam ily. The bold letters show  identity. Pervin show s hom ology  
to these residues as defined by Andre et a i, (1988).
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There are three conserved PIP2 binding sites within the gelsolin family 

(Feng et al, 2001), two within the amino half of the gelsolin family proteins and a 

third site in the carboxyl half of the proteins, purple lines Figure 3.2a. These 

binding sites are found at the interface of segments one and two and segments five 

and six. Again pervin shows conservation of these sites, see Figure 3.8 where 

pervin amino acids (112-119, 138-146 and 606-620) are compared to those from 

human gelsolin (135-142,161-169 and 620-634).

Distribution o f pervin expression

To date, two members of the actin bundling proteins included in the 

gelsolin family have been found to be tissue specific. Quail is germ line specific, 

found in the nurse cells of Drosophila (Mahajan-Miklos & Cooley, 1994). Villin 

is restricted to specialised absorptive epithelial cells such as those in the gut and 

kidney (Maunoury et al, 1992). Pervin was originally identified by subtractive 

cloning designed to identify sensory neuron-specific genes in rat DRG (Akopian 

& Wood., 1995). To investigate the tissue distribution of pervin Northern blots 

and in situ hybridisation analyses were used.

Northern blot analysis of neonatal rat RNA using a 983 bp probe from the 

3’ UTR of pervin showed that expression of pervin was restricted to the rat 

peripheral nervous system. Pervin was present in both DRG and SCG that are 

part of the sensory and sympathetic nervous system respectively (Figure 3.7 a). 

Pervin was not found in the spinal cord, hippocampus, cerebellum or cortex, all 

components of the central nervous system. There was no expression of pervin in
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l |  2 1 I I I I [  HP 1 PERVIN

i
THE GREEN RESIDUES ARE IMPORTANT FOR THE HEAD 
PIECE F-ACTIN BINDING SITE

PERVIN 7 8 0  KENYLSERDFVSVFGITRGQFVSLPGWKQLQLKKEAGLF 8 2 9  

C V IL L IN  7 7 7  KENHLSDEDFKAVFGMTRSARANLPLWKQQNLKKEKGLF 8 2 6

t
SECOND F-ACTIN BINDING SITE
P E R V I N  1 9 3  R L K  1 95  

H V I L L I N  2 1 0  R L R  2 1 2

FIRST F-ACTIN BINDING SITE,IMPORTANT RESIDUES ARE IN BOLD
P E R V I N  1 2 6  M K H V E T F S Y D V K R L L H V K G K R N I R A T E V E M  1 55  

H V I L L I N  1 2 5  M K H V E T N S Y D V Q R L L H V K G K R N V V A G E V E M  1 54

t MONOMERIC ACTIN BINDING SITE

PERVIN 96  HRE 98  

GELSOLIN 1 1 9  HRE 1 2 1

Fig 3.5: An alignment of human gelsolin, human villin and chick villin residues defining  
the actin-binding sites and the corresponding pervin residues. The sites are totally or 
partially conserved in pervin im plying the protein may be capable o f  interacting w ith actin.
The sites were defined by de Arruda et al., (1992), W ay et al., (1992), Vardar et a l, (1999) 
and Puius et a i, (2000). H villin: human villin, C villin: chick villin.
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THIRD PIP2 BINDING SITE
PERVIN 6 0 6  GKAPYANDKRLQQET 6 2 0

GELSOLIN 6 2 0  GKAAYRTSPRLKDKK 6 3 4

t
FIRST AND SECOND PlPg BINDING SITES

P E R V I N  11 2  K R G I I Y K K  1 1 9  1 3 8  R L L H V K G K R  1 4 6

GELSOLIN 1 3 5  KSGLKYKK 1 4 2  1 6 1  KLFQVKGRR 1 6 9

Fig 3.6: An alignment o f human gelsolin residues defining three P IP 2 binding sites 
with corresponding pervin residues. Pervin show s som e h om ology  w ith these m otifs 
im plying it could bind to PIP2  The bold letters show  identity. The m otifs were defined  

by Feng et al., (2000)
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tissues known to express villin such as the intestine, kidney and liver.

The sympathetic ganglia are predominantly adrenergic neurons (Langley 

& Grant, 1999). The neurons of DRG are a heterogeneous population, made up of 

a mixture of myelinated large diameter neurons and unmyelinated small diameter 

neurons. In situ hybridisation was used to determine which subsets of cells 

express pervin mRNA in rat DRG. A non-radioactive digoxigenin system was 

chosen to label RNA probes which were hybridised to DRG sections. RNA 

probes were labelled with DIG-11-UTP, which can then be detected via an 

alkaline phosphate-conjugated anti-digoxigenin antibody. Colourimetric 

substrates (NET and BCIP) were then used to visualise the alkaline phosphatase.

Pervin mRNA was expressed in a subset of DRG neurons and was absent 

in non-neuronal cells. (Fig 3.7 b:a). In order to determine which neuronal 

subtypes expressed pervin, in situ  hybridisation was combined with 

immunocytochemistry, using monoclonal antibodies directed against the 

intermediate filament peripherin.

Fig 3.7: Pervin is expressed specifically in neonatal ra t DRG and SCG. a:
Northern blot of pervin distribution in neonatal rat tissues. Total RNA (10 pg) 
from 1: heart, 2: muscle, 3: intestine, 4: liver, 5: kidney, 6: spleen, 7: lung, 8: 
dorsal root ganglion (DRG), 9: superior cervical ganglion (SCG), 10: spinal cord, 
11: hippocampus, 12: cerebellum and 13: cortex. Northern blots were stripped 
and reprobed with L27 probes to confirm equivalent amounts of mRNA were 
present in each lane, b: In situ hybridisation analysis of pervin in rat neonatal 
DRG. a: pervin mRNA expression in 10 pm DRG sections using a pervin 3’ UTR 
200 bp anti-sense probe, b: Double labelling of the section with small diameter, 
neuron-specific peripherin antibody, c: Overlay of pervin mRNA staining and 
peripherin antibody showing that pervin mRNA is found in both peripherin +ve 
and -ve cell bodies, d: pervin 3 ’ UTR 200 bp sense probe showing no staining 
(x40). No pervin expression was seen in 10 pm neonatal rat gut sections with 
either the anti-sense (e) or sense (f ) 3’ UTR mRNA probe (x20). Scale bars = 20 
pm.
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Peripherin is present in small diameter sensory neurons most of which are the C 

fibre nociceptors. Peripherin-negative neurons comprise the myelinated 

mechanosensitive and proprioreceptive set of sensory neurons. As can be seen in 

Figure 3.7 b:b only 30.43% (n=115) of pervin expressing neurons were also 

peripherin positive. This implied that pervin mRNA is expressed in a subset of 

both large diameter myelinated and small diameter unmyelinated neurones. No 

staining was seen with the anti-sense control probe (Figure 3.9 b:d). There was 

no staining seen with either the sense or antisense pervin probes on small intestine 

sections (Figure 3.7 b: e and f). Thus pervin is specifically expressed in the 

peripheral nervous system, in particular the sympathetic and sensory systems.
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Important gelsolin family residues are conserved in pervin.

Comparitive studies of pervin, a novel rat peripheral nervous system 

specific protein, homologous to villin, were undertaken. Pervin amino acid 

alignment with villin amino acids showed 60% identity. The six domains 

characteristic of the gelsolin family were present in pervin showing from 56 to 

83% identity with mouse villin. The least homology was seen in the domain 

contained within monomeric actin binding segment one. The highest homology 

was observed in the domain present in F-actin binding and severing segment two. 

There was 47% identity and 62% similarity between the carboxyl terminals of 

villin (740-826) and pervin (746-829). The residues vital for F-actin binding were 

also conserved, as they were in all proteins displaying a villin like carboxyl 

headpiece, see Figure 3.8. Therefore, not only is pervin related to villin and 

possesses a putative F-actin binding headpiece but it can also be included as a 

member of the gelsolin family.

Many functions of this family are conserved, as well as the residues 

specifically involved in those functions. Conservation within pervin of residues 

implicated in specific functions would lead to the conclusion that pervin could 

possibly carry out these functions. The two amino acids specified as vital for F- 

actin severing are conserved in pervin (R 137 and K 142). Residues important for 

gelsolin F-actin binding function 168 RRV 170 are partially conserved in pervin 

(KRN). However these residues are homologous with those required for villin F- 

actin binding function (KRN). There is 100 % conservation of the second F-actin 

binding site within pervin, 193 RLK 195 compared to gelsolin, but not villin 

(RLR). All the residues vital for headpiece F-actin binding are conserved
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Pervin
advillin
villin
quail

fSlSSBB'SI

Supervillin Ç  NUCLEAR TARGET SIGNAL;

Dematin

Limatin

Talb

PE R V IN 7 5 3
A D V I L L I N  7 5 2
V I L L I N 7 6 1
Q U A IL 8 2 1
S V I L L I N 1 7 2 9
D E M A T IN 3 3 7
A B L IM 7 0 9
T A L B 2 2 5 3

S G P -K Y Y P V E V L L K S Q — D Q E L P E D V D P T K K E N Y L S E R D F V S V F G IT R G Q F V S L P G W K Q L Q L K K E A G L F  
D G E PK Y Y PV E V L L K G Q — N Q E L P E D V D P A K K E N Y L S E Q D F V S V F G IT R G Q F T A L P G W K R L Q L K R E R G L F  
S G P L P T F P L E Q L V N K S — V E D L PE G V D P S R K E E H L S T E D F T R A L G M T P A A F S A L P R W K Q Q N IK K E K G L F
F D G H K K Y P L T V L IQ E M  D M I.P P D IN P L K R E V H L T H D D F V S V F N M SF Y E F D E L P K W K K M E L K K Q FK I.F
K L C K T IY P L A D L L A R ----------P -L P E G V D P L K L E IY L T D E D F E F A L D M T R D E Y N A L P A W K Q V N L K K A K G L F
S P G L Q IY P Y E V L W T N K G R T K L P P G V D R M R L E R H L S A E D F S R V S A M S P E E F G K L A L W K R N E L K K K A S L F  
M L E P K IF P Y E M I.M V T N R G R N K IL R E V D R T R L E R H L A P E V F R E IF G M S IQ E F D R I.P L W R R N D M K K K A K L F  
A A P N K T Y T L E E L K K K ----------------- P A N ID H S N lrE IY L S D E E F K A V F N C E R S E L A A M P T W K R N N IK T K L G L F

Fig 3.8: C o m p a r iso n  o f  the p o ten tia l F -actin  b in d in g , v illin -lik e  ca rb o x y l te rm in a ls . N um erous 
proteins including pervin have a v illin -lik e headpiece. Som e o f  these proteins, do  not how ever, 
have a g e lso lin  core. A ll proteins have the residues important for F-actin binding at the carb oxyl- 
terminus. T hese tiesidues necessary for headpiece actin-binding are underlined in green, (Vardar 
et a l 1999). Com parison w as carried out using the C lustalW  1.8 program (Jeanm ougin et a l ., 1998). 
Red denotes identical am ino acids, b lue denotes sim ilarity. A ccession  numbers are as fo llow s, pervin  
A F 099929 , m ouse advilhn A F 041448 , m ouse v illin  Q 62468 , Drosophila  quail Q 23989 , hutnan 
supervillin  (abbreviated to sv illin ) A A C 64696 , human dem atin Q 08495 , hum an abLIM  X M  052917  
and Dictyostelium  discoideum  talb A B 023655 .
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between villin and pervin. It would seem therefore that the majority of amino 

acids important for F- actin binding are conserved in pervin. As for residues 

important for monomeric actin binding within pervin, gelsolin, advillin, CapG and 

villin they too are conserved 100%. Thus pervin should be capable of binding 

monomeric actin. This also follows for the PIP2 binding sites. Out of a total of 32 

residues, 16 are identical in pervin.

Tyrosine phosphorylation by tyrosine kinases is important in cellular 

signalling mechanisms. Villin can undergo tyrosine phosphorylation as shown by 

Khurana et al in 1997. Carbachol, a muscarinic agonist, inhibits NaCl absorption 

in rabbit ileal absorptive cells. This is achieved by cholinergic receptor activation 

and tyrosine kinase acitivity which causes the activation and translocation of 

PLCyl to the brush border membrane. Western analysis of brush border cells 

showed that a 95 kDa protein co-immunoprecipitated with PLCyl. This protein 

showed increased tyrosine phosphorylation after carbachol treatment and was 

identified by a specific antibody to villin. The tyrosine phosphorylation of villin 

was associated with the increased interaction of villin with PLCyl.

Panebra et al (2001) have shown that c-src, a non-receptor tyrosine kinase 

can phosphorylate villin in vitro. Differences were observed between villin and 

actin interaction after the phosphorylation of villin. Epicurian coli TKXI- 

competent cells were used to produce villin protein. These cells carry a plasmid 

which has an Elk tyrosine kinase gene that can be activated by 3-P-indoleacrylic 

acid. Thus stable phosphorylated villin was produced. Phosphorylated villin 

protein showed reduced F-actin binding as seen when the purified recombinant 

proteins were mixed and subjected to high speed centrifugation (Zhai et al, 

2001). There was an increase in the rate of depolymerisation when
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phosphorylated villin was mixed with fluorescent pyrene-labelled F-actin and 

analysis of the filaments using an electron microscope revealed that this was due 

to severing. Electron microscope analysis also showed that the phosphorylated 

version of villin produced thicker and more loosely organised F-actin bundles 

when mixed with F-actin in vitro. Therefore it would seem from this evidence 

that the phosphorylation of villin potentiates the disassembly of F-actin structures 

and binding to PLCyl. Pervin-actin binding may be additionally regulated by 

tyrosine kinases as with villin. Other actin-binding proteins capable of tyrosine 

phosphorylation include the human cytoskeletal/non muscle isoform of a-actinin 

(Izaguirre et al, 2001).

Evolution o f gelsolin and villin

Gelsolin, it has been hypothesised, is a protein that resulted from gene 

duplication of severin or fragmin-like genes. Way & Weeds (1988) showed that 

gelsolin was likely to be the result of severin or fragmin gene duplication during 

evolution, due to homology between the two halves of gelsolin. There was also 

an increased homology between the primitive severing proteins and the amino- 

terminal of gelsolin compared to the gelsolin carboxyl terminal. They also 

hypothesised that a gene encoding a single 120-130 amino acid domain had 

triplicated to form severin and fragmin in the first place. The discovery of a short 

domain found in severin, gelsolin and villin 5’ to the first domain and repeated 5’ 

to the fourth domain in villin and gelsolin seemed to support this theory (Andre et 

al, 1993). It was generally assumed that villin was a result of further changes in 

the protein during evolution resulting in the addition of a further F-actin binding 

site on the carboxyl terminal.
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Questions were raised by Pringault et a l{ \9 9 \)  after they discovered that 

splice sites within the two halves of villin were not conserved, which would be 

expected if gene duplication had occurred. Differences between the organisation 

of villin and gelsolin genes were also seen to occur. Not until the discovery of 

protovillin, was there evidence provided to show that villin was not simply 

gelsolin with an added headpiece. A protein, Cap 100 or protovillin, isolated from 

Dictyostelium discoideum amoebae, was sequenced and showed a high level of 

homology to villin rather than severin (Hofmann et a l, 1993). This 959 amino 

acid protein (protovillin) that was unable to sever F-actin, capped F-actin 

independently of Ca^^ and was inhibited in its actions by PIP2 . None of the 

amino acids required for severing were present and the conserved leucines from 

the headpiece were also missing. In evolutionary terms it would seem that the 

gene duplication of severin in Dictyostelium discoideum  occurred before 

functional divergence occurred in the actin severing proteins. Protovillin would 

seem to be the true ancestor of villin, thus proteins like quail and pervin evolved 

from protovillin possibly in parallel with villin, hence their specific functions.

A family o f  proteins based on their carboxyl terminus homology with villin

Pervin may also be a member of a new or sub-family that seems to be 

emerging from within the gelsolin actin-binding family. Proteins similar to villin 

or those containing a similar headpiece attached to a non-gelsolin like core have 

been discovered, see Figure 3.8. When the carboxyl terminals of these proteins 

were aligned, the amino acids necessary for F-actin binding were conserved 

(Vardar et al, 1999), yet the amino terminals varied considerably. Villin, quail, 

supervillin and pervin are all composed of a gelsolin core including them in the
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gelsolin family. Supervillin, talb, dematin and Limatin/abLIM also contain a 

carboxyl terminal headpiece but their amino terminals differ drastically from 

gelsolin.

Supervillin (Pestonjamasp et al, 1997) is made up of two distinct amino 

and carboxyl halves. The carboxyl terminal half shows 50% identity with gelsolin 

segments two and five and includes the villin headpiece. No similarity was 

observed with gelsolin segment one. The amino terminal half was originally 

thought to contain four potential nuclear targeting signals (Pestonjamasp et a l, 

1997). Re-evaluation of work by Pestonjamasp et al (1997) found that the nuclear 

binding sites were actually in the centre of the protein and the carboxyl terminal 

was unable to bind F-actin in vivo. This function was carried out by the amino 

terminal half of the protein (Wulfkuhle et a l, 1999), the role of the villin-like 

portion of this protein is yet to be determined.

Dematin is a trimeric protein made up of two 48 and one 52 kDa 

polypeptides (Azim et a l,  1995 ; Rana et al, 1993). The protein is not tissue 

specific but is of interest because the 48 kDa polypeptide carboxyl terminal shows 

48.5% identity with the carboxyl headpiece of human villin.

Talb is another protein that contains a villin homologous headpiece but no 

gelsolin repeated domains (Tsujioka et a l, 1999). The amino portion of the 

protein is made up of a protein 4.1 homologous region. An F-actin binding 

domain within a talin homologous region constitutes the second central domain 

suggesting a role as a linker molecule between the plasma membrane proteins and 

actin.

Limatin or abLIM, as it is also known, is another protein containing very 

different carboxyl and amino terminal halves (Roof et a l,  1997). The amino
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terminal contains four zinc finger domains whilst the carboxyl terminal contains 

an actin-binding villin-like headpiece that shows 55% identity to the carboxyl 

terminal in dematin and 31% to the one found in villin (Kim et al., 1997 ; Roof et 

al, 1997).

The fact that these proteins all share a villin-like headpiece demonstrates 

the emergence of a family of related proteins. Some of these proteins are not 

homologous to gelsolin, having totally different amino terminals, so can’t be 

included in the gelsolin family. However they all share a conserved F-actin 

binding site at the carboxyl terminal.

Tissue specificity

Pervin has been found to be specifically expressed in the sympathetic and 

sensory ganglia of the peripheral nervous system. A more detailed look at the 

DRG ganglia showed that pervin was expressed in a heterogeneous population of 

large and small diameter neurons. At present there does not seem to be a marker 

which would co-segment and identify both pervin positive large diameter 

myelinated and small diameter unmyelinated neurons. Markers that can determine 

subtypes of DRG neurons include neurotrophin receptors. The neurotrophins are 

a family of secretory neurotrophic factors essential for neuronal survival during 

development (Snider & Wright, 1996). Antibodies directed against the receptors 

expressed on the DRG neurons can be valuable markers. The receptor, Trk A 

which recognises NGF is found to be localised on small unmyelinated and 

medium myelinated DRG neurons up until 2-3 weeks after birth (McMahon, 1996 

; Molliver et al, 1997). After this point approximately one half of the cells loose 

Trk A and gain a ret receptor which recognises another neurotrophic factor.
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GDNF (Trupp et al, 1995). Ret is only expressed in a subpopulation of the small 

diameter unmyelinated neurons. TrkC receptors are expressed on neurons that 

have a medium to large diameter but not small diameter unmyelinated neurons 

(Mu et a l, 1993). Trk B receptors that are activated by brain-derived 

neurotrophic factor are expressed only on small to medium sized diameter 

neurons (Wright & Snider, 1995). Thus none of the neurotrophin receptors show 

a similar pattern of expression to pervin.

Pervin tissue specificity differs from that of it’s mouse homologue, 

advillin. In 1998, Marks et al cloned the 2,973 nucleotide putative protein, 

advillin, that contains 819 amino acids. This protein showed 59% homology to 

mouse villin and 92% homology to pervin. Unlike pervin expression. Northern 

blot and in situ hybridisation analysis of the adult mouse mRNA showed advillin 

expression in the intestinal villi, uterus, taste buds of the tongue and testes and 

weak expression in the brain. Mouse embryos also expressed advillin in the DRG 

and trigeminal ganglia. The group showed that when human adult tissue was 

analysed, expression of the gene was observed in the small and large intestines, 

thymus, prostate, testes and uterus. Pervin is not expressed in the intestine or 

brain in the rat as seen by Northern blot analysis. Figure 3.7 a. The probe used 

during Northern blot analysis was located in the 3’UTR similar to the probe used 

by Marks et al (1998). This region is very specific for advillin and pervin 

transcripts and shows no homology with villin. Since Marks et al (1998) saw 

species differences in the expression of advillin it is reasonable to assume that the 

limited expression of pervin observed is accurate.

Interestingly, the pattern of villin expression seems to have expanded as 

villin is discovered in more tissues possessing epithelial cells. Hofer and

128



Drenckhahn (1999) showed by immunofluorescence and immunoelectron 

microsopy that villin was also present in the rat microvilli of taste receptor cells. 

These microvilli also contained other microvilli components, actin, fimbrin and 

ezrin. The taste buds are specialised epithelial cells that contain chemosensory 

taste receptor cells. The apical cell surface of these cells contain a bundle of 

microvillar projections. These microvilli are thought to increase the receptive 

membrane surface of receptor cells and express receptors to detect taste. The 

release of Ca^^ from internal stores can occur after receptor activation by sweet 

and bitter molecules. Thus villin may be ideally located to play a role in 

controlling and mediating the renewal of microvilli. Shedding microvilli may be 

a protective mechanism against desensitisation from long lasting gustatory 

stimuli.

Villin is also expressed in another specialised epithelial cell, the Merkel 

cell (Toyoshima et al, 1998). These cells are widely believed to be involved in 

mechanosensation, although not all Merkel cells associate with a nerve fibre 

(Ogawa, 1996). Sections of rabbit hard palate membrane were labelled with an 

anti-villin antibody and also underwent analysis by electron microscopy. Villin 

staining was observed in the microvilli of Merkel cells, each cell containing at 

least 50 microvilli. The bundled filaments could produce a rigid structure that 

may amplify and transmit movement of surrounding kératinocytes to the Merkel 

cell body. This movement could generate a receptor potential which could be 

transmitted to the nerve terminals via the synaptic release of chemical mediators 

from the dense core granules within the Merkel cell (Ogawa, 1996).

Pervin is specifically expressed in the rat, restricted to the SCO and DRG. 

Expression in DRG was not confined to either the large or small population of
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DRG neurons. The next question to be asked is what is the function of pervin 

within a peripheral neuron. The specificity of its expression would lead one (by 

comparison with villin and quail), to expect the protein to have a very specific 

role within the peripheral nervous system.

Pervin is a member of the gelsolin family of actin binding proteins. 

Conservation of residues important for gelsolin and villin function suggest that 

pervin could also be a potential actin binding, severing and bundling protein. It is 

also possible that, like villin, pervin could undergo tyrosine phosphorylation. Its 

specific localisation in the peripheral nervous system also leads one to believe that 

it may have a specialised role.
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CHAPTER FOUR

FUNCTIONAL ANALYSIS

OF PERVIN
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ABSTRACT

Pervin is a member of the gelsolin family and possesses a villin-like 

carboxyl headpiece. This headpiece should, in theory, be able to bind and bundle 

F-actin as all the important residues of the binding site are conserved.

A non-neuronal cell line, COS-7, was first used to express FLAG epitope- 

tagged pervin to determine if it has a role to play in actin dynamics. Pervin- 

FLAG was shown by immunoprécipitation to be associated with actin in lysates 

of COS-7 cells.

Co-transfection of COS-7 cells with pervin-FLAG and GFP-actin resulted 

in a dramatic change of actin morphology. 45% of the cells studied had 20 or 

more thin processes extending from the cell membrane compared to only 14% of 

control transfected cells. These processes contained both pervin and actin as 

detected by immunocytochemistry.

Biolistic transfection of neonatal DRG neurons with pervin-FLAG 

resulted in an increase in neurite length after 48 hours. The protein was expressed 

throughout the neurons, right up to their neurite tips. At the carboxyl terminus of 

pervin there is a villin-like headpiece. In villin, this headpiece binds to and 

bundles actin filaments. The protein was truncated, removing the headpiece, to 

determine if the headpiece was important for pervin function. Expression of the 

FLAG-tagged headless construct interfered with neurite outgrowth. After 24 

hours 70% of the neurons had neurite lengths of 100 pm or less compared to 35% 

of the control cells. After 48 hours outgrowth had recovered, but not to the levels 

seen by control transfected cells. Headless pervin-FLAG was seen by 

immunocytochemistry to be expressed throughout the neurons and growing 

neurites.
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These experiments show that pervin, an actin-binding protein can modify 

the actin cytoskeleton and may play a role in growth cone dynamics.
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INTRODUCTION
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Gelsolin family functional differences

The structural similarities of the gelsolin family suggest that the proteins 

may have conserved functions. Gelsolin, adseverin and villin all promote 

calcium-dependent capping, severing and nucléation of actin (Lueck et a l, 2000 ; 

Chaponnier et al 1986 ; Bretscher & Weber, 1980 ; Yin et al 1980 ; 1979). The 

headpiece present at the carboxyl terminus of villin also bundles F-actin, a 

function which is calcium independent (>1 pM), (Glenney et al, 1981; Bretscher 

& Weber, 1980). However, the detailed function and regulation of these proteins 

differs. Villin severs actin at 0.1 pM Ca^'^or less, a process which is completely 

reversible (Bretscher & Weber, 1980 ). Gelsolin severing is activated indirectly at 

micromolar Ca^^ concentrations and occurs rapidly (Bryan & Coluccio, 1985 ; 

Bryan & Kurth, 1984). The carboxyl half of the protein acts as a calcium- 

dependent helix latch which opens to reveal the F-actin binding site necessary for 

severing. (Lin et al., 2000 ; Lueck et a l, 2000 ; Robinson et al., 1999). Adseverin 

severing is not regulated by Câ "̂  in the same way as gelsolin, indicating a 

difference in tertiary structure (Lueck et al., 2000). The capping capacity of 

gelsolin and villin is also calcium regulated. Gelsolin caps actin at micromolar 

and sub micromolar concentrations of Ca^^ (Gremm & Wegner, 2000) whereas 

villin caps actin half maximally at 10-30 nM Ca^^ (Northrup et al., 1986). Both 

proteins are inhibited in their severing activity by PIP2 . (Jamney & Matsudaira, 

1988).

Chimeras of villin and gelsolin have shown that they are not as 

functionally homologous as was originally expected (Findori et al, 1992). The 

transfection of villin into CV-1 fibroblast cells resulted in increased microvilli on 

the dorsal surface of the cells and a disruption of the stress fibres. Gelsolin
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expression in these cells resulted in a disruption of the stress fibres but no 

increased microvilli on the cell surface. Chimeras were created which consisted 

of gelsolin plus a villin headpiece or segments one to three of villin, segments 

four to six of gelsolin and a villin headpiece. Swapping segments between villin 

and gelsolin should not drastically affect function if the proteins are functionally 

homologous. Immunostaining of the chimeras with gelsolin and villin specific 

antibodies and F-actin with rhodamine-phalloidin showed that this was not the 

case. The addition of the villin carboxyl terminal to gelsolin did not promote 

microvilli on the cell surface, although the protein was still capable of disrupting 

stress fibres. Replacing segments four to six of villin with those of gelsolin 

inhibited the protein from altering the actin cytoskeleton completely (Findori et 

a l, 1992).

The functional role o f villin

Villin has been widely and thoroughly studied (Friererich et a l, 1990). In 

vitro biochemical analysis was soon followed by in vivo experiments to 

investigate how the protein functioned inside cells. A variety of methods have 

been employed to study the function of this protein. These include in situ 

hybridisation to determine the developmental expression of villin and expression 

of the protein and mutated variations of the protein in fibroblast cell lines.

Villin was thought to have an important role to play in microvilli 

development because it was strongly expressed before and during gut brush 

border assembly. It’s pattern of distribution changed as the cells matured, finally 

ending up associated with the microvilli (Ezzell et al, 1989 ; Maunoury et al, 

1988 ; Shibayama et al, 1987; Dudouet et al, 1987 Robine et a l, 1985). It was
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presumed that villin was involved in the formation of the microvillar cytoskeleton 

but until 1989 there was no in vivo experimental evidence for this. In vitro 

experiments had determined villin as a protein capable of severing, capping and 

nucleating actin but how would it behave in a cellular environment?

The first clues to villin acting in an in vivo situation were uncovered by 

Friederich et al (1989). They utilised a fibroblast cell line, which did not express 

villin, to discover if transiently expressed villin would interact with the actin 

cytoskeleton of the cells. Two to three days after transfection the appearance of 

long stiff microvilli were observed by immunocytochemistry on the dorsal surface 

of the cell, which contained both villin and F-actin. Alongside this there was also 

a disruption of the cells stress fibres, possibly to increase the monomeric actin 

pool necessary to create these actin rich structures. These changes to the actin 

cytoskeleton were abolished when the protein was truncated, removing the 

carboxyl headpiece. Villin therefore seemed to be directly involved in the 

formation of microvilli filled with F-actin bundles, and the headpiece was vital for 

this to occur.

Building on these findings and the fact that basic amino acids are often 

found at the binding regions of other actin-binding proteins (Vanderkerckhove, 

1990), Friederich et al (1992) created several headpiece deletion variants of villin. 

These mutated proteins were expressed in the CV-1 cell line as before. As well 

as confirming the functional importance of the headpiece they identified the 

KKEK region (position 820-823 in mouse human and chicken villin) as being 

important for function. To a lesser extent the last 3 amino acids in the protein 

were also involved. Their removal from villin reduced the efficiency of villin for 

inducing microvilli growth. This KKEK cluster of lysines resembled the lysine
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rich clusters also seen in several other actin binding sites of proteins such as ADF, 

myosin and thymosin (3 (Yamamoto, 1991 ; Safer, 1991 ; Yonezawa, 1989).

A mimetic peptide of the carboxyl terminus of human villin (residues 805- 

826) was made. Interestingly, the peptide could induce the polymerisation of 

actin in vitro from low salt monomeric actin solutions possibly by interacting with 

the extreme amino terminus of actin. Hence the headpiece can act as an 

independent F-actin binding site (Friederich et aL, 1992).

Micro injection of villin protein directly into fibroblasts and other cell lines 

also resulted in the rapid formation of microspikes and stress fibre disruption 

(Franck et al, 1990). The recruitment of other proteins known to be associated 

with gut microvilli, ezrin and fimbrin, were also observed in these microspikes. 

The role and importance of villin in brush border development was reaffirmed 

when cultured intestinal CaC02 cells were permanently transfected with a 1274 

bp antisense villin RNA and failed to produce any microvilli (Costa de 

Beauregard et a l, 1995). Villin seemed to be an early initiator of microvilli 

assembly.

Villin’s function thus seemed to have been determined by biochemical and 

expression studies. Analysis of proteins by ablating the encoding gene can offer 

an informative and valuable approach to studying function, Gelsolin and villin 

knock out mice have both been created but the phenotypes did not correspond to 

those expected.

The first villin knock out mouse did not confirm the results of 

experiments that proposed villin as having an essential role in microvilli 

construction and maintenance (Pinson et a l, 1998). The brush borders were 

present, intact, albeit not as tightly organised, and the animals seemed perfectly
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normal. Gelsolin null mutant mice on a mixed strain background also showed no 

dramatic phenotype, even though the protein is ubiquitously expressed. However, 

when the gene defect was bred into BALB/c or C57/black backgrounds nearly all 

the null mutant mice died between embryonic day 17 or postnatal day 21 

(Kwiatkowski, 1999 ; Witke et al, 1995). Both sets of mice needed to be studied 

in far more subtle ways to begin to determine the complex role of these proteins in 

vivo (Ferrary et al, 1999 ; Lu et al, 1997).

Proteins that are homologous to villin, with a conserved potential F-actin 

binding site also show differences in their structure function relationships, just as 

functional differences are seen between the homologous villin and gelsolin. 

Supervillin has a carboxyl domain that shows 29% identity with villin including a 

villin-like headpiece. The protein does not have the conserved amino acids in 

segment two implicated in actin severing as seen in villin and gelsolin. Detailed 

studies of the enhanced GFP-tagged isolated villin homologous domain protein in 

vivo showed that the villin-like portion of the protein was incapable of high 

affinity F-actin binding (Wulfkuhle et a l,  1999). Quail, another villin-like 

protein, also shows variations in function compared to villin. Quail shows 30% 

sequence identity with villin and bundles F-actin in a headpiece dependent 

manner (Cant et a l, 1998 ; Mahajan-Miklos & Cooley, 1994). Quail is not 

capable of severing, capping or nucleating actin and functions independently of 

Ca^^ (Matova et a l, 1999). Mato va et al (1999) tried to rescue function by 

expressing villin in Drosophila quail mutants as well as in wild types. The 

differences between the proteins were apparent as firstly villin expression failed to 

affect quail localisation in the wild types, possibly due to competition. Secondly, 

villin failed to maintain bundles of actin during changes in cytosolic Ca^  ̂within
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the nurse cells of the mutants. The observed insensitivity of quail to Ca^^ is 

probably required to maintain organised and stable bundles in the face of free 

calcium fluxes seen during the life time of these cells.

Thus, although the proteins of the gelsolin family share a basic structural 

homology, their functions vary in subtle or dramatic ways. Villin and quail show 

tissue specific localisation that implies they are there to do a specific job. Pervin, 

although similar in sequence to villin, is likely to have distinct attributes relevant 

to its tissue distribution. Pervin function was analysed using immunocytochemical 

techniques, actin-binding studies and over-expression studies in an endothelial 

cell line and cultured DRG neurons. The functional role of the headpiece was 

also investigated by deleting the last 674 bp of pervin. This includes all the amino 

acids involved in the F-actin binding site.
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The truncation o f pervin and conformation that the constructs are in frame

To detect pervin during the following experiments the protein was epitope 

tagged, A FLAG-epitope of eight amino acids was used. The amino acids are as 

follows N-Asp Tyr Lys Asp Asp Asp Asp Lys-C. The monoclonal anti-FLAG 

antibody is specific and has a high affinity for FLAG. A FLAG-epitope was 

inserted 59 bp into the 5’ end of pervin, avoiding the first homologous domain 

that begins at 172 bp. The cDNA was then ligated into the mammalian high 

expression CMV promoter vector pRK7 (Sivilotti et aL, 1997). To create a 

truncated form of pervin-FLAG, the construct was cut with EcoR I which released 

a 2.3 kb fragment that includes only 13 amino acids of the headpiece. The 

headpiece contains a cluster of amino acids vital for F-actin-binding in villin and 

hence a putative pervin F-actin binding site. This cDNA was then re-ligated into 

the pRK7 vector.

To confirm that the cDNA constructs, pervin-FLAG and headless pervin- 

FLAG were in frame with the start methionine the constructs underwent in vitro 

translation using a reticulocyte lysate system TnT®. This system incorporates 

[^^S] methionine into the newly translated protein allowing the products to be 

visualised after SDS-PAGE.

As expected untagged pervin cDNA in the pCDNA3 vector gave a protein 

product of approximately 100 kDa that was matched in size by the protein product 

of pervin-FLAG, see Figure 4.1. This showed that the insertion of the FLAG 

amino acids had not affected the translation of the protein. Headless pervin- 

FLAG cDNA gave a protein product of just under 97 kDa corresponding to the 

loss of the carboxyl terminal headpiece which in villin is approximately 8 kDa, 

see Figure 4.1. As all the constructs encoded full length proteins it was possible
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Fig 4.1 : In vitro translation of pervin constructs. Pervin-FLAG 
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with 3 5 S methionine and SDS-PAGE. I he radioactive pervin bands 
were lOOkDa whilst headless pervin-FLAG was slightly under 100 
kDa due to the loss of the 8 kDa head piece. The positive controls 
were 61 kDa as expected.
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transfect them into cells for actin-binding and expression studies.

Time course o f pervin expression in COS-7 cells

Changes in the actin cytoskeletal induced by proteins suspected to play a role 

in actin dynamics have been observed using different cell lines. The 

microinjection of proteins such as the members of the rho GTPase family, rho, rac 

and cdc42 into Swiss 3T3 fibroblasts caused the dramatic re-organisation of the 

actin cytoskeleton (Nobes & Hall, 1995). Actin-binding proteins such as villin 

have been transiently expressed in CV-1 monkey kidney fibroblasts and again the 

interaction of villin with the actin cytoskeleton observed.

To determine the time taken for the cells to express FLAG tagged pervin 

protein, the cDNA was transfected into sub confluent COS-7 cells via 

electroporation. This method was choosen for its speed and high transfection 

efficiency. After 1, 2 or 3 days the cells were lysed with Lysis buffer and their 

contents separated by SDS-PAGE. All protein samples were quantified via a 

Bradford assay and approximately equal amounts of protein were loaded into each 

well (see Appendix 4.1). Figure 4.2 shows that pervin-FLAG, visualised by a 

monoclonal M2 FLAG antibody, was expressed after 1, 2 and 3 days. The protein 

product was approximately 100 kDa corresponding to the estimated molecular 

weight. There was no expression of pervin-FLAG in the control transfected cells. 

Due to the lack of monkey cDNA sequence published it was not possible to 

design pervin primers to determine if pervin mRNA was present in monkey 

derived COS-7 cells via reverse transcrition-PCR. Alternative methods which 

could be used include detecting the protein with an antibody raised or capable of 

cross reacting with monkey pervin or via Northern analysis. The longer probes
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P crvin -F L A (i expression in C O S-7  cells over 3 days  

1 day 2 days 3 days
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r i g  4.2: Pervin expression in C O S-7  cells. Western analys is  
o f  lysed pervin-f'I.ACj transfected COS-7  cells visualised with an anti 
-PLACj antibody. A per\  in-FLACj band corresponding to 100 kDa 
was  expressed 1. 2 and 3 days  al ter  transfection.  The control 
transfected cells show no pervin-FLACj expression.
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used in Northern analysis do not need to be 100% specific providing the probe 

was designed from a highly conserved region of the cDNA specific for pervin.

Co-immunoprecipitation o f pervin and actin

To investigate a potential interaction between actin and pervin 

immunoprécipitation studies were carried out using lysates from COS-7 cells. The 

cells were transfected with pervin-FLAG or empty vector. Either anti-actin 

ascities fluid or the monoclonal anti-FLAG M2 antibody were used to 

immunoprecipitate proteins from COS-7 cell lysates. Western blots of the 

precipitated proteins using a monoclonal anti-FLAG M2 antibody to detect 

pervin-FLAG demonstated the presence of an anti actin ascites fluid 

immunoprecipitated pervin-FLAG band (100 kDa) (Figure 4.3, lane 1). A similar 

size band was immunoprecipitated by the monoclonal anti-FLAG M2 antibody 

(lane 2). No FLAG immunoreactivity was detected in the control lysate samples 

(lane 3). Pervin remained in the cell lysate after anti-FLAG immuoprecipitation 

(lane 4).

To confirm these results, actin (42 kDa), was immunoprecipitated from 

pervin-FLAG transfected cell lysates by the anti-FLAG antibody and detected on 

Western Blots using an anti-actin ascites fluid (lane 5). An actin band was 

detected after lysate precipitation with anti-actin ascities fluid (lane 6). There was 

no im m unoreactive m aterial the size of actin after anti-FLAG 

immunoprécipitation of the control transfected cells (lanes 7). Actin was detected 

with anti-actin ascites fluid in the cell lysate after anti-actin ascites fluid 

immunoprecitiation (lane 8). The other bands present on the Western blot could
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Fig 4.3: Pervin and actin eo-inin iunoprecip itate. Immunoprecipi ta ted  
CO S-7  cell lysates transfected with pervin-FLAC; were detec ted by Western 
blot using either an ant i -FLAG (lanes 1-4) or anti-actin ant ibody (lanes 5-8). 
A pervin -FLAG band o f  100 kDa was  detected (lane I ) after 
immunopreeipitat ion  o f  the cell lysate with anti-actin.  Lane 2 shows a 
pervin-FLACj band immunoprecipi tated by anti-FLAC; while lane 4 shows 
pervin-FLACj remaining in the eell lysate after immunoprécipi ta t ion  with 
anti-F'LACj. An actin band o f  42 kDa was  detected in lane 5 after 
immunoprecipi ta ion o f  the cell lysate with anti-FLACj. Lane 6 shows an 
actin band precipitated by anti-actin whi le lane 8 shows aetin remaining in 
the cell lysate after immunopreeipi tat ion with anti-actin. Mock  transfected 
negative controls are shown in lanes 3 and 7 (anti-FLACj precipitated).
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be due to non-specific cross-reaction with proteins from the cell lysate. It is also 

possible that there was some degradation of proteins occurring which can result in 

additional smaller bands.

Pervin and headless-pervin association with the soluble and insoluble fractions 

of COS-7 cells

Actin-binding proteins, such as gelsolin, are thought to be found attached 

to actin filaments or residing in an inactive form at the cell membrane bound to 

PIP2 . The PIP2 site involved in inhibiting gelsolin function is also conserved in 

villin, quail and pervin. To try and determine in which cellular fraction pervin was 

located, the COS-7 cells were transfected with pervin-FLAG or headless pervin- 

FLAG and the cells lysed after 1, 2 or 3 days. The lysates were then spun to 

separate out the F-actin containing Triton X-100 insoluble pellet or the Triton X- 

100 soluble cytosolic supematent (Wood et al, 1980). Equal concentrations of 

these two fractions for each time point underwent Western blot analysis 

(Appendix 4.1). Pervin-FLAG and the truncated version were visualised with a 

monoclonal anti-FLAG M2 antibody. Pervin-FLAG was not expressed 1 day 

after transfection of the COS-7 cells but was expressed after 2 or 3 days as 

previously observed. Pervin-FLAG was expressed in both the soluble (c) and 

insoluble (p) fractions of the cell lysates after 2 or 3 days (Figure 4.4). In both 

cases slightly more protein was visualised in the cytoplasmic fraction compared to 

the insoluble F-actin rich fragment. No pervin-FLAG activity was found in the 

control transfected cell lysates. If the putative F-actin bundling carboxyl 

headpiece is removed from pervin the distribution of protein within the cells is 

altered (Figure 4.5). Expression of the protein is visualised after 2 or 3 days but
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pervin-FLAG  pellet and cytosolic C O S-7 cell fractions expressed over 3 days

3d 2d Id
con p-F con p-F con p-F

p c p c p c p c p c p c

100
KDa

Fig 4.4:  Distribution of pervin-FLAG in Triton X-100 soluble and 
insoluble fractions. P e r v i n - F L A G  w a s  t r a n s f e c t e d  in C O S - 7  cell  

and  af te r  1, 2 a nd  3 d a y s  the  s o lu b l e  (c)  a n d  in s o l u b le  (p)  T r i t o n  
X - 1 0 0  f r ac t ions  w e r e  s e p a r a t e d  by S D S - P A G E  a n d  v i s u a l i s e d  w i th  

an a n t i - F L A G  an t ibo dy .  P e rv in  b a n d s  o f  100 k D a  w e r e  s ee n  in bo th  
th e  i n so lub le  (p)  a n d  so lu b le  (c)  f r ac t io n s  a f t e r  2 a n d  3 d ay s ,  but  not  
d ay  1. 1 he re  w a s  no pe rv in  b a n d  in th e  c o n t ro l  t r a n s f e c t e d  cells.
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headless pervin-FL A G  expression  over  3 days
in pellet and cytosolic C O S -7  cell fractions

3d 2d Id
lil-F con lil-F con hl-F con 

c |) c |) c p c p c p e p

Fig 4.5: Distribution o f  headless perv in -F L A G  in Triton X -100 soluble  
and insoluble fractions. Headless perv in-FL A G  w as transfected in 
C O S-7  cells and after 1, 2 and 3 days the Triton X -100  soluble (e) 
and insoluble fractions (p) were seperated by SD S-PA G E  and 
visualised with an anti-FLAG antibody. Headless pervin bands o f  
approxim ately  100 kD a were seen in the Triton X-100 insoluble fraction 
(p) after 2 and 3 days, but not after 1 day. A faint band w as seen in the 
ITiton X-100 soluble fraction (e) after 3 days, but not after 1 or 2 days.
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not at 1 day. After 2 days all of the protein is found to be in the insoluble fraction 

of the cell lysate (p). After 3 days a small amount of protein was found in the 

soluble fraction (c) but the majority of the protein was still present in the 

insoluble fraction (p). Removal of the pervin headpiece alters the cellular 

localisation of the protein from localisation in both the soluble and insoluble 

fractions to just the latter.

The lack of headless pervin-FLAG and pervin-FLAG expression after 1 

day was repeatable. This showed conflicting data to the results obtained whilst 

determining a time course for pervin-FLAG expression, where pervin-FLAG was 

expressed after 1 day. This difference may be due to the fact that the protein is 

only just being translated and so is not maximally expressed after 1 day. The 

viability of the cells may also affect the translation rate. It was for this reason that 

a time point of 3 days was chosen for all the expression studies in COS-7 cells.

Pervin induces increased process outgrowth from  the surface o f  COS-7 cells

Pervin-FLAG was co-expressed in COS-7 fibroblast cells along with GFP- 

actin to determine if any observable alterations to the actin cytoskeleton occurred. 

The construct encoding GFP-actin is an amino-terminal GFP linked by five 

glycines to chicken p-actin in a CMV driven vector. Expression of large 

concentrations of villin cDNA in CV-1 fibroblasts results in the growth of long 

microvilli at the cell surface and re-distribution of F-actin within the cell 

(Friederich et a l, 1992 ; 1989). Pervin, epitope-tagged with FLAG was used to 

determine if pervin, like villin was capable of producing processes after 

transfection into COS-7 cells. Headless pervin-FLAG was also used to determine 

what role if any the headpiece was playing. Transient expression showed that
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pervin-FLAG co-localised with GFP-actin within the cell, especially at the 

membrane and in the fine processes produced by the cell (Figure 4.6: a-c). Some 

processes had very strong pervin-FLAG staining at their tips. It was also 

observed that some of these cells had short processes found on the top surface of 

the cell and stress fibres could be disrupted. The number of fine GFP-actin 

positive processes on each cell were counted and pooled into groups of 0-10, 10- 

20 or 20 plus processes per cell (Figure 4.7). An increase in the number of 

processes was seen in pervin-FLAG expressing cells compared to the control 

(vector only) cells (Appendix 4.2). Control cells expressing GFP-actin (Figure 

4.6: g) were also labelled with phalloidin-TRITC (Figure 4.6: h), a toxin that 

binds to polymeric actin, including the stress fibres. Co-localisation of the two 

signals (Figure 4.6: i) confirmed that GFP-actin is a reliable marker for actin in 

vivo. 45% of cells counted possessed 20 or more processes compared to 

approximately 14% of control cells (p =>0.001). The majority of control cells 

(50%) possessed only 0-10 processes per cell. Statistical analysis was carried out 

using a Chi squared test to compare the probability of the control cells having the 

same pooled number of processes as the pervin-FLAG expressing cells (Appendix 

4.3).

When pervin headpiece was removed, leaving only the core FLAG-tagged 

protein, transfected COS-7 cells expressed the truncated protein (Figure 4.6: d-f). 

However, process outgrowth was inhibited compared to both pervin-FLAG 

transfected and control transfected cells. Headless pervin-FLAG and GFP-actin 

expression still co-localised but was concentrated at the edge of the plasma 

membrane. No small processes were seen on top of the cells. The majority of 

cells expressing headless pervin-FLAG (72%) possessed only 0-10 processes per
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Fig 4.6: P ervin  F L A C  and  h ead less p erv in -F L A (î exp ression  in C O S -7  cells. Pervin constructs were 
co-transfccted via electroporation with GFP-actin into CO S-7 cells, fixed and labelled with anti-FLAG  
antibody and an anti-m ouse IgG, F(ab')2 rhodam ine-X labelled antibody. The panels are as fo llow s a: 
pervin-FLAG  labelled C O S-7  cell, b: GFP-actin expressed in the pervin-positive cell, c: overlay o f  
pervin-FLAG  and G FP-actin to show  the co-localisation  o f  the tw o proteins, particularly in the tllopodia. 
d: head less pervin-FLAG  labelled C O S-7 cell, e: G FP-actin expressed in the headless pervin-FLAG  
p ositive  cell, f: overlay o f  headless pervin-F L A (i and GFP-actin to show the co-localisation  o f  the tw o  
proteins, g: control transfected C O S-7 cell expressing GFP-actin. h: phalloidin-TRITC stained GFP-actin  
positive  cell and surrounding cells, i: overlay o f  G FP-actin and phalloidin-TRITC stained cell to show  
G FP-actin co -loca lises  w ith phalloidin-TRITC. Stress fibres could be visualised in all 3 cells. A ll im ages  
are a projection o f  a series o f  im ages (every 0.3 pm ) taken with a L eica  eonfoeal m icroscope, x 63, 
scale  bar =  50 pm.
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Fig 4.7: Pervin-FLAG increases COS-7 cell process number.

Effect of Pervin-FLAG, headless pervin-FLAG or pRK7 vector 

and GFP-actin in COS-7 cells. GFP-actin was used as a marker 

to count the number of fine processes, a: 0-10, b: 10-20, c: 20 plus, 

extending from the cell membrane after 72 hours. Pervin-FLAG 

increased the number of processes found on COS-7 cells. This effect 

was not replicated by headless pervin-FLAG. This truncated protein 

actually reduced the number of processes counted in comparison with 

the control pools. The probability of the cells in each pool having 

similar numbers of processes was calculated using a Chi-squared test. 

( * P =  <0.001)
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cell compared to 50% of control cells, (p =>0.001). (Figure 4.7). Headless pervin- 

FLAG thus inhibits process outgrowth. As the core protein has the same F-actin- 

binding site as gelsolin and other actin-binding proteins in segment two, it is 

possible that the headless pervin-FLAG is competing with other actin-binding 

proteins, preventing normal COS-7 process formation.

Pervin is thus involved in the formation of long fine, actin-containing, 

filopodia-like structures, involving the headpiece region which is homologous to 

the actin-bundling headpiece in villin. Removal of the headpiece may also inhibit 

the small number of processes normally seen under control conditions.

Although the processes were seen to contain both pervin-FLAG and F-

actin it was not possible to determine if these structures were motile, indicating a

dynamic actin cytoskeleton. A time-lapse study of co-transfected COS-7 cells

was carried out using a Zeiss microscope, xlOO. GFP-actin was excited at 458 nm

for 2 s every 30s over 60 minutes. Processes in pervin-FLAG expressing cells

were not observed to be stationary structures (A movie is shown on the web page

found at http://www.ucl.ac.uk/~ucbtlpo/). Figure 4.8 shows a phase image (a), of

the GFP-actin positive COS-7 cell chosen to study the long processes extended

(4.8: b). A representative portion of the cell was chosen and enlarged so any

movement of processes could be observed. The images shown were taken every 4

minutes starting at time zero and continuing for 60 minutes. GFP-actin movement

around the whole cell was observed (data not shown) and the processes extended.

Fig 4.8: Time-lapse study of motile processes on pervin-FLAG transfected 
COS-7 cells. Pervin-FLAG and GFP-actin were co-transfected into COS-7 cells 
via electroporation. One GFP-actin positive cell (b) was chosen, (a: phase image) 
and the GFP-actin excited (458 nm) for 2s every 30s over 1 hour, x 100 (Zeiss). 
The cells were then fixed and stained with an anti-FLAG antibody and anti mouse 
IgG F(ab’)2 TRITC antibody to show the chosen cell expressed pervin-FLAG (c), 
x25 (Leica). The images shown here are at 4 minute intervals. The arrows show 
motile processes extending and retracting over time. Scale bars = 25 pm.
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retracted and were motile from side to side suggesting that these structures are 

similar to filopodia, that is containing constantly active actin filaments (see 

arrows on Figure 4.8 which trace these movements). After the time-lapse study 

was completed, the cells were fixed and pervin-FLAG protein was visualised with 

a monoclonal anti-FLAG M2 antibody. The cell used for the imaging analysis 

was located using a Leica microscope, x 25 and found to be expressing pervin- 

FLAG (Figure 4.8: c).

Pervin expression pattern in DRG neurons after biolistic transfection

The expression of pervin-FLAG in COS-7 cells showed that the protein 

was localised all over the cell and that it’s presence resulted in the specific 

rearrangement of the actin cytoskeleton into fine processes. Pervin is specifically 

expressed in a subset of DRG neurons so it was of interest to see where, within 

these neurons, pervin would be localised. DRG cultures from 2 week old rats 

were biolistically transfected with pervin-FLAG or headless pervin-FLAG to trace 

protein expression after 24 or 48 hours. Biolistic particle delivery is one method 

of transformation that uses helium pressure to introduce DNA-coated 

microcarriers into cells. It is easier and faster than micro injection and minimal 

manipulation of the cells is required.

Pervin was localised throughout the whole of the neuron right up to the 

neurites leading edge as seen by the images of a phase and pervin-FLAG stained 

neuron, see Figure 4.9, white arrows mark the neurites and their tips. Another 

example of DRG cultures left for 24 hours, also expressing the protein throughout 

their neurites, can be seen in Figure 4.10: a. Actin stained with phalloidin- 

TRITC is found to co-localise with pervin-FLAG indicating that pervin is
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associating with actin in the neurites (Figure 4.10: b). In particular pervin-FLAG 

and actin can be seen in the splayed finger-like ending of the right hand extending 

neurite which may be a growth cone, arrows mark the neurite axons and tips. 

GFP-actin was also found to co-localise with phalloidin-TRITC throughout the 

DRG neurons after 24 hours (Figure 4.10 : c and 4.10: d). Pervin-FLAG 

expression was still observed after the transfected DRG had been left for 48 hours 

in culture. The protein was located in the cell body and along the long neurites 

co-localising with F-actin (Figure 4.10: g and 4.10: h). Figure 4.11a: e shows 

neuronal GFP-actin expression after 48 hours. The corresponding phalloidin- 

TRITC staining is shown in Figure 4.10: f.

Pervin transfection into DRG neurons results in expression of the protein 

along and up to the tips of the neurites and co-localisation of the protein with 

actin.

Over-expression o f pervin in DRG neurons results in neurite outgrowth

Having established that pervin plays a role in motile process formation in 

COS-7 cells, we examined whether over-expression of pervin-FLAG and headless 

pervin-FLAG would affect the growth of DRG neurites. One day old cultures of 

neonatal rat DRG were transfected biolistically with cDNA. Neurons co

transfected with GFP-actin and pervin-FLAG or headless pervin-FLAG were 

fixed after 24 or 48 hours and images of GFP-actin fluorescence taken and 

analysed. The total lengths of neurites extended by the neurons 24 or 48 hours 

after transfection were measured using Kontron KS400 2 image analysis software. 

As there were a wide variety of process lengths present, the data was grouped into 

pools increasing by 100 pm increments (Appendix 4.4 and 4.5). Statistical
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Fig 4.9: Expression o f pervin-FLAG in a rat DRG neuron. Pervin-FLAG  
w as b iolistica lly  transfected into 2 w eek  old rat DRG neurons and fixed after 
24  hours, a: T he neuron w as labelled with an anti-FLAG antibody and anti-m ouse 
IgG F(ab')2 FITC. Pervin-FLA G  is localised  throughout the neuron. Arrows mark 
the cell body, axons and tips o f  the neuron, b: A phase im age o f  the neuron. X 20, 
sca le  bar =  50 pm
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Fig 4.10: E xpression  o f  pervin -F L A (J anti the F -actin  m arker p h a llo id in  in 
l)R ( i  n eu ron s a fter  24  and 48  hours. 2 w eek old D R (i neurons w ere biolistica lly  
transfected with perv in-FLAG , fixed after 24  or 48 hours and labelled with  
anti-FLAG and IgG F(ah')2 FFFC and phalloidin- I RITC. The panels show  
pervin-FLAG  expression (a) and phalloidin-1 RU G staining (h) in a neuron after 
24  hours. GFP-actin (c ) and phalloidin-TRITC staining (d) in a neuron after 
24 hours. Pervin-FLAG expression (e) and phalloidin-TRITC staining ( 0  in a 
neuron after 48 hours. GFP-actin (g) and phalloidin-TRITC staining (h ) in 
a neuron after 48  hours. Pervin-FLAG is expressed throughout the neuron, note 
in particular expression at the neurite tips. Arrows mark the tips, axons and 
cell bod ies o f  the neuronal cells. A ll im ages are a projection o f  a series o f  im ages 
taken with a Leica con focal m icroscope x63, scale h a r=  50 pm.
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analysis of the data involved fitting linear regression curves to the cumulative 

frequency distributions at 48 hours (linearised by logarithmic transformation of 

the X axis) and comparison using ANOVA.

24 hours after biolistic transfection of the constructs into neonatal DRG 

cultures, pervin-FLAG was seen to be present throughout the cell body and along 

extending neurites, co-localising with phalloidin-TRITC (Figure 4.11a: a and b). 

Headless pervin-FLAG also co-localised with phalloidin-TRITC within the cell 

body and growing neurites 24 hours after transfection (Fig 4.11a: c and d). Figure 

4.11a: e and f  show GFP-actin co-localising with phalloidin TRITC. 70% of 

pervin-FLAG and control transfected neurons after 24 hours had neurite lengths 

of up to 400 pm (Figure 4.1 lb). In contrast, 70% of cells expressing the headless 

construct showed a reduced process length of 0 up to 100 pm. Only 35% of 

pervin-FLAG and control transfected cells had lengths of 0-100 pm. Closer 

examination of neurite lengths from pervin-FLAG and the control transfected 

neurons revealed that 75 % of the cells in each group showed no difference in 

length up to 500 pm. But once that point was passed the remaining 25% of 

pervin-FLAG neurons began to show decreased length over the control 

transfected cells.

After 48 hours pervin-FLAG was also seen to be present 

throughout the cell body and along extending neurites, co-localising with 

phalloidin-TRITC (Figure 4.12a: a and b). Headless pervin-FLAG also co

localised with phalloidin-TRITC within the cell body and growing neurites 48 

hours after transfection (Figure 4.12a: c and d). Figure 4.12a: e and f  show GFP- 

actin co-localising with phalloidin TRITC. 48 hours after biolistic transfection.
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F ig  4.1 la: Pervin-FLA G  and headless pervin-FLA G  expression in neonatal DRG neurons 
after 24 hours. P erv in -F L A G , h ea d less  p erv in -F L A G  and F -actin  exp ress ion  in transfected  
neonatal D R G  neurons u sin g  an an ti-F L A G  antibody to d etect perv in -F L A G  and phallo id in  
-T R IT C  to  d etect F -actin . a: perv in -F L A G  tran sfected  neuron, b: ph a llo id in  sta in in g  o f  the 
sam e neuron w h ich  c o - lo c a lis e s  w ith  p erv in -F L A G . N o te  the lon g  p ro cesses  and the p resen ce  
o f  p erv in -F L A G  at the neurite term in als (arrow ed ), c: shorter p ro cesses  are present in neurons 
transfected  w ith  h ea d less  p erv in -F L A G . d: p h a llo id in  sta in in g  o f  th e  sam e neuron w h ich  co -  
lo ca lise s  w ith  h ea d less  p erv in -F L A G . G F P -actin  transfected  neurons (e )  sh ow  a sim ilar pattern 
o f  flu o rescen ce  to  the s ign a l d etected  w ith  p h allo id in -T R IT C  (f). A ll im ages are a projection  
o f  a ser ie s  o f  im ages (ev ery  0 .3 -0 .5  p m ) taken w ith  a L eica  co n fo ca l m icroscop e , x  63 .
S ca le  bar =  5 0  p m .
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Fig 4.1 lb: Headless pervin-FLAG inhibits neurite outgrowth after 24 hours.
Effects of pervin-FLAG and headless pervin-FLAG on DRG neurite outgrowth 
after 24 hours. Pervin-FLAG, headless pervin-FLAG and pRK7 vector were 
co-transfected with GFP-actin into neonatal DRG cultures, fixed after 24 hours 
and the neurite lengths of all the GFP-actin positive cells counted. Pervin-FLAG 
did not cause an increase in neurite length compared to mock transfected cells. 
Headless pervin-FLAG reduced the length of 70% of neurites compared to 
mock transfected cells (p > 0.01). Regression lines were fitted to the cummalative 
frequency distributions (linearised by logarithmic transformation of the x axis), 
and compared using ANOVA. N > 50 cells for each pool of cells.

163



*

t# ‘ V

Fig 4.12a: Pervin-FLAG and headless pervin-FLAG expression in neonatal DRG 
neurons after 48 hours. Pervin-FLAG , headless pervin-FLA G  and F-actin expression  
in transfectedneonatal DRG neurons using an anti-FLA G  antibody to detect pervin- 
FLAG  and phalloidin-TRITC to detect F-actin. a: pervin-FLA G  transfected neuron, 
b: phalloidin staining o f  the sam e neuron w hich  co -loca lises  w ith  pervin-FLA G .
N ote the long processes and the presence o f  pervin-FLA G  at the neurite term inals 
(arrowed), c: shorter processes are present in neurons transfected with headless  
pervin-FLA G . d: phalloidin staining o f  the sam e neuron w hich  co -loca lises  with  
headless pervin-FLA G . G FP-actin transfected neurons (e) sh ow  a sim ilar pattern o f  
fluorescence to the signal detected with phalloidin-TRITC  (f). A ll im ages are a 
projection o f  a series o f  im ages (ever)' 0 .3 -0 .5  pm ) taken with a Leica confocal 
m icroscope, x 63. Scale bar = 50 pm .
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Fig 4.12b: Pervin-FLAG increases neurite outgrowth after 48 hours.

Effects of pervin-FLAG and headless pervin-FLAG on DRG neurite 

outgrowth after 48 hours. Pervin-FLAG, headless pervin-FLAG and 

pRK7 vector were co-transfected with GFP-actin into neonatal DRG 

cultures, fixed after 48 hours and the neurite lengths of all the GFP-actin 

positive cells counted. Pervin-FLAG caused an increase in neurite length 

in ~ 35% of cells with neurites over 800 pM compared to mock transfected 

cells (p < 0.01). Headless pervin-FLAG reduced the length of neurites 

compared to mock transfected cells (p < 0.01). Regression lines were fitted 

to the cumulative frequency distributions (linearised by logarithmic 

transformation of the x axis), and compared using ANOVA. N>50 cells for 

each pool of cells.
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70% of pervin-FLAG transfected neurons counted showed neurite lengths up to 

2000 pm compared to up to only 900 pm for control transfected cells (Figure 

4.12b). However, 70% of neurons transfected with headless pervin-FLAG 

showed a maximum length of only 400 pM, their length retarded compared to the 

control transfected cells (70%). The number of neurons with lengths up to 100 pm 

was between 37 to 41% for all 3 groups of neurons. 65% of pervin-FLAG and 

control transfected cells seemed to grow at similar rates until they reached a 

length of approximately 800 pM. After this point a greater proportion of cells 

expressing pervin-FLAG (91%) grew neurites with lengths up to 9,000 pm 

compared to up to 4,000 pm for mock-transfected cells (91%).

Pervin-FLAG transfected DRG neurons showed an increase in neurite 

outgrowth after 48 hours and limited outgrowth after 24 hours. When the 

headpiece was removed from the protein, growth of neurites was severely reduced 

after 24 hours. By 48 hours there was still a reduction in growth although it was 

less marked than that seen at 24 hours. It is possible that pervin is regulating 

different mechanisms involved in neurite outgrowth. Firstly, pervin-FLAG only 

seems to affect outgrowth of neurites with lengths over 800 pm at 48 hours. At 

24 hours there is a slight inhibition of growth possibly due to an excess of protein 

competing with other actin-binding proteins or limited transport down the axon. 

Secondly, when the headpiece is removed there is an inhibition of neurite 

outgrowth dramatically larger than that seen with excess pervin-FLAG at 24 

hours, which continues at 48 hours. This indicates that the headpiece is closely 

associated with the function of pervin within DRG neurons.
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DISCUSSION
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The aim of the experiments set out in this chapter were to begin to 

understand the role pervin plays in peripheral sensory neurons. As was shown in 

Chapter Three, pervin is a highly conserved member of the gelsolin actin binding 

family containing a putative carboxyl terminal F-actin bundling headpiece. As 

binding to actin is essential for the family members to carry out their tasks of 

regulating F-actin dynamics, the first question to be asked was whether pervin 

was capable of binding to actin. Initially a non-neuronal cell line, COS-7, was 

used to determine if pervin was capable of binding to and altering the actin 

cytoskeleton.

Using immunoprécipitation studies it was shown that pervin tagged with 

FLAG and actin associated together in pervin-FLAG transfected COS-7 cells. A 

pervin-FLAG band was detected, after Western analysis, in the cell lysate that 

underwent precipitation with an anti-actin ascites fluid. This band corresponded 

to the approximate weight of pervin (100 kDa). When the converse was carried 

out, that is, immunoprécipitation with an anti-FLAG antibody followed by 

Western analysis, a 42 kDa actin band was visualised with an anti-actin ascites 

fluid. It should be noted that the actin precipitated, anti-FLAG detected and anti- 

actin ascites fluid detected bands were weak compared to the FLAG precipitated, 

anti-FLAG and anti-actin ascites fluid visualised bands. These results suggested 

that the ascites fluid had a lower affinity for pervin-FLAG associated actin.

It may be that pervin-FLAG associated with actin is somehow interfering 

with the recognition site of the anti-actin antibody. This could be due to either 

conformational changes induced by the interaction of pervin-FLAG and actin or 

by steric inhibition, reducing the efficiency of the precipitation. An alternative

168



explanation is that although the anti-actin ascites fluid recognises actin in a very 

efficient manner after Western analysis it may not be so efficient at binding the 

protein during an immunoprécipitation reaction.

The transfection of cDNA or micro injection of proteins suspected of 

altering cytoskeletal polymerisation rates or affecting actin based structures have 

been used to study gelsolin (Cunningham et al, 1991) CapG (Sun et al, 1997) 

and rho GTPases (Nobes et al, 1995). Friederich et al (1999 ; 1992 ; 1989) have 

accumulated a wealth of information about villin by the over-expression of the 

protein and its mutants in CV-1 cells. In COS-7 cells, the over-expression of 

pervin resulted in a clear cut phenotype of increased F-actin rich motile processes 

containing pervin, extending from the surface of the cells. Pervin alters the 

dynamics of the process and does not just competitively antagonise the 

endogenous COS-7 actin-binding proteins.

Pervin not only associates with the F-actin present in the newly formed 

processes but also co-localises to F-actin within the cytoplasm of the cell. Triton 

X-100 extraction of the transfected cells was carried out. Pervin-FLAG was 

detected in the Triton X-100 soluble cytoplasmic fraction as well as the Triton X- 

100 insoluble fraction containing the cytoskeleton and its associated proteins. 

Watts et al (1995) showed that in polymorphonuclear leukocytes gelsolin is 

present in the Triton X-100 soluble fraction, due to its ability to cap short soluble 

cytoplasmic actin filaments. Gelsolin was not present in the insoluble F-actin 

fraction as other actin cross linking proteins such as ABP-280 and a-actinin were 

associated with F-actin (Watts, 1995 ; Watts et a l, 1995). Activation of these 

cells by the calcium ionophore ionomycin induced the translocation of gelsolin 

from the soluble to the insoluble fraction. The insoluble fraction contained long
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actin filaments which presumably gelsolin would sever (Watts et al, 1995). The 

presence of pervin in the Triton X-100 insoluble fraction would suggest that the 

protein is associated with the F-actin cytoskeleton probably due to its capacity to 

bind F-actin via the headpiece and segment two F-actin binding sites. Pervin is 

also present in the soluble cytoplasmic fraction of Triton X-100 solubilised cells. 

It is possible that like gelsolin, the protein has capped short soluble actin filaments 

or is associated with another soluble protein.

Villin has been found in the Triton X-100 soluble fraction of rabbit brush 

border cells as well as the Triton X-100 insoluble fraction (Khuruna et al, 1997). 

This suggested that villin was not only associated with the intact actin 

cytoskeleton. On dissociation from the cytoskeleton villin could act as a substrate 

for tyrosine kinases in rabbit brush border cells, translocating PLCyl to the cell 

membrane (Panebra et al, 2001 ; Khuruna et al, 1997). In vitro studies showed 

that the phosphorylation of villin reduced the ability of the protein to bundle actin 

and increased the rate of filament severing (Zhai et a l, 2001). This would 

increase the number of villin capped short filaments in the Triton X-100 soluble 

cytoplasm. The presence of pervin in the soluble fraction could possibly be due to 

a dissociation from actin induced by phosphorylation.

When the headpiece was removed from pervin there was a decrease in the 

number of processes on the cell surface of transfected COS-7 cells. The lack of 

numerous long fine F-actin processes was presumed to be related to the removal 

of the bundling headpiece. Interestingly, the truncated protein had an inhibitory 

effect on process number when compared to the control mock transfected cells. 

The protein was still able to co-localise with F-actin as seen by Figure 4.6: f. 

Headless pervin-FLAG may be competing with other actin-binding proteins that
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normally regulate process formation, hence inhibiting their function. The 

truncated protein was shown to be present in the F-actin-rich, Triton X-100 

insoluble fraction of the COS-7 cells. However, there was no headless pervin- 

FLAG signal in the soluble fraction of the cells after 1 or 2 days and the protein 

was only weakly expressed after 72 hours in culture.

Friederich et al (1989) found that villin core was uniformly distributed but 

did not discemibly alter the cell surface. As this was not quantified it is 

impossible to say if there was any inhibitory effect on microvilli formation. They 

also found that the protein was very unstable and hence expressed at low levels 

compared to the wild type protein. When a protein missing the headpiece was 

microinjected into CV-1 cells >85% of those cells showed a loss of stress fibres 

which was reversed after 60 minutes (Franck et al., 1990). It was suggested by 

Friederich et al (1992) that the headpiece may stabilise the villin core. When the 

headpiece was truncated by up to 48 amino acids to try and determine which 

amino acids were essential for F-actin binding, expression levels were similar to 

those of full length protein. The removal of 48 residues left approximately 12 

headpiece residues. They concluded that either the headpiece had a role to play in 

stabilising the villin core or it was mediating a Ca^^ dependent conformational 

change within the protein which affected the core association with F-actin 

(Hesterberg & Weber, 1983 ; Glenney & Weber, 1981).

It was possible that pervin was binding to and bundling F-actin in COS-7 

cells which promoted the production of fine filopodial like structures whilst also 

capping short filaments of actin in the cytoplasm as seen with gelsolin. The 

headpiece, vital for the bundling activity of the protein also affected the capacity 

of the protein to function when it came to binding small Triton X-100 soluble
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proteins in the cytoplasm. This may be due to conformational changes within the 

protein. An alteration in the native structure of pervin could disrupt various 

binding sites. A disruption of phosphorylation sites would prevent pervin 

phosphorylation and may, like villin, reduce dissociation from the cytoskeleton. 

Alternatively the protein may have lost its ability to cap severed filaments by 

disruption of the actin binding sites.

After pervin-FLAG biolistic transfection into DRG neurons an increase in 

neurite outgrowth was measured. This was dramatically inhibited when the 

carboxyl headpiece was removed. One of the roles of actin during neurite 

outgrowth is to maintain a dynamic actin cytoskeleton at the leading edge. This 

enables the growth cone to respond rapidly to the external environment, guiding 

the neurite towards it’s final target (Mueller, 1999 ; Tanaka & Sabry, 1995). If 

pervin is interacting with the actin cytoskeleton to increase neurite outgrowth then 

it is likely that it does so via the growth cone.

Actin is organised into two types of structures within the growth cone, the 

filopodia and the lamellipodia. The lamellipodia is the veil-like protrusion that 

extends and retracts from the leading edge. It mediates the initial stage of cell 

movement and helps determine the direction of growth (Stossel, 1993). Two 

types of F-actin subpopulation were uncovered by electron microscopy (Lewis & 

Bridgman, 1992). Running from the leading edge back towards the central 

domain are small polarised bundles of F-actin that are 40-100nm wide. Short 

branched filaments fill the space between the dorsal and ventral membranes. The 

shorter filaments have a more random orientation compared to the longer 

filaments which are mainly orientated with their barbed edges facing the leading 

edge membrane.
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Filopodia are long finger-like projections that extend out from the 

lamellipodia into the extracellular matrix. They are filled with polar actin 

bundles, their barbed ends facing the filopodia tip. (Bridgman & Dailey, 1989) 

They are capable of rapid changes in length and also have a sensory role to play 

separate from the main body of the growth cone (Zheng et a l, 1996 ; Davenport 

et al, 1993). These fine processes are also capable of creating tension by which 

they can drag the growth cone forwards (Heidemann et a l, 1990). These two 

structures although consisting of the same polymer have different roles to play 

during growth cone motility and may be regulated by numerous actin-binding 

proteins found within the growth cone. One of these proteins could be pervin.

Retrograde transport o f filaments

Under steady state conditions the growth cone shows no net forward 

movement. The actin cytoskeleton maintains this state by three mechanisms 

which occur concurrently, resulting in treadmilling of the filaments. Treadmilling 

requires the constant addition of fresh monomers to the barbed end of the 

filament. This maintains filament length as it undergoes constant rearwards 

movement and monomers are removed from the pointed end of the filament. This 

is termed retrograde transport and each mechanism requires the involvement of 

actin binding proteins (Jay, 2000 ; Lin et a l,  1994 ; Mitchison & Kirschner,

1988).

Firstly, monomers are continuously added to the barbed end of F-actin at 

the membrane edge of filopodia and lamellipodia (Mallavarapu & Mitchison, 

1999). Profilin is known to regulate the rate of actin polymerisation and is located
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in growth cones, ideally situated to carry out this function (Neely & Macaluso, 

1997 ; Theriot & Mitchison, 1993).

Secondly, under steady state conditions, filaments undergo constant 

retrograde flow. That is, the filament is constantly being transported towards the 

central domain of the growth cone with the addition of ATP-actin monomers at 

the barbed end of the F-actin and removal of ADP-actin from the pointed end 

(Jay, 2000 ; Welch et a i, 1997 ; Mitchison & Kirschner, 1988). This was 

originally shown in Aplysia bag neurons by the coupling of polycationic 

microbeads to submembranous actin. The beads were moved in a retrograde 

fashion along the surface of the neuron and that this flow was not blocked by 

cytochalasin B (Forscher & Smith, 1988). The addition of monomers at the 

barbed end does not create enough force to push the filament away from the 

membrane. The myosin family currently seem to be the most likely candidates for 

regulating retrograde flow but no obvious candidate has been identified (Lin et 

al, 1996 ; Sheetz et al, 1992 ; Mitchison & Kirschner, 1988).

Thirdly the length of the filament must be maintained to prevent alteration 

of the growth cone structure. As the filament flows towards the central domain of 

the cone it undergoes depolymerisation. This can be carried out by a variety of 

actin-binding proteins such as those of the gelsolin family and ADF/cofilin.

ADF and cofilin are both localised in the lamellipodia of xenopus 

fibroblasts and keratocytes as well as neuronal growth cones (Svitkina & Borisy, 

1999 ; Bamburg & Bray, 1987). Over-expression of a Xenopus ADF/cofilin in 

embryonic cortical neurons induced neurite outgrowth possibly by increased F- 

actin turnover (Meberg & Bamburg, 2000). Both ADF and cofilin have an 

increased affinity for ADP-actin which is found near the pointed end of filaments.
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This may help restrict the localisation of ADF/cofilin to areas of the cytoskeleton 

where filament depolymerisation is required. Although ADF/cofilin can sever F- 

actin it’s main function is thought to be the potentiation of the dissociation of 

ADP-actin from the pointed end of F-actin (Carlier et al, 1999 ; Theriot., 1997).

Gelsolin null mutant mice had a grossly normal embryonic development 

but analysis of fibroblasts from mutant mice were seen to have reduced motility 

(Witke et a l, 1995). These cells also have a reduced actin turnover rate with 

filaments from the mice showing a life-time of 25 min ± 6.14 in comparison to 

only 9.28 min±4.7 in the wild type fibroblasts (McGrath et al, 2000). Assaying 

filament turnover by photoactivation of fluorescence (FAF) and fluorescence 

recovery after photobleaching (FRAP) was used to study the actin within moving 

bovine arterial endothelial cells (McGrath et a l, 2000). Fluorescent actin 

monomers injected into the cells are incorporated into actin filaments. The 

movement of the monomers can be traced by local activation or bleaching. Cells 

in a petri dish at the edge of a wound were more motile with reduced actin 

filament lifetimes compared to less motile confluent cells. Differences in actin 

filament lifetimes between gelsolin null mutant and wild type fibroblasts were 

also found. The null mutant cells were less motile and had longer lasting 

filaments. Thus gelsolin severing activity has a role to play in cell motility.

A neuron specific role has been discovered for gelsolin (Lu et al, 1997) 

which is found in growth cones (Tanaka et a l, 1993). More filopodia were 

present along the extending neurites of embryonic day 17 hippocampal neurons 

cultured from gelsolin mutant mice. These actin-containing filopodia were of 

similar length to those in wild type mice and were dynamic as seen by time-lapse 

video microscopy. However, the retraction of these neurites after growth cone
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consolidation was two fold slower and not as smooth as that seen in control 

neurons. A role for gelsolin in the severing of lamellipodia actin filaments at their 

base was suggested.

For the lamellipodia and filopodia to undergo forward movement, there 

needs to be a net increase in filament length. There are currently two hypotheses 

which explain how this occurs, the tread milling/clutch hypothesis and the array 

tread milling hypothesis.

The treadmilling/clutch hypothesis

This hypothesis is based on the idea that the retrograde flow of F-actin can 

be stopped when F-actin via associated proteins binds to the extracellular 

substratum i.e., the involvement of a putative clutch (Suter & Forscher, 2000 ; 

Jay, 2000 ; Lin et al, 1994 ; Mitchison & Kirschner, 1988), see Figure 4.13. If 

the filament is stationary and not constantly moving backwards then any addition 

of monomers to the barbed end will increase the filament length. Borisy & 

Svitkina (2000) proposed that filaments move and bend away from the membrane 

allowing the addition of actin monomers. When the filament straightens, the 

increased length will force the membrane outwards. Monomers removed from the 

pointed end will create an extracellular vacuum at the back of the actin network 

and increase the monomeric actin pool. This extracellular vacuum can then be 

filled by advancing microtubules, so elongating the axon. Microtubules 

polymerise into the vacated space simply because the actin filaments no longer 

physically inhibit their growth. Alternatively evidence suggests that actin may 

pull the microtubules behind them as they move forwards (Bentley & O’Connor, 

1994 ; Lin & Forscher, 1993).
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Fig 4.13: Retrograde flow in filopodia and foward movement. In a:
actin m onom ers  diffuse to the tip o f  the filopodia (2) w here  they are added 
to the barbed end o f  an act in filament w hose polarity is denoted by the 
chevrons. The aetin filament is being translocated (3) tow ards the centre o f  
the cell by m yosins where it depolym erises into m onom ers  from the pointed 
end (4), or is fragmented into pieces, which in turn depolym erise  from their 
barbed ends (5). b: shows how tension and tow ard  m ovem ent is produced 
w hen aetin retrograde flow is blocked by binding  to proteins acting as a clutch, 
a: Aetin assembly (dark chevrons), d isassem bly (faint chevrons) and retrograde 
flow is produced by the action o f  myosin on F-actin, w hen there is no 
mechanical linkage w ith the extracellular substratum. Actin  is dissasociating 
from the pointed end o f  the filament ( I ), driven to the left by m yosin  (2) 
w hich  is attached to a rigid subm em branous m atrix  (3). T he  filament is not 
engaged with the clutch proteins (4, 5 and 6). b: Tension and toward m ovem ent 
is produced when F-actin interacts proteins (4 and 5). This  interaction via the 
extracellular substratum (6) holds the filament stationary m yosin  (2) and it's 
stable subm em branous element (3) now crawl to the right on the rigid actin 
filament. N ew  actin m onom ers add to the barbed end o f  the filament 
(shaded chevrons), leading to protrusion o f  the filopodia.
A dapted from Mitchison & Kirschner., (1988).
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Array treadmilling hypothesis

The idea of array treadmilling was first hypothesised by Svitkina and 

Borisy (1999), see Figure 4.14. The model is a novel concept of actin turnover in 

lamellipodia in that the actin network treadmills as a whole, not as individual 

filaments. However, balance for assembly and disassembly in this model is still 

required. Arp2/3, located at numerous Y junctions of branched filaments, would 

create new short filaments at the leading edge by nucléation and branching. 

These growing filaments would in turn push against the membrane. As the 

growing filament length fell behind the leading edge it would become more likely 

to undergo depolymerisation. The depolymerising protein ADF was localised 

mainly at the rear of these cells. ADF has been shown to bind the arp2/3 complex 

so aiding its dissociation from older filaments (Blanchoin et al., 2000). The free 

barbed end could be capped by a protein such as capping protein (Blanchoin et 

al., 2000 ; Barkalow et al., 1996). Disassembly of the filaments could involve 

ADF as well as other severing proteins. Compared to increased filament growth 

in the filament tread milling model what we see instead is increased nucléation 

and limited growth. It is possible that both methods of leading edge motility 

contribute to the overall motility of the growth cone. The treadmilling of 

individual filaments could occur in filopodia and the array treadmilling in 

lamellipodia. These two models could also be regulated by different actin- 

binding proteins. Pervin, as a protein that may potentially bundle, cap and sever 

actin filaments, may have a role to play in one or more of these models.
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Fig 4.14: A model for the turnover of F-actin array at the leading edge of 
lamellipodia. The actin network is characterised by a branched array o f  
F-actin with barbed ends facing fowards and pointed ends making Y-junctions 
with other filaments that are linked by the aq)2/3 com plex. Treadmilling 
o f  the array is regulated by several actin-binding proteins as described below.
( 1 ) The arp2/3 com plex is activated upon binding to WASP that is activated by 
cdc42. (2 ) The active arp2/3 com plex nucleates F-actin assem bly and caps the 
free pointed ends o f  the filaments or (3) binds to the side o f  a filament and 
then nucleates filament growth or captures the pointed ends o f  a pre-exisiting  
IIlament. Growth o f  filaments is rapid and the lag in Pi dissociation leads to 
filaments in the leading edge (green shading) that are com posed predominantly 
o f  ATP- and ADP-Pi-actin and do not bind to A D F/cofilin (AC). (4) Capping 
o f  the barbed ends by capping proteins prevents their further elongation. At the 
rear o f  the lamellipodia. two mechanisms, filament severing and uncapping o f  
pointed ends by removal o f  the arp2/3 com plex, could contribute torapid 
depolymerisation. Severing by AC is likely to oecur at junetions between regions 
o f  filaments that are saturated with AC and naked F-actin. (5 ) AC enhances 
depolymerisation o f  ADP-actin from the free filament ends in the rear o f  the 
lamellipodia. (6) The com plex o f  AC and ADP-actin that dissociates from the 
filament ends is in equilibrium with AC and ADP-actin monomer. (7) The 
nucleotide exchange on actin monomer is a slow process, further inhibited by 
AC, whereas profilin enhances this rate. (8) ATP-actin monom ers are sequestered 
by bcta-thymosins to prevent spontaneous nucléation, but provide a pool o f  
ATP-actin for assembly. Taken from Chen et al., (2000).
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Bundling o f actin filaments

The actin cytoskeleton of the growth cone has been shown to consist of 

actin bundles in the filopodia and lamellipodia (Lewis & Bridgeman, 1992 ; 

Bridgman & Dailey, 1989). A detailed study of Aplysia bag neurons visualised the 

formation of filopodia from the leading edge using a new type of polarised light 

microscope (Pol-Scope) (Katoh et al, 1999). After filopodia reach a certain 

length, retrograde flow extends the F-actin bundle into the lamellopodia where 

radial bundles extend out towards the centre of the growth cone. Actin cross- 

linking proteins such as a-actinin and fascin link the filaments together forming 

strong bundles (Cohan et al, 2001 ; Sobue & Kanda, 1989). These actin bundles 

have an important role in maintaining cone morphology and function.

Collapse and remodelling of the cytoskeleton is required to redirect a 

growth cone during pathfinding (Tanaka & Sabry, 1995). A reduction of F-actin 

at the leading edge has been seen to accompany growth cone collapse (Fan et al, 

1993). Helisoma neurons plated on poly-lysine have been observed to create such 

strong adhesion contacts that the addition of growth cone collapsing factors only 

resulted in the loss of actin bundles, not the usual whole growth cone collapse 

(Zhou & Cohan, 2001). One of the collapsing factors used in this instance was 

serotonin. After application of serotonin to the neurons all actin bundles were lost 

from the growth cone, and there was a reduction in F-actin at the leading edge. 

However, the lamellipodial meshwork remained untouched. Serotonin-induced 

cone collapse was not replicated by cytochalasin D stimulated depolymerisation 

of F-actin. These data would imply that growth cone collapsing factors can 

specifically target the actin bundles and that these bundles may be involved in 

rearrangement of the cytoskeleton. Serotonin receptor binding can result in Ca^^
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influx into the neuron (Cohan et al, 1987). This may regulate Ca^^ dependent 

actin-binding proteins such as alpha-actinin and fimbrin (de Arruda et a l, 1990 ; 

Noegel et a l, 1987).

Pervin has a putative actin bundling headpiece that is essential for the 

rearrangement of F-actin into filopodial-like processes in COS-7 cells. Could this 

protein be bundling F-actin in the growth cone lamellipodia and filopodia? As a 

member of a calcium regulated family, receptor induced calcium influx as seen 

with serotonin could mediate pervin function. Removal of the headpiece from 

pervin resulted in decreased neurite outgrowth. Was this due to its inability to 

maintain the structural actin components of the growth cone?

Severing the actin filament

The gelsolin family plays an important role in severing F-actin. Gelsolin 

null mutant mice are unable to retract growth cone filopodia as the neurite 

extends. This has been linked to the neurons lack of severing activity (Lu et a l,

1997). Villin was assumed after in vitro experiments by Friederich et al (1992 ;

1989) to have a role in microvilli F-actin bundling. Detailed analysis of the villin 

null mutant mouse showed that villin was not responsible for the development and 

maintenance of bundled F-actin in microvilli (Ferrary et a l, 1999 ; Pinson et al,

1998). No ultrastructural changes were seen nor was there up regulation of other 

actin binding proteins in the microvilli compensating for the loss of villin 

expression. What was noticed by Ferrarry et al (1999) was a difference in how 

villin mutant mice responded to increases in intracellular Ca^^. From in vitro 

studies of the brush border to inducing ulcerative colitis in the mice, each time 

intracellular Ca^  ̂was increased the cells of wild type mice showed rearrangement
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of their actin cytoskeleton. However, no actin cytoskeletal changes were 

observed in the cells of null mutant mice. This difference was put down to the 

inability of these cells to undergo Ca^^ dependent F-actin severing. Mutant 

animals treated with DSS (dextran sulfate sodium) to induce ulcerative colitis had 

a reduced ability to reorganise the cytoskeleton. This led to increased death rate, 

inflammatory changes and large lesions occurring in the colon of villin null 

mutant mice compared to wild type mice.

Ca^^ dependent severing ability was also missing from the gelsolin null 

mutant mice (Endres et al, 1999 ; Furukawa et al, 1997). Hippocampal neurons 

from mutant mice loaded with the calcium indicator dye fura-2 showed rises of 

intracellular Ca^^ after glutamate stimulation which did not decrease in line with 

the wild type mice. A reduction in actin depolymerisation was also seen. 

Intracellular Ca^  ̂levels could be restored if the neurons of null mutant mice were 

treated with cytochalasin D before glutamate exposure. Mutant mice also showed 

a reduced current run down of voltage dependent calcium channels (VDCC) and 

NMDA induced currents. Gelsolin was concluded to be playing a role in the 

reduction of calcium influx through VDCC and NMDA receptors by promoting F- 

actin depolymerisation which resulted in modulation of the channel. Thus, as 

with villin, gelsolin protected the cells from excessive Ca^^ which can led to 

ischemic injury (Endres et al, 1999).

Another actin severing and depolymerising family is the ADF/cofilin 

family (Hamburg, 1999). These proteins bind with a high affinity to actin-ADP 

and have been located at the leading edge of keratocytes and fibroblasts (Svitkina 

& Borisy, 1999). Xenopus ADF/cofilin (XAC) adenovirus was used to infect 

neonatal spinal cord neurons four hours after plating (Merberg & Hamburg,

182



2000). 3 days after transfection the length of the longest neurite of each neuron 

had increased compared to those of the mock transfected neurons. The rate of 

increase in length between 1 and 3 days was nearly 80%. The treatment of 

neurons with cytochalasin D and latrunculin A led to increased growth cone 

collapse or loss of growth cone morphology in XAC over expressing neurons. 

Meberg and Bambourg (2000) concluded that XAC was increasing the 

treadmilling of filaments which increased actin turnover that in turn led to neurite 

extension and lamellipodial protrusion Svitkina & Borisy (1999), as discussed 

earlier, have shown that ADF is ideally situated to depolymerise the lamellipodial 

actin cytoskeleton. It is likely that this occurs by increasing the depolymerisation 

rate of actin from the pointed ends of filaments as opposed to severing them 

(Carlier et al, 1999 ; 1997). The increased depolymerisation of actin at the rear 

of the lamellipodia will increase the pool of monomers required for filament 

growth. A space for microtubules to extend into will also be created so 

consolidating neurite extension. Filament turnover can be increased further as 

profilin synergises with ADF/cofilin to enhance the turnover of actin filaments by 

up to 125 fold (Didry et al, 1998).

ADF/cofilin proteins share a similar structure with the repeated domains in 

gelsolin (Burtnick et al, 1997). Cofilin can compete with segments two and three 

of gelsolin for F-actin binding sites as well as segment one for monomeric actin 

binding sites (Wriggers et a l, 1998 ; Van Troys et a l, 1997). Whether these 

ADF/cofilin and gelsolin share actin-binding sites or just induce structural 

conformational changes that inhibit the binding of the other protein is unclear. 

What is clear is that ADF/cofilin and the villin headpiece share a binding site on 

F-actin. Isolated villin headpiece displaced ADF from F-actin during actin
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sedimentation assays (Pope et al, 1994). ADF shares a homologous sequence 

with villin headpiece. In the villin headpiece this sequence, KKEKGFL is vital 

for F-actin binding. When a central ADF sequence, KKEDLVF was mutated to 

QQEDLVF, the mutated protein failed to co-sediment with F-actin but was still 

capable of inducing filament depolymerisation (Pope et al, 2000). If the villin 

headpiece and ADF/cofilin both share the same binding site on actin filaments 

then pervin which also has the conserved F-actin binding site could compete with 

ADF/cofilin. As discussed above, ADF/cofilin is present in the lamellipodia as a 

putative depolymeriser during array treadmilling. Pervin could therefore compete 

with ADF/cofilin for binding sites within the leading edge actin network. An 

increase in localised Ca^  ̂ could promote pervin remodelling of the cytoskeleton 

by severing and capping filaments or possibly altering the association/dissociation 

rates of monomers Ifom filament ends.

Capping o f actin filaments

Villin caps severed barbed filament ends at half maximal Ca^^ 

concentrations of 10-30 nM (Northrup et a l, 1986). Over-expression of CapG, a 

gelsolin family capping protein, in CV-1 fibroblasts or Dictyostelium induced an 

increased in rate of wound healing and/or chemotaxis, events all linked to actin 

motility (Hug et a l, 1995 ; Sun et al, 1995). Capping will prevent elongation of 

the filament at the barbed end so the removal of monomers from the pointed end 

causes a decrease in filament length. The capping of filaments in the lamellipodia 

prevents their growth at the leading edge. Pervin may be involved in capping 

short severed F-actin fragments as seen by its appearance in the Triton X-100 

soluble COS-7 cell fraction.
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The results from the over-expression of pervin-FLAG and headless pervin- 

FLAG in DRG seemed to suggest that pervin is involved in different stages of 

neurite outgrowth. Pervin over-expression increased the length of neurites 48 

hours after biolistic transfection whereas the loss of the headpiece dramatically 

affected the length of neurites after 24 hours. Cultured DRG adult neurons 

undergo a two phase neurite outgrowth according to a model proposed by Smith 

and Skene (1997). Neurites extended within the first 16 hours after plating were 

branched but rarely exceeded 100 pm in length. This was called the arborising 

phase. After 2 days in culture the control DRG neurites showed an elongating 

growth pattern. The interruption of the growth of mature axons after axotomising 

DRG neurites suggested that the switch from arborising growth to elongation 

required new or ongoing transcription. Therefore genes encoding proteins that 

enhance elongation are required to travel along the axon to the neurite tip but 

there is a delay in their production after plating the cultured neurons. It is 

possible that these growth stages are common for cultured DRG neurons of any 

age. A lag effect could occur after dissection and plating of the neurons during 

which proteins required for elongation are transcribed, translated and transported. 

Proteins required for initial growth and neurite branching are rapidly transcribed 

or constantly present in the cell body.

Armed with all this information it is possible to hypothesise about the role 

of pervin in DRG neurons, see Fig 4.15. During initial outgrowth pervin could be 

nucleating monomers at the site of newly emerging neurites. Bundles of actin are 

essential at the neurite tip for filopodial and lamellipodia morphology. Pervin is 

present in neurite tips and fine extending processes so could be involved in 

bundling F-actin. However, it is also likely that the protein has a role in actin
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NUCLEATIO N

FILAM ENT ELO NG ATIO N

U  arp 2/3

gelsolin

alpha-actinin

fascin

pervin

ADF/cofiün

actin-ATP

actin A D P + Pi FILAM ENT BUNDLING

actin-ADP

FILAM ENT TU R N O V ER

Fig 4.15; Actin dynam ics and the role o f  actin-binding proteins in tfie growth cone. A ctin  binding proteins 
have a vital role in actin polym erisation and turnover. The putative ro le(s) o f  pervin have a lso been included in this 
diagram. Arp2/3, gelso lin , CapG and possib ly  pervin all nucleate actin filam ents (1). The short oligom ers are 
elongated by the addition o f  further actin-A TP m onom ers (2 ). T his process can be blocked by barbed end capping  
proteins such as ge lso lin  or possib ly  pervin (3). Arp2/3 caps the pointed end o f  the filam ent (4 ). A D F /co filin  w ill 
bind to actin-A D P at the pointed end o f  the filam ent (5 ). A ctin  filam ents can be bundled together by proteins such  
as alpha-actinin, fascin  or pervin ( 6). Filam ents can undergo treadm illing w ithin the neuronal growth cone. Arp2/3  
is  rem oved from the filam ents by severing or uncapping (7). A D F /cofilin  prom otes the dissociation  o f  actin-A D P  
from the pointed end o f  the filam ent (8). These actin -A D P  m onom ers undergo nucleotide exchange and can be 
incorporated into the filam ent at the barbed end (9 ). Severing proteins such as gelso lin  or pervin w eaken bonds 
betw een m onom ers in the filam ents resulting in filam ent fragmentation (10). T hese proteins then cap the barbed 
end o f  the new ly severed filam ent. (11) .  T his a llow s the loss o f  m onom ers from the pointed ends o f  the fragmented  
filam ents. These m onom ers also  undergo nucleotide exch ange and recycling as in (9). Thus filam ents are 
dism antled and reform ed in spatially distinct locations.
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dynamics. Villin was thought to be an important structural protein maintaining F- 

actin bundles after in vitro and over-expression studies (Friederich et al, 1992 ; 

1989 ; Dudouet et al, 1987). In vivo studies of villin null mutant mice discredited 

villin’s essential bundling function but showed the importance of the protein’s 

severing ability (Ferrary et al, 1999). Villin is now seen less as a protein capable 

of maintaining structure and more as a protein regulating actin dynamics. This 

change in thinking has come in tandem with increasing evidence of the 

importance of gelsolin severing activity as determined by in vitro experiments and 

analysis of gelsolin null mutant mice (McGrath et al, 2000 ; Lu et al, 1997).

If pervin is present in these actin bundled structures then it is unlikely that 

it is situated there in an inert fashion. It is more than likely playing a role in tread 

milling actin filaments or arrays. At the base of the filopodia pervin may be 

severing and capping filaments along with gelsolin (Lu et a l, 1997). In the 

lamellopodia it may compete with ADF/cofilin when binding F-actin, again 

severing the pointed ends of filaments when the local Ca^  ̂concentration increases 

(Svitkina & Borisy, 1999).

The rate of change of growth seen by control and pervin-FLAG 

transfected cells varied between 24 and 48 hours after biolistic transfection. 70 % 

of control transfected cells grew neurites from lengths of up to 400 pm after 24 

hours to lengths of up to 900 pm after 48 hours, an increase of 500 pm over 24 

hours. The rate of change of groAVth observed for 70% of pervin-FLAG neurites 

over 24 hours went from up to lengths of up to 400 pm (24 hours) to lengths of up 

to 1600 pm (48 hours), an increase of 1200 pm over 24 hours. This three fold 

increase in length of the majority of neurites expressing pervin-FLAG (70%) 

could be due to rapid changes in actin treadmilling evoked by pervin, similar to
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those seen with ADF over-expression (Meberg & Bamburg, 2000). Over

expression of pervin after 24 hours did not induce a huge outgrowth of neurites in 

comparison to control transfected neurites. In fact, growth in pervin-FLAG 

transfected neurons was slightly retarded compared to control neurites at lengths 

beyond 500 pm. Pervin may be competing with other actin-binding proteins 

important for the initial elongated growth of neurites. It is possible that pervin 

may be awaiting the delayed transcription and transport of a factor from the cell 

body before it can undergo maximal functional activity .

When the headpiece was lost from the protein a reduction in growth was 

observed that could be due to two factors. Firstly, headless pervin would no 

longer be able to bundle actin which would disrupt the formation of the dynamic 

growth cone. Pervin would also be unable to efficiently take part in dynamic 

growth cone regulation. Secondly, the core protein, as seen by Triton X-100 

solubility experiments, was still able to bind F-actin. Headless pervin inhibited 

process formation in COS-7 cells compared to the control transfected cells. The 

malfunctioning protein could be blocking sites on COS-7 or neuronal actin that 

would normally be occupied by proteins such as gelsolin and ADF, preventing 

normal regulation of actin turnover. This would alter the actin dynamics at the 

neurite tip possibly making it difficult to respond to attractive and repulsive 

growth stimuli. Growth cone motility and elongation then would be inhibited.

In situ hybridisation determined that pervin is not expressed in all of the 

neuronal cell bodies within DRG. Therefore pervin-FLAG was over-expressed, 

during the transfection study, in neurons that normally express pervin and in those 

neurons that do not endogenously express the protein. It was not possible to 

separate the neurons to distinguish the differing effects of pervin, if any, on these
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two populations of neurons. It is possible that a more dramatic response in 

endogenous pervin expressing cells is being masked by having to include data 

from the other population of cells, or visa versa.

In conclusion, pervin is an actin-binding protein that produced an increase 

in filopodial-like processes when over expressed in COS-7 cell. The filopodia- 

like processes contain GFP-actin, a F-actin marker which co-localised with 

pervin-FLAG. Biolistic transfection of pervin-FLAG into neonatal DRG cultures 

induced an increase in neurite outgrowth. The protein was found throughout the 

neuron and was present at the neurite tip, again co-localising with actin. The 

putative actin bundling headpiece had a vital role to play in pervin function. 

Removal of this headpiece resulted in the failure of COS-7 cells to produce F- 

actin processes. An inhibition of neurite outgrowth from DRG neurons was also 

observed. It is proposed that pervin has a bifunctional role to play in neurite 

outgrowth, firstly in helping to create and maintain the growth cone structure and 

secondly, increasing the rate of F-actin turnover as the neurite elongates.
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GENERAL DISCUSSION
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This thesis concerns the possible functional roles for pervin. Pervin was 

cloned from a cDNA library enriched in DRG genes (Akopian & Wood, 1995). 

The pervin protein sequence predicted from the cDNA sequence was 60% 

homologous to the cytoskeletal protein villin. Villin is part of a calcium- 

regulated, actin-binding family whose prototypical member is gelsolin. All the 

members of this family have a distinctive protein structure which consists of six 

segments, each one containing a homologous domain (Way & Weeds, 1988). 

Some members of this family also possess a unique carboxyl terminal F-actin 

binding headpiece (Vardar et al, 1999). The various interactions of villin with 

actin, which include severing, capping and nucleating, have been mapped to 

specific regions of the protein. These regions are also highly conserved within the 

family. The carboxyl headpiece provides the proteins that possess it with an 

additional F-actin binding site that bundles filaments, producing stable and strong 

actin structures (Friederich et al, 1992; 1989). These structures are found in a 

variety of cells including microvilli at the apical surface of epithelial cells in the 

gut and taste receptor cells (Hoefer & Drenckhahn, 1999 ; Bretscher & Weber, 

1979).

Analysis of the amino acid sequence of pervin in comparison to gelsolin 

family members provided information about the protein and its possible function. 

It was possible to deduce that pervin was indeed a member of the gelsolin family 

as the protein had the conserved six repeated homologous domains. Residue 

conservation was seen at the monomeric and F-actin binding sites, thus the protein 

should be able to bind to monomeric actin and nucleate filaments. It should also 

be able to bind to and sever F-actin as well as bundling filaments. Three 

conserved PIP2 sites would inhibit the binding of pervin to F-actin, keeping the
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protein at the plasma membrane. Villin has been shown to undergo 

phosphorylation by a tyrosine kinase, therefore it is possible that pervin could also 

be regulated by phosphorylation (Panebra et al, 2001 ; Khurana et al, 1997).

As some members of this family are tissue specific and pervin was 

isolated from a subtractive cDNA DRG library, the expression pattern of pervin 

was analysed. Northern blot analysis showed that pervin was only expressed in 

the superior cervical and dorsal root ganglia. These two ganglia are 

representatives of the sympathetic and sensory peripheral nervous system. 

Localisation of pervin mRNA within the heterogenous population of DRG 

neurons showed that pervin was not expressed homogeneously. The neuronal 

population can be distinguished using antibodies that detect specific intermediate 

filaments. Peripherin is an intermediate filament found only in the small 

unmyelinated neurons. Pervin expression did not co-localise 100% with this 

protein. In fact only 30% of the pervin positive neurons were also peripherin 

positive. Therefore the remainder of the positive neurons were large diameter 

myelinated neurons. To date there is no marker specific for the pervin-positive 

population of DRG neurons.

The functional predictions made on the basis of pervin structure seemed to 

correspond well with the experiments carried out using pervin that had been 

FLAG epitope tagged. That is, the protein can bind actin and has a functionally 

important carboxyl terminal headpiece. Pervin is an actin-binding protein as 

observed when pervin-FLAG co-immunoprecipitated with actin from the lysate of 

COS-7 cells. Pervin-FLAG was also present in the Triton X-100 insoluble 

fraction of COS-7 cell lysates. This fraction corresponds to the insoluble 

cytoskeleton and its associated proteins. These data support the actin-binding role
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suggested by the presence of residues important for actin-binding. Interestingly 

pervin-FLAG, but not headless pervin-FLAG, was also present in the Triton X- 

100 soluble fraction. Pervin can obviously bind to small soluble proteins, 

possibly capping short filaments or associating with other proteins and this 

requires an intact protein. The tyrosine phosphorylation of villin reduces it’s 

affinity for F-actin and increases it’s Triton X-100 solublility (Khuruna et al,

1997). Villin also has a role to play in the regulation and translocation of PLCyl 

to the membrane (Panebra et al, 2001 ; Khuruna et al, 1997). Gelsolin is also 

involved in creating membrane ruffles, down stream of rac (Azuma et al, 1998). 

It is likely that pervin also has a role to play in a signalling pathway, possibly by 

the tyrosine or PKC phosphorylation of a serine, thyrosine or threonine present in 

the protein.

Pervin can also regulate actin dynamics as observed by the dramatic 

change in F-actin organisation after pervin-FLAG expression in COS-7 cells. 

Numerous fine, motile filopodial-like processes were detected on the cell surface 

that contained both F-actin and pervin-FLAG. Deletion of the putative bundling 

headpiece from pervin abolished this effect, although the truncated protein still 

co-localised with GFP-actin in the cytosol of the cells. The biolistic transfection 

of pervin-FLAG into rat DRG cultures also induced actin cytoskeletal changes. 

Pervin-FLAG was expressed throughout the whole of the neuron, including the 

tips of neurites. An increased length of neurites was counted after 48 hours. At 

24 hours there was no change compared to the control transfected neurons. It is 

thought that pervin has a biphasic role to play in the neurons as removal of the 

headpiece dramatically inhibited neurite length 24 hours after transfection. 

Altering actin dynamics by depolymerisation or severing can alter growth cone
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dynamics increasing the rate of polymerisation which can lead to increased 

neurite length. The creation and stabilisation of the F-actin architecture in the 

nascent growth cone is also important. Depolymerising agents such as latrunculin 

A inhibited the development and maintenance of synapses (Zhang & Benson,

2001). Thus pervin may initially stabilise cytoskeletal structure by bundling actin 

filaments of the advancing growth cone whilst also being required for elongation 

of the neurite once the growth cone structure has been established.

Caution is required before predicting the in vivo functions of pervin. 

Analysis of villin null mutant mice showed that villin was redundant in its 

function as an F-actin bundling protein. However, even more interestingly, villin 

was required in a protective capacity due to its ability to sever F-actin in high Ca^  ̂

concentrations. Excessive Ca^^ influx into the gut epithelium of mutant mice 

induced lesions and death compared to the mice that were still able to sever actin 

(Ferrary et al, 1999). Gelsolin can also act as protector against prolonged Câ "̂  

influxes, playing a role in the regulation of VDCC and NMDA receptor channels 

in the brain (Endres et al, 1999 ; Furukawa et al, 1997). Removal of gelsolin 

delays the channel rundown allowing too much Ca^  ̂into cells that can lead to cell 

death. It is therefore possible that pervin has a role to play in severing F-actin in 

response to elevated Ca^  ̂levels.

Pervin’s tissue specificity implies a specific role in the sympathetic and 

sensory neurons. These neurons are derived from the same embryonic tissue, the 

neural crest, during development and also extend very long axons into the 

periphery of the body. It is possible that a mediator is affecting these neurons 

which has a pervin specific regulatory or functional effect.
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Future work

Future work can be divided into 3 main areas:

• Continuing to determine how pervin is regulated and mutagenesis studies 

to illuminate structure-function relationships

• Detailed analysis of pervin localisation within DRG and SCO neurons

• Creation of a null mutant mouse

Analysis o f pervin protein action through mutagenesis studies

In COS-7 cells pervin expression induced a definite phenotype of long 

filopodial-like processes. This phenotype was seen to be inhibited by removing 

the pervin headpiece. Further mutations to the protein could be analysed in this 

expression system. The capabilities of pervin to bind and bundle actin could be 

studied after point mutations of important basic residues in the headpiece and 

segment two that have been implicated in F-actin binding.

The rho GTPase family of proteins are involved in rearranging the actin 

cytoskeleton into specific structures (Nobes & Hall, 1995). Gelsolin has already 

been shown to be necessary for rac induced ruffling in fibroblasts (Azuma et al,

1998). In gelsolin null mutant mice, rac was up regulated yet there was a reduced 

ruffling at fibroblast cell membranes. This ruffling recovered after gelsolin was 

expressed in these cells and could involve rac stimulating PlPj synthesis that 

would in turn sequester gelsolin as well as rac independently triggering filament 

uncapping (Arcaro, 1998 ; Tolias et a l ., 1995). Gelsolin binding to PlPj prevents 

severing and capping and provides an increased number of fresh sites on F-actin 

for polymerisation. Cdc42 expression in chick spinal cord neurons resulted in an 

increase in growth cone size, filopodial number and a 65-69% increase in the rate
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of neurite outgrowth (Brown et al., 2000). If rac is mediatiating ruffling of cell 

membranes via gelsolin the it is possible that cdc42 could mediate filopodial 

growth via pervin. Inactivators of rho, rac and cdc42, toxin A and toxin B from 

Clostridium difficile, would determine if pervin process formation is dependent on 

cdc42.

Other potential regulators of pervin are tyrosine kinases. Villin has been 

shown to undergo tyrosine phosphorylation (Panebra et al, 2001 ; Khurana et al, 

1997). Pervin phosphorylation could be studied using anti-phosphotyrosine 

antibodies and Western analysis of the Triton X-100 soluble and insoluble 

fractions of pervin expressing COS-7 cells. If evidence of the tyrosine 

phoshorylation of pervin was discovered then mutational analysis of putative 

tyrosine phosphorylation sites would determine which site or sites were important. 

Western analysis of immunoprecipitated pervin from the soluble and insoluble 

fractions could be repeated. Antibodies for phospholipases such as PLC could be 

used to determine if pervin is involved in translocation of a phospholipase to the 

cell membrane. Interactions between PLC and gelsolin or villin have been 

observed (Khuruna et al, 1997 ; Banno et al, 1992).

Calcium regulation of pervin could be tested using videomicroscopy. 

COS-7 cells transfected with GFP-tagged pervin could be studied over a period of 

time to see if an increase of internal calcium affects the actin rich processes. The 

movement if any, of pervin-GFP could be followed in detail.

The results of these experiments would help determine which of the following 

studies could be undertaken.
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Detailed analysis o f pervin localistion

For a detailed analysis of where pervin is expressed in neurons a specific 

antibody is necessary. Either a polyclonal or monoclonal antibody could be 

produced. Initially a polyclonal antibody would be raised in rabbits using pervin 

protein as an antigen. Gelsolin is present in DRG so strict tests should be carried 

out to show the antibody specifically bound pervin. If there was evidence of cross 

reactivity, non-homologous portions of the pervin protein sequence would be 

identified to create a peptide for immunising mice e.g. a portion of the headpiece.

Immunocytochemical staining of DRG growth cones would enable precise 

visualisation of where the endogenous protein was localised. Electron 

microscopy would determine if pervin was bound to actin filaments in the 

lamellipodia and filopodia . It would also be possible to compare expression of 

pervin in embryonic, neonatal and adult DRG and SCG. There may be changes in 

expression during development up until adulthood. Whole mount embryo in situ 

hybridisation would determine at what stage of development the pervin gene was 

switched on and if there were differences between DRG and SCG expression.

If endogenous pervin was present in the lammellipodia and filopodia of 

growing neurite tips it would be interesting to see if cone collapse involved 

pervin. DRG or SCG cultures of dissociated neurons or explant cultures could be 

exposed to collapsing factors such as semaSA or 5-HT. The effect of over

expressing F-actin binding site mutant proteins on the ability to regulate growth 

cone collapse could be studied.

Further work could be carried out to try and determine the subset of 

neurons that express pervin. It is possible that the protein is expressed in two 

unrelated populations of DRG neurons. Immunostaining of DRG sections using
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neurotrophic receptor antibodies e.g. Trk A and Trk C co-localised with pervin 

antibodies would determine if there was any overlap between the expression of 

pervin and Trk A or Trk C. The peripherin positive neurons could also be stained 

with IB4 to see if these neurons correspond to ret and P2X3 positive nociceptive 

neurons.

A pervin null mutant mouse

In this thesis evidence for a functional role of pervin in actin dynamics 

has been outlined. It is important not to think of pervin as just a major bundling 

protein as villin and gelsolin both play a role in severing F-actin and protecting 

the cell against excessive Ca^  ̂influx.

To study the function of pervin in detail it would be desirable to create and 

analyse a pervin null mutant mouse. This would involve replacing a part of the 

pervin gene by homologous recombination with a positive selection marker in 

embryonic stem (ES) cells. The portion of DNA inserted into the genome should 

disrupt the gene in some way, either by deletion of all or part of the genome, 

insertion or mutation. The DRG and SCG from these mice could be cultured and 

undergo detailed structural electron microscope analysis to see if the cytoskeleton 

in the growth cone was disrupted in any way. The ability of these neurons to 

extend neurites, move away from repellent stimuli or towards attractive stimuli 

could be studied. Depending on the results of the mutation studies, the expression 

levels of proteins or phospholipases that potentially interact with pervin could be 

quantified to see if they are affected by the loss of pervin in vivo.
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The work presented in this thesis shows that pervin, a novel actin-binding 

protein of the peripheral nervous system plays a role in actin regulation and 

neurite outgrowth in DRG neurons. The experiments outlined here would allow a 

much more detailed analysis of the protein building on information already known 

about the functional role of this protein.
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APPENDIX

2 0 0



Std curve CD reading

0 0
2.5 0.084
10 0.22
15 0.453
20 0.662

Standard curve

0.7

0.6

0.2

0.1

protein concentration /  pg

Samples OD reading pg protein/pl
1 day
Control 30.1.01 cytosolic fraction 0,568 1.3
Control 30.1.01 cytosolic fraction-2 0.524 1.2
Control 26.1.01 cytosolic fraction 0.485 1.05
Control 30.1.01 pellet 0.518 1.1
Control 26.1.01 pellet 0.453 1
Control 26.1.01 cytosolic fraction 0.255 0.55

hless 26.1.01 cytosolic fraction-1 0.38 0.8
hless 26.1.01 cytosolic fraction-2 0.179 0.4
hless 26.1.01 pellet 0.433 0.92

Pervin 30.1.01 pellet 0.441 0.95
Pervin 30.1.01 cytosolic fraction 0.385 0.8

2 day
control 31.1.01 pellet 0.444 0.95
control 31.1.01 cytosolic fraction-1 0.435 0.9
control 31.1.01 cytosolic fraction-2 0.22 0.5
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hless 31.1.01 pellet 0.419 0.9
hless 31.1.01 cytosolic fraction 0.447 0.95

3 day
Pervin 5.2.01 pellet-1 0.465 1.05
Pervin 5.2.01 pellet-2 0.42 0.92
Pervin 5.02.01 cytosolic fraction-1 0.206 0.45
Pervin 5.02.01 cytosolic fraction-2 0.537 1.2

hless 5.2.01 pel let-1 0.464 1.05
hless 5.2.01 pellet-2 0.364 0.8
hless 5.2.01 cytosolic fraction-1 0.562 1.1
hless 5.2.01 cytosolic fraction-2 0.571 1.3

control 5.2.01 pellet-1 0.422 0.9
control 5.2.01 pellet-2 0.425 0.92
control 5.2.01 cytosolic fraction-1 0.57 1.3
control 5.2.01 cytosolic fraction-2 0.51 1.1

B Std curve/pg OD reading
0 0

2.5 0.145
5 0.269

10 0.483
15 0.679
20 0.798

Standard curve

0.9 T
g 0 .8 -
= 0 .7 -

LOm
LT>

H 0.5  
i* 0.4  

1  0.3 
a  0.2 
°  0.1

2.5 10  15

Protein concentration /#/g

20

2 0 2



Samples OD reading pg protein/pl
1 day
Pervin Id 21.12.99 0.132 0.25
control Id 21.12.99 0.242 0.45
Pervin Id 13.2.97 cytosolic fraction 0.09 0.15
control Id pellet 13.2.97 0.428 0.875
control Id 13.2.97 cytosolic fraction 0.126 0.225
Pervin Id pellet 13.2.97 0.483 1
Pervin Id 13.2.97 cytosolic fraction 0.126 0.225
Pervin Id pellet 13.2.97 0.469 0.975

2 day
Pervin 2d 22.12.99 0.258 0.45
control 2d 22.12.99 0.177 0.3
Pervin 2d pellet 14.2.97 0.404 0.8
control 2d 14.2.97 0.411 0.825
Pervin 2d pellet 14.2.97 0.433 0.9
control 2 d 14.2.97 cytosolic fraction 0.207 0.375
control 2 d 14.2.97 cytosolic fraction 0.203 0.375
Pervin 2 d  14.2.97 cytosolic fraction 0.293 0.575
Pervin 2 d 14.2.97 cytosolic fraction 0.308 0.575

3 day
hless 3d 11.12.00 0.496 1.05
control 3d 11.12.00 0.488 1
Pervin 3d 23.12.99 0.343 0.65
control 3d 23.12.99 0.259 0.45
Pervin 3d pellet 31.1.98 0.131 0.25
Pervin 3d cytosolic fraction 31.1.98 0.402 0.825
control 3d pellet 31.1.98 0.506 1.05
control 3 d 31.1.98 cytosolic fraction 0.545 1.175

Appendix 4.1 : Protein concentrations of lysates from pervin- 
FLAG and headless pervin-FLAG transfected COS-7 cells. A
Bradford assay was used to quantify the protein concentration 
within cell lysates. Optical density readings (595 nm) of cell 
lysates mixed with Bradford reagent were converted into protein 
concentrations using a standard curve. A: shows protein 
concentrations of cell lysates from 2001.
B: Shows protein concentrations from cell lysates from 1998 
and 1999
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COS-7 cells transfected with Pervin -FLAG and GFP-actin
Number of processes

date number cells 0-10 10 to 20 20 plus
25.3.99 37 7 10 20
24.3.99 50 11 10 28
24.3.99 46 8 15 23
25.2.99 19 3 5 11
24.2.99 19 3 7 9
29.3.99 80 9 26 44

n 251 41 73 114
mean 11 10 28
sd 1.414 11.313 16.97
se 0.22 1.324 1.589
% 16.33 29.08 45.242

COS-7 cells transfected with headless Pervin-FLAG and GFP-actin
Number of processes

date number cells 0-10 10 to 20 20 plus
15.2.00 23 19 3 1
14.2.00 80 48 23 9
11.2.00 54 32 8 4
7.3.00 86 46 29 11
8.3.00 48 34 11 3
31.3.00 79 74 5 0
3.4.00 84 75 9 0

mean 454 46.857 12.571 4
sum 328 88 28
sd 21.185 9.692 4.396
se 1.16 1.03 0.83
% 72.25 19.38 6.16

Number of processes
date number cells 0-10 10 to 20 20 plus
4.5.99 184 88 69 27
5.5.99 74 41 23 10

n 258 129 92 37
mean 64.5 46 18.5
sd 33.234 32.526 12.02
se 2.06 2 0.75
% 50 35.66 14.34
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Appendix 4.2: The number of fine processes present on COS-7 cells. Pervin- 

FLAG, headless pervin-FLAG or pRK7 vector were co-transfected with GFP- 

actin into COS-7 cells. The number of fine processes ranging between 0-10, 10- 

20 or 20 plus on each cell were counted. The pools of data for either pervin- 

FLAG, headless pervin-FLAG or mock transfected are shown, along with the 

mean results and percentage of processes in each pool.

Appendix 4.3: Chi squared tables relating to data presented in Appendix 4.2.

Chi squared tables were used to calculate the probability of each pervin-FLAG or 

headless pervin-FLAG pool having a different number of processes when 

compared to the control pools.
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Probability of pervin-FLAG cells have different number of
processes compared to mock transfected cells

0 to 10 processes
OtolO remainder sum

pervin-FLAG 41 208 249
control 129 129 258
sum 170 337 507

Chi-square=62.437 with 1 degree of freedom 
(P= <0.001)

10 to 20 processes
10 to 20 remainder sum

pervin-FLAG 73 176 249
control 92 166 258
sum 165 342 507

Chi-square= 2.041 with 1 degree of freedom 
(P= 0.153)

20 plus processes
204 - remainder sum

pervin-FLAG 135 114 249
control 37 221 258
sum 172 335 507

Chi-square=88.112 with 1 degree of fredom 
(P= <0.001)
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Probability of headless pervin-FLAG cells have different
number of processes compared to mock transfected cells

0 to 10 processes
0 tolO remainder sum

hless 328 116 444
control 129 129 258
sum 175 527 702

Chi-square=39.892 with 1 degree of freedom 
(P= <0.001)

10 to 20 processes
10 to 20 remainder sum

hless 88 356 444
control 92 166 258
sum 180 522 702

Chi-square=20.649 with 1 degree of freedom 
(P= <0.001)

20 plus processes
20+ remainder sum

hless 28 416 444
control 37 221 258
sum 65 637 702

Chi-square=l 1.600 with 1 degree of freedom 
(P= <0.001)
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M easurements of total neurite length per cell 24 hours after transfection

pervin-FLAG length turn hless-FLAG length ///m control length Ipm
E1 1457.41 B2 150.36 H22 2 6 .3 3
E2 155 .78 B3 0.81 H23 2 6 7 .3 3
E3 77 B4 75 .18 H24 169.9
E4 12.76 B5 41 .25 H25 2 3 0 .1 5
E5 56 .1 8 B6 159.04 H26 1 278 .02
E6 2 7 0 .8 6 B7 148.72 H27 3 3 6 .5 3
E7 123 .49 B8 129 .73 H28 186 .72
E8 548 .5 BIO 932 .5 3 H29 3 2 8 0 .9 4
E9 0 B11 62 .96 H30 1208
E10 314 .2 8 B12 132.71 H31 6 1 5 9 .9 4
E11 8 99 .4 2 B13 165.01 H33 0
E13 315.91 B14 1694 .89 H34 4 5 7 .0 4
E14 13.57 B20 82.51 H35 1.36
E17 2 6 2 .1 7 B21 59.16 H36 3 4 7 5 .5 4
E18 628 .8 3 B22 0 H37 659 .5
E19 0 B24 0 H38 10.86
E20 1 209 .35 B25 68.12 H39 241
E21 3 3 7 .8 9 B26 97 .16 H40 113 .99
E22 398.41 B27 33.38 H41 3 1 8 .3 5
E23 1324 .16 B28 45 .32 H42 124 .03
E24 11.13 B29 3 .8 H43 2 5 9 .7 3
E25 99 .33 B30 0 H44 127.56
E26 2 4 2 3 .8 7 B31 0 H45 141.4
E27 9 1 8 .96 B32 154 .97 H47 1 523 .09
E28 6 9 2 .88 B33 191.34 H48 7 6 .53
E30 1014 .22 B34 5cells 742 .55 H49 24 .7
E31 230 .4 2 B35 18.46 H50 2 8 9 .5 8
E34 2 6 7 .3 3 B36 2 0 .63 H51 1 5 3 7 .48
E35 2 4 .97 B37 200 .8 4 H52 4 4 3 .7 4
E36 148 .46 B38 6 8 .66 H53 30.94
E37 2 9 .85 B39 1279 .65 H54 0
E38 86.58 B40 4 2 3 .9 3 H55 1692 .72
E39 11.67 B41 853.01 H56 9 0 8 .9 2
E40 341 .6 9 B42 196.49 H57 3 8 5 .1 2
E41 61.61 B43 42.88 H58 2 7 5 .4 7
E42 66 .76 B44 81 .96 H59 7 1 3 2 .0 9
E43 117 .52 B45 155 .78 H60 4 5 7 .0 4
E44 215 .7 6 B46 0 H61 14.93
E45 329 .4 8 B47 0 H62 111 .82
E46 27 9 B48 0 H63 4 7 7 9 .8 8
E47 171 .25 B49 0 H64 0
E48 439 .6 7 B50 0 H65 0
E49 4 3 2 .0 7 B51 0 H66 0
E50 4 7 9 5 .8 9 B52 0 H67 0
E51 1496 .22 B53 0 H68 0
E52 2 3 7 7 .4 6 B54 0 H69 0
E53 0 B55 0 H70 0
E54 0 B56 0 H71 0
E55 0 B57 0
E56 0 B58 0
E57 0 B59 0
E32 356 .3 5 B60 0

B61 0

n 52 n 52 n 4 8
mean 4 9 7 .0 4 5 mean 160 .637 mean 8 0 7 .4 6 3

208



sd 826 .6 9 4 sd 3 3 7 .0 2 8 sd 1575 .3 8 3
sum 2 5 8 4 6 .3 7 sum 8 5 1 3 .7 9 sum 3 8 7 5 8 .2 7
se 114 .64 se 4 6 .7 4 se 2 2 7 .3 8

Measurements of total neurite length per cell 48 hours after transfection

pervin-FLAG length ///m hless-FLAG length Ipm control length Ipm
F5 501 .55 D2 0 11 2 2 5 .8
F8 85 2 8 .4 4 D3 1030 .37 14 3 8 1 .0 4
F9 21 4 8 6 .3 9 D4 2 2 6 .8 9 15 9 5 9 .4
FIG 219 .0 2 D5 1.63 16 1 0 2 7 .52
F11 8 9 4 7 .48 D7 57 17 8 4 5 .9 5
F12 4 9 .67 D9 2 .1 7 18 1755 5 .9 9
F13 31 .48 DIO 3 7 2 .9 19 1230 .25
F16 3414 1 .1 8 D ll 2 0 .0 8 no 6 7 9 3 .9 4
F17 10499 .08 D12 1 351 .3 111 4 8 3 .9
F18 109 .92 D13 5 8 .08 112 4 6 .9 5
F19 2 32 .5 9 D14 319 .4 4 113 3 5 3 6 .8 7
F20 192 .69 D15 1.36 114 7 4 5 2 .0 7
F21 8 4 7 4 .9 8 D16 5 2 8 .9 6 115 1 49 .54
F22 763 .45 D17 1205.01 116 151 .98
F23 5 3 6 2 .5 7 D18 2 6 0 117 122 .4
F24 130 D19 110.73 118 2 7 3 4 .0 7
F25 42 .34 D20 102 .05 133 1 0 7 3 1 .3 9
F26 272 .7 6 D21 2 0 0 .0 2 12 5 1 7 .8 3
F27 1.63 D22 6 3 1 .5 5 119 3 9 7 3 .2 9
F28 1960.31 D23 132 .44 120 2 0 4 .6 3
F29 4 1 3 .3 4 D24 1 644 .95 121 102 .32
F30 125 .93 D25 109 .37 122 1 5 0 0 .29
F31 94 .45 D26 2 7 5 .2 123 5 9 3 .8 2
F32 8 3 0 0 .74 D27 4 5 4 .8 6 124 7 9 9 .5 4
F33 5 6 9 2 .87 D28 9 1 .46 125 5 3 8 .4 6
F34 126 .47 D29 3 9 1 7 .6 5 126 2049 .61
F35 962 .38 D30 354 .4 5 127 6 0 5 .4 9
F36 4 5 93 .7 D31 2 2 9 .8 7 128 1 3 2 0 .36
F37 3 0 2 4 .19 D32 9 7 .98 129 8 4 2 .9 7
F38 7 1 7 .85 D33 1430 130 5 4 .5 5
F39 2 0 83 .8 D34 182 .92 131 1 8 0 6 .43
F40 768 .6 D35 103 .4 132 2 3 5 3 .8 5
F41 2466 .2 D36 2 3 1 .7 7 133 0
F42 1 838 .46 D37 2cell 6 7 6 9 .7 7 134 0
F43 271 2 .9 D38 2 7 3 .8 4 135 0
F44 263 4 .2 D39 168 .54 136 0
F45 2 0 8 7 .8 7 D40 338.71 137 0
F46 0 D41 7 9 8 .1 8 138 0
F47 0 D42 6337.71 139 0
F48 0 D43 4 1 9 4 .2 140 0
F49 0 D44 6.51 141 0
F50 0 D45 13483 .38 142 0
F51 0 D46 5 5 .09 143 0
F52 0 D47 0 144 0
F53 0 D48 0 145 0
Ff54 0 D49 0 146 0
F55 0 D50 0 147 0
F56 0 D51 0 148 0
F57 0 D52 0 149 0
F58 0 D53 0 150 0
F59 0 D54 0 151 0
F60 0
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F61 0
F62 0
F63 0
F3 5 1 5 .12

n 56 n 51 n 51
mean 2 5 1 9 .7 6 mean 9 4 4 .3 4 8 mean 1405 .7 3 5
sd 5 7 3 1 .5 5 6 sd 2 3 1 0 .4 9 5 sd 3 1 1 2 .6 7 4
sum 141106 .6 sum 4 8 1 6 1 .7 9 sum 7 1 6 9 2 .5
se 7 7 1 .4 4 se 3 2 3 .5 3 se 4 3 5 .8 6
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Appendix 4.4: Length of individual neonatal DRG neurons 24 and 48 hours 

after transfection. Total length of neurites in pm for pervin-FLAG, headless 

pervin-FLAG and control neurons co-transfected with GFP-actin. Images of 

GFP-actin expression in the neurons were taken using a confocal Leica 

microscope and analysed using Kontron KS400 2 Image Analysis software and a 

macro developed by Dr C. Thrasivoulou.

Appendix 4.5: Cumulative percentage data of DRG process length. The DRG

process lengths for 24 and 48 hours were pooled into 100 pm increments up to 

1000pm and every 1000 pm up to 22, 000 pm. The data is presented as the 

percentage of neurons with lengths up to each increment (pm).
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% cumulative data 24 hours % cumulative data 48 hours

control pervin-FLAG hless-FLAG pools control pervin-FLAG hless-FLAG
3 5 . 4 2 3 6 . 5 6 9 . 2 1 00 4 1 . 1 7 4 1 .0 7 3 7 . 2 5

5 0 46.1 8 8 .4 3 2 0 0 4 8 . 9 7 4 9 .9 7 5 0 . 9 7
6 2 . 5 5 7 . 6 9 0 .3 3 3 0 0 5 2 . 8 7 5 5 .2 7 6 4 . 6 9

6 9 71.1 4 0 0 5 4 .7 7 7 2 . 4 9
7 5 . 2 7 4 .9 9 2 .2 3 5 0 0 5 6 .6 7 5 6 .9 7 7 4 .3 9

7 6 . 8 6 0 0 6 2 .4 7 5 8 .6 7 7 6 . 2 9
7 7 . 3 8 0 . 6 7 0 0 6 4 . 3 7 7 8 . 1 9

9 4 . 1 3 8 0 0 6 6 .2 7 6 3 . 9 7 8 0 . 0 9
82 .5 9 6 .0 3 9 0 0 7 0 . 1 7

7 9 . 4 8 4 .4 9 7 . 9 3 1 0 0 0 7 2 .0 7 6 5 . 6 7
8 6 . 3 1 1 0 0 7 3 .9 7 8 1 . 9 9

1 2 0 0
8 3 . 5 6 88 .2 9 9 . 8 3 1 3 0 0 7 5 .8 7 8 3 . 8 9

90.1 1 4 0 0 7 7 .7 7 8 5 . 7 9
93 .9 1 5 0 0 8 7 . 6 9

8 7 . 7 2 1 6 0 0 7 9 . 6 7
8 9 . 8 2 9 9 . 9 1 7 0 0 8 9 . 5 9

1 8 0 0
1 9 0 0 8 1 .5 7 6 7 . 3 7
2 0 0 0 6 9 . 0 7
2 1 0 0 8 3 . 4 7 7 2 .5 7
2 2 0 0
2 3 0 0

9 5 .8 2 4 0 0 8 5 . 3 7
9 7 .7 2 5 0 0 7 4 .2 7

2 6 0 0
2 7 0 0 7 5 . 9 7
2 8 0 0 8 7 .2 7 7 7 .6 7

K)
H -‘
K)



2 9 0 0
3 0 0 0

9 3 . 9 8 4 0 0 0 9 1 .1 7 7 9 . 3 7 9 1 .4 9
9 6 . 0 8 9 9 5 0 0 0 8 1 . 0 7 9 3 .3 9

6 0 0 0 8 4 . 5 7
9 8 . 1 8 7 0 0 0 9 3 .0 7 97 .31

9 9 8 0 0 0 9 4 .9 7
9 0 0 0 9 1 .6 7

1 0 0 0 0
1 1 0 0 0 9 6 .8 7 9 3 . 3 7
1 2 0 0 0
1 3 0 0 0
1 4 0 0 0 9 9
1 5 0 0 0
1 6 0 0 0
1 7 0 0 0
1 8 0 0 0 9 9
1 9 0 0 0
2 0 0 0 0
2 1 0 0 0
2 2 0 0 0 9 9
2 3 0 0 0
2 4 0 0 0
2 5 0 0 0
2 6 0 0 0
2 7 0 0 0
2 8 0 0 0
2 9 0 0 0
3 0 0 0 0

3 0 0 0 0 0

w
t— ‘w
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