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ABSTRACT

The aim of the project was to develop and apply quantitative light microscopy and image 

analysis techniques to the study of two essential aspects of cell behaviour: gap junction- 

mediated intercellular communication  and cell motility and chemotaxis.

Gap junction-mediated intercellular communication  is essential for the regulated diffusion of 

small molecules and ions between adjacent cells. Mutations in connexin proteins, the main 

components of gap junctions, result in a variety of diseases that include skin disorders, 

neuropathy, and deafness. In this study a combination of microinjection, multi-channel time- 

lapse microscopy, and image processing was used to investigate in vitro  the effects of 

different disease associated connexin 31 mutations on intercellular communication and cell 

survival. This study revealed that a deafiiess/peripheral neuropathy mutation and a mutation 

previously reported as a polymorphic variant of connexin 31 were associated with impaired 

intercellular communication, while mutations linked to skin disorders were associated with 

cell death.

Cell motility and chemotaxis are believed to play an important role in the metastatic spread of 

cancer. In order to investigate the role of cytoskeletal signalling molecules in the motility and 

chemotaxis of metastatic sarcoma cells, the Dunn chemotaxis chamber was applied in 

combination with microinjection and time-lapse microscopy. The study focused on the Rho 

GTPases Cdc42, and TclO and their effectors PAKl and N-WASP, proteins previously 

identified as regulators of polarity in other cell systems. This study revealed that PAKl was 

required for efficient chemotaxis and motility of the sarcoma cells. While Cdc42, TclO and



N-WASP were all necessary for efficient motility they were not found to be important for 

chemotaxis. Comparative studies in fibroblasts confirmed the importance of Cdc42 in 

motility but not directionality. In additional studies the novel fluorescence localisation after 

photobleaching technique revealed increased actin dynamics in metastatic sarcoma cells 

compared to non-metastatic cells. Finally, the subcellular interaction o f Cdc42 with PAKl 

and N-WASP was explored using fluorescence lifetime imaging microscopy in order to 

reveal the dynamics of Cdc42/effector interactions in single cells. Cdc42 and N-WASP 

associated constitutively in the majority of cells studied, and this interaction was largely 

confined to a perinuclear region. In contrast, Cdc42 and PAKl association was inducible, 

requiring growth factor stimulation.
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1 PREFACE

In order to maintain a logical structure this thesis is presented in two parts: the first is a study 

of connexin mutation and gap junction-mediated intercellular communication, while the 

second is a study of sarcoma cell chemotaxis and motility. While both parts essentially 

represents independent bodies of work, the similarities in the experimental approach adopted 

in each provide a common theme. A key feature of this work has been the development and 

application of novel microscopy and image analysis techniques to the study of specific 

biological problems. The use of fluorescence imaging has been essential for the study of cell 

behaviour in both parts. The development of techniques that combine multi-channel 

time-lapse microscopy with post-acquisition image processing and analysis has enabled 

observations of cell behaviour to be interpreted objectively, in a quantifiable and statistically 

testable manner.
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2 GAP JUNCTION-MEDIATED INTERCELLULAR 
COMMUNICATION

2.1 INTRODUCTION

The regulated exchange of ions and small metabolites between adjacent cells is essential for 

the maintenance of tissue homeostasis and the control of synchronised cellular responses 

(De Maio et al., 2002). This process is mediated by gap junctions, intercellular channels that 

directly couple the cytoplasm of neighbouring cells (Evans and Martin, 2002). Gap junctions 

couple cells in most, if not all, metazoan organisms (Simon and Goodenough, 1998). In 

mammals gap junctions are found within a variety of tissues where they adopt diverse 

functional roles including the coordination of biomechanical processes, the synchronisation 

of neuronal activity and cellular metabolism, the control of differentiation, and tumour 

suppression. Abnormalities in gap junction communication have been found to underlie a 

wide range of human disorders.

2.1.1 The structure o f  gap junctions

Gap junction channels are multimeric structures comprised of protein subunits known as 

connexins. Each connexin is an integral membrane protein consisting of four transmembrane 

domains, two extracellular loops, a cytoplasmic loop, and cytoplasmic amino and carboxyl 

termini (Oviedo-Orta and Evans, 2002). During transit to the plasma membrane individual 

connexins associate to form hexameric hemichannels known as connexons. The six subunits 

of each connexon are arranged in a radial manner such that they form an aqueous pore at the 

centre of the hemichannel. Intercellular channels are formed via the docking of connexons
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that reside within the plasma membrane of apposing cells. Clusters of tens to thousands of 

intercellular channels, often arranged in tight, regular arrays, form the gap junctions, 

ultrastructures that directly link the cytoplasm of adjacent cells (Figure 1, page 13).

Connexins are encoded by a large gene family comprising at least twenty family members 

(De Maio et al., 2002). Individual connexin proteins are classified according to their 

molecular weight (e.g. the nomenclature for the 31 kDa connexin is Cx31) and groups of 

connexins assigned to subfamilies according to their homology (a, p, y, and unclassified). 

Hemichannels can be composed of connexins of either the same or different types enabling 

the formation of either homomeric or heteromeric connexons respectively. Furthermore, 

selective interactions between homomeric and heteromeric connexons on the surface of 

apposing cells enable the creation of both homotypic and heterotypic intercellular channels. 

The extracellular loops of the connexin subunits govern the interactions of apposing 

connexon hemichannels while their intracellular loops and carboxyl termini, which 

represents the regions of greatest sequence divergence between connexin family members, 

provide sites for channel regulation which include phosphorylation, and pH and voltage 

sensing. The molecular permeabilities, conductance properties, and modes or regulation of 

individual gap junction channels can vary and are determined by the properties of the 

individual connexins from which they are derived (Beyer et al., 2001). Given the capacity for 

different connexin types to associate with one another and given that many of these proteins 

are co-expressed in a wide range of tissues, the potential exists for the generation of 

tremendous channel diversity.

12
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Figure 1. The structure of gap junctions
Each connexin is a four trans-membrane spanning protein with intracellular N- and C- 
termini (A). Six connexins combine within the endoplasmic reticulum to form a hexameric 
connexon hemi-channel (B). Connexins o f  the same type interact to form homomeric 
connexons (Cl) while the interaction o f  different family members produce heteromeric 
connexons (C2). Connexons from neighbouring cells couple to produce intercellular 
membrane channels directly linking the cytoplasm o f adjacent cells (D). The interaction o f  
homomeric and heteromeric connexons enables the formation o f  both homotypic and 
heterotypic channels (D). Selective interactions between different connexons allow the 
formation o f a large variety o f  channels with varying conductance properties. Large clusters 
o f channels form gap-junctions plaques (E).
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The exchange of ions and small molecules between adjacent cells through gap junction 

channels occurs due to passive diffusion. Owing to the relatively small pore size of these 

channels passage is restricted to molecules of less than approximately 1.0 - 1.2 kDa in size. 

Consequently gap junctions are primarily involved in the transfer o f inorganic ions and low 

molecular weight metabolites such as calcium ions, potassium ions, glucose, and cyclic 

nucleotides (De Maio et al., 2002). However, pore size is not the sole determinant of channel 

permeability. Indeed many gap junction channels display highly selective conductances, 

permitting the passage of only those ions or molecules of a particular charge. For instance 

Cx32 is selectively permeable to anionic molecules while Cx26 permits the passage of 

molecules independent of their charge (Elfgang et al., 1995). Furthermore the specific 

conductance properties conferred by a single connexin type can be modified when 

incorporated into channels with other connexin species. Therefore, a heterotypic channel can 

acquire electrophysiological properties that are markedly different from those of homotypic 

channels formed from single connexin types. Indeed, some connexins (e.g. Cx29) are unable 

to form functional homotypic channels and appear to have evolved specifically to modify the 

electrophysiological properties of other connexin types through heterotypic associations 

(Altevogt et al., 2002). The ensemble of different connexins expressed within a particular 

organ or tissue is therefore likely to reflect the specific function bestowed upon the gap 

junctions within that physiological system.

14



2.1.2 Connexins in physiology and pathology

Connexin proteins are associated with many hereditary and acquired human disorders that 

range from mild hearing loss and cataractogenesis (Donaldson et al., 2001; Kelsell et al., 

2001) to cardiovascular disease and cancer (Carystinos et al., 2001; Severs et al., 2001). 

Furthermore, different germline mutations in the same connexin gene can result in 

profoundly different clinical phenotypes (Kelsell et al., 2001). Table 1, page 16 provides a 

summary, but by no means an exhaustive list, of many of the connexins identified to date, 

their respective tissue distributions, ascribed functions, and known disorders associated with 

their dysfunction. Some of these examples are also discussed further below. It is interesting 

to note that while some connexins are expressed extensively in many tissues others are more 

restricted in their distribution; for instance Cx43 is the most abundantly expressed connexin 

and is found in most tissues including the heart, smooth muscle, brain, bone, and kidney, 

while Cx50 appears to be expressed exclusively within the lens of the eye.

Gap junctions are crucial for the coordination of many biomechanical processes. Within the 

walls of the cardiac chambers gap junctions permit the interconnection of vast networks of 

myocytes, enabling the synchronised transmission of calcium waves required for coordinated 

heart contraction (Severs et al., 2001). They are also found in abundance in smooth muscle 

tissue where they have been implicated in the control and maintenance o f vascular tone (Hill 

et al., 2001) and the peristaltic movements of the gastrointestinal tract (Suzuki, 2000). Also, 

an increase in the formation of gap junctions between cells of the myometrium is observed 

during mid- to late-term pregnancy and is believed to occur in preparation for the 

synchronisation of uterine contractions required during labour (Carbillon et al., 2001). Cx43

15



The connexins

Connexin Gene Subfamily Tissue distribution Proposed functions Disease association

Cx43 GJA1 a

A widely expressed connexin found 
in most gap junction containing 
tissues including heart [1], smooth 
muscle [11, CNS*[2], bone [3], 
ovary [4], adrenal gland [5], term 
pregnant myometrium (6j.

Control of heart contraction [11, 
vascular tone [11, myométrial 
activation [6).

Cardiovascular disease [1): 
Ventricle arhythmia, coronary 
arteriosclerosis, possibly 
hypertension.

Cx46 GJA3 a
lens of eye [7]. Regulation of lens 

microcirculation [7).
Cataractogenesis [8).

Cx37 GJA4 a
CNS [2], vascular endothelium [9], 
ovary [10).

Control of vascular tone [11, 
development of ovarian 
follicles [101.

Arteriosclerosis (9), possibly 
female infertility [10).

Cx40 GJA5 a
CNS [21. heart [1), vascular 
endothelium [1), vascular smooth 
muscle [1), kidney [5).

Control of heart 
contraction [1) and vascular 
tone[1).

Cardiovascular disease [1): 
atrial fibrillation, possibly 
hypertension.

Cx45 GJA7 a
CNS [21, heart [1L restricted 
expresion in vascular smooth 
muscle [1).

Control of heart 
contraction [11.

Of unknown significance.

CxSO GJA8 a
lens of eye [7). Regulation of lens 

microcirculation [7).
Cataractogenesis [11).

Cx32 GJB1 P
CNS[21,PNS**[121, Liver [131. Control of liver metabolism 

[131, peripheral nerve 
function [121.

X-linked Charcot Marie 
Tooth disease [12).

Cx26 GJB2 P
CNS [21, Epidermis [141, 
Inner ear [12).

Epidrmal growth and 
differentiation [14), auditory 
transduction [12).

Nonsyndromic and 
syndromic hearing loss [12), 
Vohwinkel syndrome [14).

Cx31 GJB3 P

PNS[15], Epidermis [141, 
Inner ear [12).

Epidrmal growth and 
differentiation [14), auditory 
and peripheral nerve 
transduction [12,15).

Erythrokeratoderma variablis 
[141, Nonsyndromic and 
syndromic hearing loss [12), 
peripheral neuropathy [15).

CX30.3 GJB4 P
Epidermis [141. Epidrmal growth and 

differentiation [14).
Erythrokeratoderma 
variablis [14).

Cx30 GJB6 P
Epidermis [16), Inner ear [12). Epidrmal growth and 

differentiation [14), auditory 
transduction [12).

Hydrotic Ectodermal Dysplasia 
[161, Nonsyndromic and 
syndromic hearing loss [12).

Cx36 CX36 U/C***
CNS [2L retunal tissue: rod 
photoreceptors, cone pipolar cells, 
All amicrlne celts [17,18).

Vision [191, Neuronal 
development [17].

Retinitis pigmentosa 
(proposed indirect 
pathological effect) [19).

*CNS, Central nervous system (1](Severs et al., 2001),[2](Rouach et al., 2002),[3](Rodriguez.,E),[4](S)mon et al., 1998),[5](Serre-Beinieret al., 2002), 
•*PNS, Peripheral nervous system [6](Carbillon et al., 2001),[7](Donaldson et al., 2001),(8](Pal et al., 2000),[9](Boerma et al., 1999),[101(Simon et al., 
— U/C, Unclassified 1997),[11](Pal et al., 1999),[121(Rabionet et al., 2002),[13](Nelles et al., 1996),[14)(Kelsell et al., 2001),[15](Lopez-Bigas

et al., 2001 ),(16](Common et al., 2002),[17](Sohl et al., 1998),[18]{Deans et al., 2002),|19)(Ripps., 2002)

Table 1. The physiology and pathology o f connexins
Table summarising the tissue distributions, ascribed functions, and known disorders 
associated with various connexin family members.
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is expressed extensively in cardiac and smooth muscle and is a major component of gap 

junctions in these tissues. It is also becoming increasingly evident that Cx43 is of significant 

importance in the progressive development of cardiovascular disease: abnormalities in Cx43 

expression and inappropriate patterns in Cx43-dependent gap junctionial coupling in 

myocardial tissue have been associated with lethal ventricular arrhythmias, while conversely 

the early stages of coronary arteriosclerosis have been linked with an increase in Cx43 

expression within the smooth muscle of vascular tissue (Severs et al., 2001).

Gap junction communication has also been implicated in neuronal signalling and dysfimction 

(Rouach et al., 2002). Within the central nervous system gap junctions provide an alternative 

to chemical synaptic transmission, enabling the direct electronic coupling of adjacent 

neurones. These electrical synapses are thought to synchronise neuronal activity. 

Neurological disorders such as epileptic seizure, which are characterised by excessive and 

highly synchronised neuronal firing, are in part believed to be the consequence of 

abnormalities in gap junction signalling (Perez Velazquez and Carlen, 2000). Gap junctions 

also appear to be of importance in the peripheral nervous system where they interconnect the 

many layers of the myelinating Schwann cells (Baker, 2002) and mutations in connexins 

expressed in these tissues have been associated with peripheral nerve dysfunction and 

neuropathy (Rabionet et al., 2002). Within the mammalian eye the propagation of rod signals 

across the retina requires the coupling of adjacent cells via gap junction channels (Deans et 

al., 2002). In the congenital disorder retinitis pigmentosa, a disease characterised by severe 

visual impairment due to mutations in the rhodopsin gene, the transfer of apoptotic signal 

from dying rod cells to adjacent healthy cone cells is thought to be mediated by gap junctions

17



(Ripps, 2002). Although not functionally impaired themselves, the gap junctions contribute 

to the pathogenesis of this disease by permitting the spread of cytotoxic signals from one cell 

type to another. Within the inner ear gap junction channels enable the recycling of potassium 

ions within the cochlea, a requirement for the normal function of the mammalian hearing 

system. Cx26 is expressed in all inner ear cells presenting gap junctions, and as much as 

30 - 50 % of all hereditary hearing loss is a result of congenital mutations in this protein 

(Avraham, 2001).

Gap junctions are also necessary for coordinating the metabolic activities of a number of 

organ tissues. For instance glucose metabolism within the liver is synchronised via the 

extensive coupling of hepatocytes via gap junction channels (Nelles et al., 1996). Similarly, 

the coordinated production and release of secretary factors from endocrine and exocrine 

glands such as the pituitary, adrenal gland, and pancreas is believed to be mediated by gap 

junction communication (Serre-Beinier et al., 2002). The specialised anatomical design of the 

mammalian lens relies heavily on the properties of gap junctions; intercellular channels 

permit the formation of a highly specialised internal microcirculation between the fibre cells 

of the lens, enabling tissue transparency by removing the need for a true vasculature 

(Donaldson et al., 2001). Disruption of this microcirculation results in tissue necrosis and the 

development of cataracts (Pal et al., 1999; Pal et al., 2000). Intercellular communication 

mediated by gap junctions is also critical for the normal development and differentiation of 

the epidermis, and mutations in at least four different connexins expressed in epidermal 

related tissues have been associated with a range of hyperproliferative skin disorders (Kelsell 

et al., 2001)(see section 2.1.3 below).
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The importance of gap junctions in cancer biology has been known for many years. A loss of 

gap junctionial communication is invariably associated with carcinogenisis and strongly 

correlates with the metastatic potential of a number of different cell lines (Carystinos et al., 

2001; Nicolson et al., 1988; Saunders et al., 2001). Furthermore, re-induction of gap 

junctionial communication has been shown to inhibit the growth of transformed cells 

(Goldberg et al., 2000). A variety of known chemical tumour promoters (e.g. phorbol esters) 

have been shown to disrupt gap junction signalling while, conversely, various anticancer 

agents (e.g. retinoids) seem to promote gap junction-mediated cell communication (Trosko 

and Chang, 2001).

2,13 Cx31 mutation and disease

The majority of hereditary disorders linked to connexin abnormalities have been associated 

with mutations in P-connexin genes (GJB). The p-connexins, which include Cx32, Cx26, 

Cx31, Cx30.3, and Cx30, are highly expressed in tissue of ectodermal origin including the 

epidermis, neuronal tissue, and the epithelium of the inner ear. Germline mutations in 

p-connexins underlie a range of clinically diverse human disorders including deafiiess, skin 

disease, and peripheral neuropathy (Kelsell et al., 2001; Rabionet et al., 2002). These 

disorders can occur either in isolation or in combination with one another and present with 

varying degrees of severity depending upon the specific connexin and mutation in question. 

Mutations in Cx26 and Cx30, which are co-expressed in various tissues of the inner ear and 

the epidermis are associated with both dominant and recessive hearing loss and a range of 

hyperproliferative skin disorders including the aggressive and mutilating Vohwinkel
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syndrome (Cx26, MIM 124500) and Hidrotic Ectodermal Dysplasia (Cx30, MIM 129500). 

Mutations in the epidermally expressed Cx30.3 result in the skin disease erythrokeratoderma 

variables (EKV) (MIM 133200), while mutations in Cx32 which is expressed to a high 

degree in peripheral nervous tissue result in the X-linked form of the neurodegenerative 

disorder Charcot-Marie-Tooth disease (CMTX)(MIM 302800) (reviewed, Kelsell et al., 

2001).

An interesting phenomenon associated with many p-connexin-associated disorders is the 

widely differing clinical phenotypes that can arise from various mutations within the same 

connexin protein. On of the most striking example of this is provided by Cx31. Cx31 is 

expressed in the epidermis (Di et al., 2001), the myelinating cells of peripheral nerves, and 

the spiral ligament and limbus of the inner ear (Lopez-Bigas et al., 2001a), and mutation in 

this protein can result in disorders associated with all these tissues. As with many p- 

connexins Cx31 has been implicated in the normal growth and development of the epidermis 

(Di et al., 2001; Kelsell et al., 2001). Various dominant germline mutations in this protein 

have been associated with EKV, a skin disorder characterised by localised hyperkeratrosis 

and generalised erythema (Rook et al., 1998). The disease typically presents as a diffuse 

thickening of the palmoplantar epidermis due to the growth of hyperkeratotic plaques, but 

patients can also suffer from independent and transient erythematous patches that affect the 

whole body and which only persist for short periods. Both hyperkeratotic plaques and 

erythematous patches can be triggered by a number of environmental factors ranging from 

trauma to the skin, and exposure to ultraviolet irradiation to emotional stress. To date six 

independent dominant mutations in Cx31 have been identified that are linked to EKV

20



(Gottfried et al., 2002; Kelsell et al., 2001). Interestingly, these mutations do not seem to be 

confined to specific fimctional domains but instead are distributed throughout the molecule. 

For instance single amino acid changes in the amino terminus (G12D/R), the first 

extracellular loop (R42P), or the second transmembrane domain (C86S) of Cx31 have all 

been associated with EKV.

That mutations located in many of the different fimctional domains of Cx31 cause EKV 

would suggest that any impairment of protein function per se should result in this skin 

disorder. However, two dominant mutations identified in the second extracellular loop of 

Cx31 (R180X and E183K) have both been associated with non-syndromic (i.e. of single 

clinical phenotype) hearing loss with no additional abnormalities associated with the 

epidermis (Xia et al., 1998). Cx31 is expressed both within the inner ear and the auditory 

nerve and therefore it is not surprising that disruptions in Cx31-related gap junction 

signalling can result in hearing dysfunction. However, what is surprising is that different 

mutations within the same molecule can result in independent and unrelated clinical 

phenotypes. A further complication to the pathology of Cx31 has been provided by the recent 

identification of an additional and rare dominant mutation within the first extracellular loop 

of Cx31 (66DelD), which has been associated with syndromic hearing loss (i.e. o f multiple 

clinical phenotype) (Lopez-Bigas et al., 2001a). This mutation is also associated with 

reduced conduction velocities in motor and sensory nerves, resulting in diminished muscle 

reflexes and severe peripheral neuropathy. Cx31 is co-expressed with Cx32 in the 

myelinating Schwann cells of peripheral nerves. Mutations in Cx32 result in the 

neurodegenerative disorder CMTX as mentioned, and therefore the recent
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Figure 2. The germline mutations of Cx31 and their associated disorders
A schematic depicting the functional domains o f Cx3l and the localisation o f disease- 
associated mutations. Diseases are defined by the accompanying colour key. Deafness 
mutations are confined to the extracellular loops o f the protein, while EKV mutations are 
more varied in their distribution, but tend to lie adjacent to or within transmembrane 
domains. X  =  stop codon. Cx31 is unique among the connexins in that three separate clinical 
disorders have been associated with mutations in this protein; the skin disorder 
erythrokeratoderma variables (EKV), non-syndromic hearing loss, and a syndromic hearing 
disorder associated with peripheral neuropathy.
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identification of the 66DelD mutation in Cx31 confirms the importance of both these 

connexins in peripheral nerve function.

Cx31 mutation can therefore result in multiple and varying clinical phenotypes. The factors 

that determine the differential effects that particular mutations confer on various tissues are 

likely to be complex and many possible explmations exist. For instance the co-expression of 

different connexin types within a particular tissue may allow for a degree of redundancy, 

enabling one connexin type to adopt the role o f another. In tissues where redundancy is not 

permitted due to the relatively restricted expression of other connexin types, the severity of a 

particular mutation may be greater. Howevei, it has been reported that at least ten connexin 

types are expressed in the human epidermis (Di et al., 2001), while only four have been 

detected in the inner ear (Rabionet et al., 2002), and yet certain Cx31 mutations can have 

deleterious effects on the former tissue and not the latter. Redundancy alone is therefore 

unlikely to provide a sufficient explanation for the variation in clinical phenotypes observed. 

The severity of a particular mutation may also be governed by the capacity for Cx31 to form 

heterotypic associations with other connexins within a particularly tissue. For instance a 

specific Cx31 mutation may confer a more detrimental effect on homotypic channel fimction 

than on heterotypic channel fimction as the presence of other connexin types within the same 

channel may in part compensate for the deleterious effects of the mutation. Therefore in 

tissues where the protein is largely incorporated into heterotypic channels the effects of the 

mutation may be more subdued than in those tissues where homotypic channels are the 

predominant type. It is interesting to note that no apparent correlation exists between the 

position of a particular mutation within the Cx31 molecule and the resulting clinical disorder;
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specific skin disease and deafness mutations are spread across the length of the molecule and 

appear within various functional domains (Figure 2, page 19). It is therefore of particular 

interest to determine whether Cx31 mutations associated with specific disorders elicit 

differing effects at the cellular level.

2,L4 Study aims

Although much is known about the genotype-phenotype differences between distinct Cx31 

mutations at the clinical level, little is known about these differences at the cellular level. 

This study represents an attempt to bridge this gap. A number of functional assays combining 

microinjection, wide-field multi-channel digital time-lapse microscopy, and image 

processing were used to investigate in vitro the effects of specific disease associated Cx31 

mutations on both intercellular channel function and cell morphology in cultured 

keratinocyte and fibroblast cell lines. The EKV-associated mutations, R42P & C86S, the 

deafness and peripheral neuropathy mutation 66DelD, and a Cx31 polymorphic variant, 

R32W, of unknown disease significance provided the main focus of this study. Here new 

insights are provided into how distinct Cx31 mutations elicit different effects on epidermal 

growth, auditory transudation and peripheral neuronal function.
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2.2 METHODS

2,2,1 Cell Culture

NEH 3T3 mouse fibroblasts were grown in Dulbecco’s Modified Essential Medium (DMEM) 

supplemented with 10% foetal calf serum (FCS) (Sigma), 1.6% L-glutamine, 5 mM 

glucose, and 100 U/pg/ml penicillin-streptomycin, and phenol red indicator. Adherent cell 

cultures were passaged every 2 to 3 days to maintain continuous cell growth. Cells were 

maintained in culture up until their 10̂ ’’ passage and individual cultures never permitted to 

grow to confluency. Cultures were kept in a humidified incubator (Heraeus Instruments) set 

to 37°C with 10 % ambient CO2 . The periodic passaging of cells involved a brief wash with 

phosphate-buffered saline (PBS) followed by treatment with a 0.02 % porcine trypsin 

(Beckton Dickinson)/5 mM EDTA solution to induce cell detachment. Culture medium was 

subsequently added to the cell suspension to inhibit further trypsin/EDTA activity and the 

cells then used to re-seed new cell cultures of varying densities. Sterile tissue culture plastics 

were used throughout (Falcon).

NEB-1 cells, originally derived from HPV16 immortalized human kératinocytes (Morley et 

al., 1995), were kindly grown and maintained by Wei-Li Di, Centre for Cutaneous Research, 

Queen Mary Hospital, London. Cells were cultured in 3:1 DMEM/F12 medium 

supplemented with 10 % FCS, 0.4 pg/ml hydrocortisone, 5 pg/ml insulin, 10 ng/ml 

epidermal growth factor (EOF), 10 x 10*'® M choleratoxin, 5 pg/ml transferrin, 2 x 10*'* M 

lyothyronine, and 100 U/pg/ml penicillin-streptomycin.
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2,2,2 Microinjection

Nuclear microinjection provided the main tool for introducing expression constructs into 

cells while cytoplasmic microinjection was used to introduce fluorescent dye into the cells 

during dye transfer experiments. Microinjection needles were generated from glass 

capillaries (GC120TF-10, Fisher Scientific) using an electronic microfilament puller (P-97, 

Sutter Instrument Co.). Solutions prepared for microinjection containing either cDNA 

constructs, fluorescent antibodies, or fluorescent dyes were spun at 14000 rpm for 20 min in 

a desktop microcentrifuge (Eppendorf) pre-cooled to 4 °C in order to sediment particles that 

could otherwise have blocked the microinjection needle. Samples were kept on ice 

throughout the microinjection process and microinjection needles were loaded with solution 

taken from only the very top of the spun sample.

Nuclear Microinjection: All nuclear microinjection was carried out using a transjector and 

micromanipulator (Eppendorf) mounted on a Zeiss Axiovert 135 TV inverted microscope 

(Carl Zeiss) equipped with a tungsten lamp for bright field illumination, a long-working 

distance condenser, and long-working distance objectives. The microscope body rested on an 

optical table isolator (Melles Griot) to prevent ambient vibrations from disturbing the 

microinjection needle. A heated stage enabled cell cultures to be maintained at 37 ®C during 

the microinjection process. A conventional CCD camera (Sony) was fitted to the front 

camera port of the microscope to enable microinjection to be visualized on an analogue 

monitor. All microinjection was carried out using a x20, NA 0.3, long-working distance, 

phase contrast objective.
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Cytoplasmic microinjection: During dye transfer experiments cytoplasmic microinjection 

was used to introduce Alexa 568 dye into cells expressing enhanced green fluorescent protein 

(EGFP) fusions of different Cx31 variants. A modified microscope configuration was 

therefore required that permitted fluorescence imaging. The microscope system used for 

cytoplasmic microinjection was the same as that used for time-lapse microscopy.

2,2,3 Time-lapse microscopy

Digital time-lapse microscopy was used to record cell behaviour during dye transfer and cell 

death experiments. All time-lapse experiments were conducted on the same Zeiss Axiovert 

TV 135 (Carl Zeiss) inverted microscope. The microscope was optimised for multi-channel 

digital time-lapse microscopy and to accommodate the long-term imaging of mammalian 

cells in culture. The addition of a transjector and micromanipulator unit (Eppendorf) also 

enabled cells to be microinjected and subsequently filmed on the same system. This was 

particularly crucial for dye transfer experiments where the time between microinjection and 

imaging had to be kept to a minimum.

The microscope was fitted with tungsten and mercury lamps to enable both bright field and 

fluorescence imaging, and was equipped with separate bright field and fluorescence shutters 

(Uniblitz), a shutter controller (Sutter Instruments), and a highly sensitive CCD camera (Orca 

ER, Hamamatsu). All peripheral devices were under the control of image acquisition 

software (Acquisition Manager, Kinetic Imaging). The CCD camera was mounted directly 

under the sample on the lower camera port of the microscope in order to minimise the 

number of optical elements in the path from the objective to the camera, therefore
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maximising the fluorescence signal. Blocks containing excitation and emission filters and 

compatible dichromatic mirrors enabled a range of fluorophore species to be imaged. In 

addition, motorised excitation and emission filter wheels containing a selection of different 

fluorescence filters enabled the rapid sequential imaging of multiple fluoropbores during a 

single time-lapse experiment when used in conjunction with appropriate multiple dichromatic 

mirrors. Filters and dichromatic mirrors were purchased from Omega Optical, Inc. and 

permitted the imaging of EGFP (FX100-2 Alpha Vivid: Ex 475 AF40, DRLP 505, Em 535 

AF45), Alexa 568/Cy3/Cy3.5 (FX108-2 Alpha Vivid: Ex 525 AF45, DRLP 560, Em 695 

AF55), and Cy5 (FXllO-2 Alpha Vivid: Ex 630 AF50, DRLP 650, Em 535 AF45) 

fluorescence.

The microscope was housed in a purpose built Perspex environment chamber accurately 

maintained at 37 °C using an in-house built controlled heater. The main body of the 

microscope rested on an optical table isolator (Melles Griot) in order to minimize the effects 

of ambient vibrations on both microinjection and image acquisition. A choice of short- 

working and long-working distance condensers enabled experiments to be conducted either 

with or without the additional use of microinjection. Cytoplasmic microinjection was 

conducted using a x20, NA 0.5, short working distance, phase contrast objective. A 

conventional CCD camera (Sony) was mounted on the front camera port of the microscope 

and connected to an analogue monitor for use during microinjection.
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The time-lapse interval, total duration of the recording, and the specific filter configurations 

depended upon the experimental assay in question and are therefore described in their 

relevant sections.

2.2.4 EGFP fusion constructs

Expression constructs encoding EGFP fusions of wild type Cx31 and the mutant variants 

R42P, C86S, R32W, and 66DelD were constructed and kindly provided by Wei-Li Di. All 

Cx31 variants were encoded in the pEGFP-Nl expression vector (ClonTech) in-frame and 

upstream of EGFP. The native Cx31 stop codon was altered (TGA to GGA) to enable read- 

through and consequently transcription of the downstream fluorophore. Cx31 variants were 

therefore expressed as N-terminal fusions to the EGFP. The wild-type and R42P mutant form 

of Cx31 were originally generated via PCR from human genomic DNA, while the R32W, 

C86S, and 66DelD mutations were generated independently via site directed mutagenesis 

using the wild-type Cx31-EGFP template (Di et al., 2002).

2.2.5 The conjugation o f  fluorescent dyes to antibodies

Fluorescent dyes were conjugated to antibodies for use as microinjection markers during 

various experiments. Conjugation reactions were performed as follows: lyophilised, reagent- 

grade sheep IgG (Sigma) was reconstituted to a concentration of 2 mg/ml in 100 mM 

Na2C0 3 , pH 9.3. 1 ml of IgG solution was then applied to a single pre-packed vial of either 

Cy3.5 or Cy5 fluorescent dye (Amersham Biosciences, cat: PA23500 & PA25000). The 

suspension was gently agitated with a pipette to ensure thorough mixing of the dye. The
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reaction was then incubated at room temperature for 30 min with one brief additional mixing 

step half way through. Conjugation reactions were always protected from light. Dye- 

conjugated antibodies were then separated from free dye using the QuickSep dialysis system 

(Tripple Red). Briefly, the 1 ml reaction volume was placed into a dialysis cassette 

containing a 16,000 MW cut-off membrane and subsequently immersed in 400 ml of 

phosphate buffered saline, pH 7.5 (PBS). Dialysis was preformed over 48 hours at 4 ®C with 

periodic buffer changes. A magnetic stirrer ensured thorough mixing throughout. Dialysed 

Cy3.5-IgG and CyS-IgG stocks were stored at -20 °C until required.

2,2,6 In vitro dye transfer assay for the study o f  intercellular communication

Preparation o f experimental cultures: Freshly trypsinised NEBl kératinocytes and NIH 3T3 

fibroblasts were seeded in 35 mm diameter glass-bottomed micro well dishes (MatTek) 

containing 3 ml of the appropriate tissue culture medium for the cell type in question. Cells 

were allowed three days to grow to confluency before experimentation.

For all microinjection and imaging cells were transferred to fresh phenol red-free tissue 

culture medium supplemented with 20 mM HEPES, pH 7.5 (experimental culture medium). 

The presence of phenol red in culture medium was not desirable during fluorescence imaging 

due to the autofluorescent properties of this compound. HEPES was added to culture medium 

to compensate for the low ambient levels of CO2 during both microinjection and imaging, 

therefore removing the need for more complicated CO2 delivery systems.

Nuclear microinjection: A confluent region of cells within the central microwell of the 

culture dish was selected and groups of adjacent cells microinjected in the nucleus with
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plasmid DNA encoding one of the EGFP-Cx31 variants. Expression constructs were all 

microinjected at a concentration of 0.05 pg/pl. Following microinjection cells were 

transferred to fresh tissue culture medium and returned to the incubator. Cells were allowed 

4-5 hours to express the microinjected constructs.

Cytoplasmic microinjection and time-lapse microscopy: The cytoplasmic microinjection of 

fluorescent dye into cells was conducted on the same Zeiss Axiovert 135 TV inverted 

microscope (Carl Zeiss) that was subsequently used for the imaging of dye-transfer through 

cells. For a detailed description of the microscope specifications see section 2.2.3, page 19. 

The culture dish was positioned on the stage of the microscope in a glass-topped, steel 

humidity chamber (constructed in-house) that was designed to prevent evaporation during the 

course of time-lapse experiments. The lid of the chamber was removed during 

microinjection. For all dye transfer experiments patches of fluorescent cells were identified 

under the microscope and single cells close to the patch perimeter were microinjected in the 

cytoplasm with 2 mM Alexa 568 dye (Molecular Probes). Upon the successful cytoplasmic 

microinjection of a single fluorescent cell the microinjection needle was quickly removed 

from the microscope and the lid of the steel humidity chamber replaced, completely 

enclosing the culture dish. The occurrence of dye transfer between adjacent cells was then 

determined using multi-channel digital time-lapse microscopy. The acquisition software was 

used to acquire images every 20 seconds in three separate channels (phase contrast, EGFP 

fluorescence, and Alexa 568 fluorescence) using the 20 x NA 0.5 objective, the CCD camera 

and the multiple dichromatic mirror in conjunction with motorised excitation and emission 

filter wheels. Cell cultures were monitored for a total duration of 33 min (100 acquisition

31



rounds). Although the exposure times used for imaging EGFP fluorescence tended to vary 

between dye transfer experiments, the exposure time used for imaging Alexa 568 

fluorescence was kept constant as fluorescence intensity of the dye did not vary considerably. 

The time elapsed from the injection of dye to commencement of image acquisition was 

approximately a minute. The procedure for studying intercellular dye transfer is summarised 

in Figure 3, page 19.

2,2,7  Measurement o f  dye transfer rate

The time-lapse acquisition of Alexa 568 fluorescence images over the course of dye transfer 

experiments provided accurate information concerning the temporal dynamics of dye spread 

through cell populations expressing different Cx31 variants. Image processing software was 

specially developed in order to numerically quantify this process, enabling the statistical 

comparison of the effects of different Cx31 mutations on the rate of dye transfer. By 

comparing the various rates at which dye transferred through cell populations expressing the 

wild type Cx31 protein with those found for cell populations expressing particular Cx31 

variants, significances could be derived that reflected the relative degree to which different 

Cx31 mutations impeded or enhanced intercellular communication.

Preparation o f  film  sequences fo r  image analysis: Prior to image analysis film sequences 

were cropped (IMD analysis. Kinetic Imaging) to incorporate a region that contained the 

EGFP expressing cells and dispersing dye. Interactive tracking (Motion Analysis, Kinetic 

Imaging) was then used to mark, using the mouse pointer, the position of the cell originally 

microinjected with Alexa 568 dye. Cell position was represented by a single xy co-ordinate
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Figure 3. Summary of the in vitro dye transfer assay for the assessment connexin function
(A) Groups o f adjacent cells within a monolayer culture were microinjected in the nucleus 
with 0.05 jug/pi plasmid DNA encoding one o f the CxSl-EGFP fusion constructs under 
investigation. (B) Cultures were left for 4 — 5 hours to allow the expression o f microinjected 
constructs. This resulted in the formation o f  tight patches o f  fluorescent cells. (C) A single 
expressing cell close to the patch perimeter was then selected and microinjected in the 
cytoplasm with 2 mM Alexa 568 dye. Multi-channel time-lapse microscopy was then used to 
monitor the spread o f Alexa dye through the surrounding cell population: Images were 
acquired at 20 s time intervals in three separate channels (phase contrast, EGFP, and Cy3.5 
fluorescence). Each fdm  sequences consisted o f 100 acquisition rounds (33 min duration).

Figure 4. Summary of the in vitro assay for the assessment of NIH 3T3 cell death
(A) Groups o f adjacent cells within a monolayer culture were microinjected in the nucleus 
with a mixture o f 1 pg/pi Cy3.5-IgG and 0.05 pg/pl plasmid DNA encoding one o f  the EGFP 
Cx31 fusion constructs under investigation. Cultures were allowed 20 min to recover from  
microinjection. (B) Propidium iodide was added to the culture medium to a final 
concentration o f 0.5 pg/ml and the microinjected cells then relocated under the microscope 
via detection o f  their Cy3.5-IgG labelled nuclei. (C) Multi-channel time-lapse recording was 
then used to monitor the onset o f  protein expression and any subsequent change in cell 
behaviour: Sequential phase contrast, EGFP, Cy3.5, and propidium iodide fluorescence 
images were acquired every 60 s in order to monitor the effects o f  protein expression on cell 
viability. The concentration o f propidium iodide within the medium was sufficiently low that 
it could only be detected upon accumulation within the nuclei o f  dead cells. Cells were 
imaged for a 100 min duration.
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and was defined as the centroid of the microinjected cell within the first frame of the film 

sequence. Cell movement within the monolayer was minimal over the course of time-lapse 

experiments and so it was considered unnecessary to score the cell position for each fi'ame 

within the film sequence.

Image analysis: A single numerical value representing the normalised mean distance of dye 

transfer {NMD) was generated for each Alexa 568 fluorescence image within a film sequence 

and collectively these values then used to calculate the mean rate of dye transfer for a 

particular experiment. Alexa 568 fluorescence images were extracted from film sequences, 

binned to a pixel size of 2.6 x 2.6 pm ( 4 x 4  pixel binning) in order to remove high fi*equency 

noise, and thresholded in order to remove background. Single NMD values were then 

calculated for each image as:

h^xyt
where /  is the intensity at pixel (x, y) at time t and d is the distance of that pixel fi'om the site 

of dye microinjection (defined by the pixel co-ordinate of the centroid of the cell initially 

microinjected with Alexa 568 dye). In multiplying pixel intensity by distance {Ixyt x  dxyt), 

increasing bias was given to those intensity values that lay furthest fi’om the site of initial dye 

microinjection. By increasing the significance of distant pixel values, greater discrimination 

could be made between those treatments that enhanced the rate of dye transfer and those that 

impeded this process. All pixel intensity-distance values were summed, !>{Ixyt x  dxyl), to 

produce a single value that represents the degree of dye displacement for that image time 

point. This value was then divided by the total image intensity in order to mean and 

normalise the data, thus deriving the NMD value for the image. NMD values calculated for
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all Alexa 568 images within the first 10 min of a film sequence were then used to derive a 

single value that represented the mean rate of dye transfer for that particular experiment. 

Linear regression analysis (least squares fit) was applied to the NMD data and the slope of 

the resulting regression function taken to represent the mean rate of dye transfer. 

Significances in the differences in the mean rate of dye transfer between groups of sequences 

were evaluated by the two-sided t-test. All image-analysis software was written in the 

Mathematica programming language (Wolfram Research). The software code for the 

derivation of NMD values can be found in Appendices 5.1, page 19.

2.2.8 Evaluation o f  cell death in NEBl kératinocytes

Nuclear microinjection: Confluent cell cultures of NEB-1 kératinocytes were prepared as 

described in section 2.2.6, page 19. Cells were transferred to experimental culture medium 

and confluent patches of cells within the central microwell of each dishes then selected for 

microinjection. Cells were microinjected in the nucleus with 0.05 pg/ml of plasmid DNA 

encoding either (wt)Cx31-EGFP, (R42P)Cx31-EGFP, or (C86S)Cx31 -EGFP. Following 

microinjection cultures were transferred to fresh tissue culture medium and returned to the 

incubator where they were allowed 5 hours to express the microinjected constructs.

Assessment o f cell death: Cells were treated with 0.5 pg/ml of the membrane-impermeable 

fluorescent dye propidium iodide (Sigma). After a 10 min incubation at 37 °C, expressing 

•cells were located under the microscope and imaged in three separate channels (phase 

contrast, EGFP fluorescence, and propidium iodide fluorescence). Propidium iodide 

fluorescence was imaged using the Cy3/TRITC filter configuration. Cells were imaged on

35



the same Zeiss Axiovert 135 TV inverted microscope described in section 2.2.3, page 19 

using the 20 x objective, NA 0.5, the CCD camera and the multiple dichromatic mirror in 

conjinction with motorised excitation and emission filter wheels. Once acquired propidium 

iodide and EGFP fluorescence images were overlaid and interactive tracking subsequently 

used to label cells as either dead or viable. Expressing cells were assigned to one of three 

possible categories: either (1) dead cells which exhibited bright propidium iodide nuclear 

staining and nuclear shrinkage, (2) cells in the process of dying which exhibited nuclear 

shrinkage but which were not yet positive for propidium iodide staining, and (3) viable cells 

that displayed a normal morphology and which were also negative for propidium iodide 

staining. Only cells that clearly exhibited nuclear staining with propidium iodide were scored 

as dead while only cells that exhibited an unaltered morphology as well as propidium iodide- 

negative staining were scored as viable. Therefore, cells that fell into the second category 

were regarded as indeterminate and ignored. Data were presented as percentages of the total 

number of cells scored for each treatment group, and tested for significant differences by 

analysis of variance (ANOVA).

2,2,9 Dynamic assessment o f cell death in NIH 3 T3 fibroblasts

Nuclear microinjection: Confluent cultures of NIH 3T3 fibroblast were prepared as described 

in section 2.2.6, page 19. Cells were transferred to experimental culture medium and 

confluent patches of cells within the central microwell of each dish selected for 

microinjection. Patches of adjacent cells were microinjected in the nucleus with a mixture of 

1 pg/p.1 Cy3.5-conjugated sheep IgG (Cy3.5-IgG) and 0.05 pg/pl of plasmid DNA encoding 

either (wt)Cx31-EGFP, (R42P)Cx31-EGFP, or (C86S)Cx31-EGFP. Cells were transferred to
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fresh tissue culture medium and returned to the incubator where they were allowed 20 min to

recover from the process o f microinjection.

Time-lapse microscopy: The occurrence of cell death following the expression of 

microinjected constructs was determined using multi-channel digital time-lapse microscopy. 

All experiments were conducted using the same Zeiss Axiovert 135 TV inverted microscope 

used for dye transfer experiments (see section 2.2.3, page 19). Prior to time-lapse recording 

cells were transferred to fresh experimental medium supplemented with 0.5 pg/ml propidium 

iodide. The culture dish was placed on the stage of the microscope in a steel humidity 

chamber to protect the sample from evaporation during the course of the experiment. The co­

microinjection of Cy3.5-IgG provided a fluorescent nuclear marker that enabled 

microinjected cells to be re-located under the microscope prior to the expression of EGFP 

fusion constructs. A single patch of microinjected cells was selected for observation using 

time-lapse recording. Images were acquired every 60 seconds in four separate channels 

(phase contrast, EGFP fluorescence, Cy3.5 fluorescence, and propidium iodide fluorescence) 

using the 20 x objective NA 0.5, the CCD camera and the multiple dichromatic mirror in 

conjunction with motorised excitation and emission filter wheels. Cell behaviour was 

recorded for 100 min (100 acquisition rounds).

Three-channel fluorescence imaging: A specially developed technique enabled the sequential 

imaging of EGFP, Cy3.5, and propidium iodide fluorescence despite the partial overlap that 

existed between their excitation and emission spectra. The technique exploited the versatility
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Figure 5. Three-channel fluorescence imaging
The sequential acquisition o f EGFP, Cy3.5, and propidium iodide fluorescence was achieved 
by combining different excitation and emission filter combinations. The use o f  motorised 
excitation and emission filter wheels and a multiple dichromatic mirror enabled the different 
filter configurations to be selected automatically during the filming process. (A) EGFP 
fluorescence was imaged using a conventional configuration enabling fluorophore excitation 
between 455 -  495 nm and detection o f fluorescence emission between 514 -  556 nm. This 
configuration did not allow significant excitation o f Cy3.5 but did enable a degree o f  
propidium iodide excitation. However, the emission filter only permitted the collection o f  
EGFP fluorescence emission. (B) A conventional TRITC filter configuration was used to 
image Cy3.5 fluorescence providing excitation between 500 — 550 nm and detection o f  
fluorescence emission between 564 -  630 nm. This enabled the effective excitation and 
fluorescence detection o f Cy3.5 and propidium iodide but not EGFP. (C) The selective 
imaging o f propidium iodide fluorescence was enabled by using the EGFP excitation filter 
(455 -  495 nm) in combination with the TRITC emission filter (564 -  630 nm). This enabled 
excitation o f  both EGFP and propidium iodide but not Cy3.5, while enabling the detection o f  
propidium iodide and Cy3.5 fluorescence emission but not EGFP. Therefore, this fdter  
combination only permitted the simultaneous excitation and detection o f  propidium iodide. 
PI =  propidium iodide.
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afforded by the use of motorised excitation and emission filter wheels and is described in 

detail in Figure 5, page 19. Briefly, while EGFP fluorescence and Cy3.5 fluorescence could 

be monitored independently using separated EGFP and TRITC filter configurations, 

propidium iodide fluorescence was detected using a miss-matched filter combination that is 

similar in principle to that used in sensitised emission FRET studies. By exploiting the 

relatively broad excitation spectrum of propidium iodide EGFP excitation light could be used 

to excite the fluorophore while its fluorescence emission could be detected using the 

TRITC/Cy3.5 emission filter specification. This allowed effective discrimination between all 

three fluorophores, while using filter sets essentially designed to discriminate between only 

two. The acquisition of EGFP fluorescence enabled the onset o f protein expression to be 

monitored while the occurrence of cell death was determined by the subsequent uptake and 

accumulation of propidium within cell nuclei. Fluorescence images were pseudocoloured so 

that EGFP fluorescence appeared green, Cy3.5 fluorescence appeared red, and propidium 

iodide fluorescence appeared blue. Dead cells were therefore detected by a gradual change in 

the colour of nuclei from red (Cy3.5) to purple (Cy3.5 + propidium iodide). If expressed 

proteins did not result in death then cell nuclei would remain red throughout the entire 

recording period. The ambient concentration of propidium iodide within the surrounding 

culture medium was sufficiently low that it was undetectable. The assay developed for the 

study of NEH cell death is summarised in Figure 4, page 19.

Assessment o f  cell death: Acquisition Manager software was used to overlay the three 

separate fluorescence channels of film sequences applying the pseudocolour combinations 

described above. The final frame of the resulting merged film sequences was then extracted 

and used for scoring cell death. Motion Analysis software was used to interactively label
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cells expressing the microinjected constructs. Cells expressing EGFP constructs were scored 

as dead if  they exhibited purple nuclei and viable if their nuclei remained red. Data were 

expressed as percentages of total cells scored. The ANOVA comparison of the 

(R42P)Cx31-BGFP and (C86S)Cx31-EGFP treatment groups with the (wt)Cx31-EGFP 

treatment group by was used to derive significances that reflected the degree of cytotoxicity 

conferred by the different mutations.

2.110 Assay for assessing the intercellular transmission o f a cell death signal

Nuclear microinjection: Confluent cultures of NEB-1 kératinocytes were prepared as 

described in section 2.2.6, page 19. Cells were transferred to experimental culture medium 

prior to nuclear microinjection, which was performed on the same microinjection system 

previously used for cytoplasmic microinjection (see section 2.2.3, page 19) due to the 

additional requirement for fluorescence detection. A confluent region within the central 

micro well of the dish was selected and adjoining cells then microinjected in the nucleus with 

a mixture of 1 pg/pl Cy3.5-IgG and 0.05 pg/pl of (wt)Cx31-EGFP plasmid DNA. This 

resulted in a tight patch of microinjected cells with Cy3.5-IgG labelled nuclei. A fi*esh 

microinjection needle was then used to microinject a mixture of 1 pg/pl Cy5-IgG and 

0.05 pg/pl (C86S)Cx31-EGFP plasmid DNA into the nuclei of cells directly adjacent to the 

first patch, using the fluorescent lamp of the microscope to detect the position of previously 

microinjected cells. This resulted in the formation of two directly neighbouring patches of 

cells, which could be distinguished fi'om one another on account of their different fluorescent 

nuclear markers. Following microinjection cells were transferred to fresh tissue culture
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medium and returned to the incubator where they were allowed 1 hour to express the

microinjected constructs.

Multi-channel imaging: 1 hour after microinjection cells were transferred to experimental 

culture medium and imaged on a Zeiss Axiovert 135 TV inverted microscope (see 2.2.3, 

page 19). Patches of expressing cells were identified and single phase contrast, EGFP, Cy3.5, 

and CyS fluorescence images then acquired using the relevant filter blocks in order to record 

the positions of the two cell patches. Cells were imaged using the 20 x NA 0.5 objective lens. 

Cells were then returned to the incubated and allowed to express constructs for a further 

4 hours before re-imaging as described.
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2.3 RESULTS
In this study a combination of microinjection, wide-field multi-channel digital time-lapse 

microscopy, and image processing was used to investigate in vitro the effects of different 

disease associated Cx31 mutations on intercellular communication and cell viability. Nuclear 

microinjection was used to introduce expression constructs encoding EGFP fusions of wild 

type and mutant forms of Cx31 into cells. The study focused on the skin disease-associated 

mutations, R42P and C86S, a deafness and peripheral neuropathy-associated mutation 

66DelD and a Cx31 polymorphic variant, R32W, of unknown disease significance. The 

effects that different Cx31 mutations conferred on intercellular communication were assessed 

using dye transfer assays conducted on monolayer cell cultures. The use of EGFP fusion and 

the application of dye transfer assays to monitor gap junction mediated intercellular 

communication have previously been used successfully (Martin et al., 2001; Falk 2002). A 

novel technique combining multi-channel time-lapse microscopy and image analysis was 

developed that permitted the rate of dye transfer between adjacent cells to be numerically 

quantified, enabling any variations in the efficiency of intercellular dye transfer to be 

assessed in a statistically testable manner. Multi-channel time-lapse microscopy was also 

applied to the analysis of cell death and a novel assay was developed that exploited three- 

channel fluorescence imaging in order to monitor and confirm the onset of cell death 

following the ectopic expression of cytotoxic proteins.

2,3.1 Expression o f  (wt)Cx31-EGFP results in the formation o f  functional intercellular 
channels

Dye transfer rates between cells ectopically expressing (wt)Cx31-EGFP were used as a 

baseline comparison for the effects of Cx31 mutation on intercellular communication. It was
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therefore important to assess the functionality of the wild-type protein in the cell lines 

studied. Adjacent cells in confluent monolayers were microinjected in the nucleus with an 

expression construct encoding (wt)Cx31-EGFP in order to generate tight patches of 

fluorescent cells. A single expressing cells on the perimeter of each patch was then selected 

for cytoplasmic microinjection with Alexa 568 dye and the process of intercellular dye 

transfer subsequently monitored by multi-channel time-lapse microscopy.

NEBl cells expressing (wt)Cx31-EGFP exhibited an enhanced rate of dye transfer when 

compared to non-expressing cells (Figure 6, page 19, compare A & C with E & G). Alexa 

568 dye transferred most rapidly through adjoining (wt)Cx31-EGFP expressing cells when 

compared to their non-expressing neighbours, indicating that the expressed protein could 

form functional intercellular channels (E & G). Interestingly, the extent to which dye 

transferred between NEBl cells varied considerably between experiments, possibly reflecting 

a variation in the expression levels of the endogenous protein or channel activity states 

between cells in the local population. While some (wt)Cx31-EGFP expressing cells 

exhibiting a significant ability to transfer dye others showed relatively poor transfer rates in 

comparison. A similar variation in dye transfer efficiency could also be seen in the uninjected 

cell population. However, in all cases dye transferred preferentially through the (wt)Cx31- 

EGFP expressing cell population. (wt)Cx31-EGFP exhibited both a punctate cytoplasmic and 

plasma membrane localisation. The aggregation of protein at the plasma membrane was most 

common at sites of cell-cell contact, suggesting the formation of gap-junction plaques 

(E & F, arrows).
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The functionality of (wt)Cx31-EGFP was also assessed in NIH 3T3 fibroblasts (Figure 7, 

page 19). Although NIH 3T3s express endogenous Cx31 (Di et al., 2002) the basal level of 

dye transfer in the non-expressing cell population was poor. Indeed, dye rarely propagated 

further than those cells directly bordering the microinjected cell over the entire duration 

observed (A & C). In dramatic contrast however Alexa 568 dye rapidly propagated through 

the (wt)Cx31-EGFP expressing cell population (E & G). Indeed, in the short time interval 

that elapsed between the cytoplasmic microinjection of a single fluorescent cell with dye and 

the commencement of filming, the dye had often already spread significantly through the 

adjoining (wt)Cx31-EGFP expressing cells. The steady rate at which dye transferred through 

NIH 3T3s expressing (wt)Cx31-EGFP suggested that channels exhibited uniform activity in 

these cells and that levels of endogenous protein were sufficiently low not to influence the 

effects of the exogenous protein. The subcellular localisation of the expressed protein was 

similar to that seen in NEBl cells with (wt)Cx31-EGFP displaying a predominantly punctate 

cytoplasmic and plasma membrane localisation.

Collectively these experiments demonstrated that (wt)Cx31-EGFP could form functional 

intercellular channels in both NEBl kératinocytes and NIH 3T3 fibroblasts. These cell lines 

therefore provided useful models for the study of Cx31 mutation. Furthermore these studies 

validate the use of Alexa 568 dye as a suitable fluorescent tracer for the assessment of 

intercellular channel function, indicating that this 0.731 kDa fluorophore of net negative 

charge could efficiently pass through functional, homotypic Cx31 channels.
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Figure 6, Expression of 
(wt)Cx31-EGFP enhances dye 
transfer in NEBl kératinocytes
Preferential spread o f Alexa 568 dye 
through (wt)Cx31-EGFP expressing 
cells. Images (A -  D) demonstrate 
the basal level o f dye transfer in 
NEBl cells. Images (A & C) show 
Alexa 568 fluorescence and (B & D) 
Alexa 568 fluorescence with 
additional phase contrast overlaid. 
Images (A & B) represent the first 
time point o f  the time-lapse sequence 
and (C & D) the last, and were 
acquired 33 min later. An asterix 
indicates the cell initially 
microinjected with dye. Over the 
whole period observed basal levels 
o f dye transfer were poor, with dye 
spreading only as fa r  as the 
immediately adjoining cells. Images 
(E — H) demonstrate the enhanced 
rate o f dye transfer observed in cell 
expressing (wt)Cx3l-EGFP. Images 
show EGFP fluorescence (green) 
and Alexa 568 fluorescence (red) 
either without (E & G) or with (F & 
H) phase contrast overlaid to 
indicate the surrounding non­
expressing cells. Image time points 
as described fo r  (A -  D). The 
expressed protein displayed a 
predominantly punctate cytoplasmic 
localisation but protein aggregation 
at sites o f  cell-cell contact was also 
evident (arrows), suggesting the 
formation o f intercellular channels. 
Asterix indicate the cell initially 

microinjected with dye. Alexa 568 dye transferred rapidly and preferentially through the 
expressing cell population indicating that the expressed protein could form functional gap 
junctions. Scale bars = 50 pm.
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Figure 7. Expression of (wt)Cx31- 
EGFP enhances dye transfer in 
NIH 3 T3 fibroblasts
Preferential spread o f Alexa 568 dye 
through (wt)Cx31-EGFP expressing 
cells. Images (A -  D) demonstrate the 
basal level o f  dye transfer in NIH 3T3 
cells, while images (E -  H) 
demonstrate the enhanced rate o f  dye 
transfer through (wt)Cx31-EGFP 
expressing cells. All image
compositions and time points are as 
described for Figure 6. In each case 
an asterix indicates the cell initially 
microinjected with dye. The basal
level o f  dye transfer in the non­
expressing cell population was 
consistently poor (A & C). In
dramatic contrast dye spread rapidly 
through (wt)Cx31-EGFP expressing 
cells (E & G). Phase contrast 
overlays reveal the surrounding 
non-expressing cells and clearly 
demonstrate the preferential transfer 
o f dye through expressing cells. As 
with NEBl cells the expressed protein 
displayed a predominantly punctate 
cytoplasmic localisation but protein 
aggregation at sites o f cell-cell 
contact was also evident (arrows), 
again suggesting the formation o f  
intercellular channels.
Scale bars = 50 pm.
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2,3,2 The R32W and 66DelD Cx31 mutations inhibit channel function

Dye transfer studies were performed in order to assess the effects of the polymorphic variant 

R32W and the deafness and peripheral neuropathy mutation 66DelD on Cx31 mediated 

intercellular communication. Adjacent cells in confluent monolayers of either NEBl 

kératinocytes or NIH 3T3 fibroblasts were microinjected in the nucleus with expression 

constructs and dye transfer assays subsequently performed on the resulting patches of 

fluorescent cells.

In contrast to observations made with the wild type protein the ectopic expression of 

(R32W)Cx31-EGFP in NEBl cells did not seem to elevate the rate of dye transfer above that 

of basal levels, indicating that this polymorphic variant could not form functional 

intercellular channels (Figure 8 E & G). Alexa 568 dye was largely confined to the 

microinjected cell and rarely spread beyond the immediately adjoining cells over the entire 

duration observed. The effects that the R32W polymorphism conferred on intercellular 

channel formation were most apparent from additional studies performed in NIH 3T3s. In 

striking contrast to observations made with the wild type protein, little to no dye transfer was 

observed following the microinjection of dye into (R32W)Cx31-EGFP expressing cells. This 

is clear from the film sequence in (Figure 9 E & G), where, even after a period of 30 min dye 

is barely detectable in the cells surrounding the microinjected cell.

In both NEBl and NIH 3T3 cells (R32W)Cx31-EGFP exhibited a punctate cytoplasmic 

localisation similar to that observed with the wild type protein but with less pronounced
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protein aggregation at the plasma membrane. It is interesting to note that, although 

previously reported to be a Cx31 polymorphism with no associated disease phenotype 

(Kelsell et al., 2000; Lopez-Bigas et al., 2000), the R32W variant evidently constitutes a 

dysfunctional connexin protein. It is therefore possible that this variant may be of some 

significance in disease.

(66DelD)Cx31-EGFP also did not form functional intercellular channels, as expression of 

the protein did not enhance the rate of dye transfer above that of basal levels in either NEBl 

or NIH 3T3 cells (Figure 8 I & K, Figure 9 I & K). Again the effects of this mutation were 

most apparent from studies performed in NEH 3T3s where the basal level of dye transfer was 

almost undetectable. In both cell types the protein exhibited a largely diffuse cytoplasmic 

localisation, although some punctate localisation within the cytoplasm was observed at 

higher levels of expression. Therefore the subcellular localisation of this mutant was distinct 

from both that of the wild type protein and the R32W polymorphic variant. The detection of 

(66DelD)Cx31-EGFP at the plasma membrane was rare, suggested that a trafficking defect 

may underlie the inability of this protein to form functional intercellular channels.
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Figure 8. Intercellular dye transfer in NEBl 
kératinocytes
Effects o f  CxSl mutations on Alexa 568 dye 
transfer in NEBl kératinocytes. Images show 
EGFP fluorescence and Alexa 568fluorescence 
overlays either with or without phase contrast 
to reveal surrounding non-expressing cells 
(right and left columns respectively). Images 
are taken from representative NEBl dye 
transfer film  sequences and show cells 
expressing either (wt)CxS 1-EGFP (A - D), 
(R32W)Cx31-EGFP (E - H), or (66DelD)Cx31- 
EGFP (I & L). Images A & B, E & F, I  & J  
represent the first time point o f  the time lapse 
sequence while images C & D, G & H, K & L 
represent the last time point o f  the time lapse 
sequence and were acquired 33 min later. For 
each dye transfer experiment a group o f  
fluorescent cells were located and a single cell 
close to the patch perimeter then selected for  
cytoplasmic microinjection with Alexa 568 dye. 
Filming commenced immediately after dye 
injection. For each image an asterix identifies 
the cell originally microinjected with Alexa 
dye. Note the relatively efficient dye transfer 
between cells expressing the wild type protein 
compared to cells expressing either the 
(R32W)Cx31-EGFP, or the (66DelD)- 
Cx31-EGFP variants. Scale bar = 50 pm.
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Figure 9. Intercellular dye transfer in NIH 
3T3 fibroblasts
Effects o f CxSl mutations on Alexa 568 dye 
transfer in NIH 3T3 fibroblasts. Images show 
EGFP fluorescence and Alexa 568 
fluorescence overlays either with or without 
phase contrast to reveal surrounding non­
expressing cells (right and left columns 
respectively). Images are taken from  
representative NIH 3T3 dye transfer film  
sequences and show cells expressing either 
(wt)Cx3I-EGFP (A -  D), (R32W)Cx3I-EGFP 
(E-H), or (66DelD)Cx3I-EGFP (I - L). 
Image time points are the same as those 
described for NEBl experiments (see Figure 
8) and represent the first and last images o f 
film  sequences. For each image an asterix 
identifies the cell originally microinjected 
with Alexa dye. As with NEB I experiments, 
dye transfer between NIH 3T3 fibroblasts 
expressing the wild type protein was fa r more 
efficient that between cells expressing either 
the (R32W)Cx3I-EGFP, or the (66DelD)~ 
Cx3I-EGFP variants. Note that dye transfer 
into the non-expressing cell population was 
almost undetectable (C & D).
Scale bar = 50 pm.
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2,3,3 Quantitative analysis o f  the effects o f  Cx31 mutation on the rate o f  dye transfer

The unequivocal confirmation that dye transfer rates differed significantly between cell 

populations expressing different Cx31 variants required the statistical comparison of 

experimental data. This was especially important with respect to observations made in NEBl 

cells where the basal level of dye transfer was often highly variable and the fimctionality of 

the wild type protein less uniform. In order to assess experimental observations objectively 

image processing and analysis techniques were specially developed that numerically 

quantified the rate at which dye spread through cell populations. For a full description of the 

image processing and analysis techniques developed see methods section 2.2.7, page 19. 

Briefly, individual Alexa 568 fluorescence images extracted fi*om the first ten minutes of 

time-lapse sequences were normalised and converted to single values that represented the 

normalised mean distance of dye transfer (NMD) at each given image time point. Linear 

regression analysis was then applied to the NMD data calculated for a particular film 

sequence and the slope of the regression function taken to represent the mean rate of dye 

transfer for that experiment. Therefore each experiment yielded a single value that 

represented the mean rate of dye transfer. Significances of the differences of the dye transfer 

rates between groups of sequences could then be evaluated using the two-sided /-test.

Figure 10, Figure 11, and Figure 12 (pages 19-19) demonstrate the processing involved in 

the derivation of NMD values and dye transfer rates and represent images and data fi*om the 

same (wt)Cx31-EGFP, (R32W)Cx31-EGFP, (66DelD)Cx31 -EGFP NIH film sequences 

shown in Figure 9, page 19. These examples clearly show that NMD values provided an 

effective means of representing the extent of dye transfer within individual Alexa 568
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images. The NMD plots generated for the first 10 min of each film sequence also demonstrate 

that a linear function could effectively approximate the change in dye dispersal over this 

period and therefore linear regression analysis provided an appropriate means of representing 

the mean rate of dye transfer for individual experiments. However, it should be noted that the 

application of a more complex function would have been required if  longer time points were 

assessed due to the non-linear properties of diffusion. Comparison of the linear regression 

functions derived for each film sequences clearly reveals the differing rates at which dye 

transferred between cells expressing (wt)Cx31-EGFP and cells expressing either 

(R32W)Cx31-EGFP or (66DelD)Cx31 -EGFP. Mean rates of dye transfer were calculated as 

shown for all (wt)Cx31-EGFP, (R32W)Cx31 -EGFP, and (66DelD)Cx31-EGFP dye transfer 

experiments conducted in both the NEBl and NIH 3T3 cell lines. The data are summarised in 

Figure 13, page 19. The statistical analysis of group data revealed significant differences 

between the mean dye transfer rates calculated for (wt)Cx31-EGFP expressing cells and 

those calculated for cells expressing either (R32W)Cx31-EGFP or (66DelD)Cx31-EGFP, 

therefore confirming that these mutations prevented the formation of functional intercellular 

channels (Table 2, page 19).
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Figure 10. Derivation of the dye transfer rate 
for a (wt)Cx3I-EGFP film sequence
Processing o f Alexa 568 fluorescence images 
from a single (wt)Cx31-EGFP experiment for  
the calculation o f the rate o f dye transfer. 
(A & D) represent fluorescence images o f  
Alexa 568 dye taken from the same NIH 3T3 
(wt)Cx31-EGFP dye transfer experiment 
shown in Figure 9 (A - D). Images represent 0 
& ID min time points respectively. (B & E)

represent post-processed pseudocoloured images o f  (A & D): images were cropped, binned 
to a pixel size o f  2.6 x  2.6 pm and automatically thresholded before the calculation o f  the 
normalised mean distance o f  dye transfer (NMD). (C & F) are three-dimensional 
representations o f  (B & E), and are also displayed in pseudocolour. 3D plots demonstrate 
effectively the degree to which dye spread between adjoining cells over the first 10 min o f the 
film sequence (red arrow indicates the position o f  the cell originally microinjected with dye). 
A single NMD value was calculated fo r each processed image and was taken to represent the 
mean distance o f  dye transfer for that image time point. NMD values derived from a 
sequence o f  images were used fo r the calculation o f the mean rate o f  dye transfer: Plot (C) 
shows the NMD values calculated fo r  Alexa 568 fluorescence images from the first 10 min o f  
the film  sequence (20 s time points). The slope o f the regression function (line o f  least 
squares fit) o f  the NMD data was taken to represent the mean rate o f  dye transfer over the 
period analysed (calculated in pmfh). A single film  sequence therefore yielded a single value 
that represented the mean rate o f dye transfer. Pseudocoloured images are defined by the 
accompanying scale. Scale bar =  30 pm.
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Figure 11. Derivation of the dye transfer 
rate for a (R32W)Cx31-EGFP film  
sequence
(A and D) represent fluorescence images o f  
Alexa 568 dye taken from the same NIH 3T3 
(R32W)Cx31-EGFP dye transfer experiment 
shown in Figure 9 (E -  H). Images represent 
0 & 10 min time points respectively. (B & E) 
represent post-processed pseudocoloured 
images o f  (A & D). Images were processed 
as described in Figure 10. (C & F) are three- 
dimensional representations o f (B & E), and 

are also displayed in pseudocolour (red arrow indicates the position o f the cell originally 
microinjected with dye). (C) A plot o f  NMD values calculated for Alexa 568 fluorescence 
images from the first 10 min o f  the film  sequence. The slope o f the least squares fi t  o f  the 
NMD data was taken to represent the mean rate o f dye transfer over the period analysed 
(calculated in /jm/h). Pseudocoloured images are defined by the accompanying scale. Scale 
bar =  30 pm.
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Figure 12. Derivation of the dye transfer 
rate for a (66DelD)Cx31-EGFP film  
sequence
(A and D) represent fluorescence images 
o f Alexa 568 dye taken from the same 
NIH 3T3 (66DelD)Cx31-EGFP dye 
transfer experiment shown in Figure 
9 (I - L). Images represent 0 & 10 min 
time points respectively. (B & E) 
represent post-processed pseudocoloured 
images o f  (A & D). Images were 
processed as described in Figure 10. (C 
& F) are three-dimensional 
representations o f (B & E), and are also 

indicates the position o f the cell originally

102 4 6 8
Time (min)

displayed in pseudocolour (red arrow 
microinjected with dye). (C) A plot showing the NMD values calculated for Alexa 568 
fluorescence images from the first 10 min o f the film  sequence. The slope o f the least squares 
f it  o f  the NMD data was taken to represent the mean rate o f  dye transfer over the period 
analysed (calculated in jLon/h). Pseudocoloured images are defined by the accompanying 
scale. Scale bar = 30 pm.
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Effect of Cx31 mutation on dye transfer 
rates in NEB1 and NIH cells
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Figure 13, Effects o f  CxSl mutation on dye transfer rates in NEBl and NIH 3T3 cells

Plot summarising time courses o f  normalised mean distances o f dye transfer (NMD) for  
different experimental groups o f  NEBl and NIH 3T3 cells expressing various EGFP-Cx31 
mutations. Normalised mean distances, partitioned into 60 s time bins, are represented by 
mean values (points) and standard errors o f sample mean (bars). NMD values were 
calculated fo r  Alexa 568 fluorescence images taken from the first 10 min o f  film sequences 
and each plot represents data pooled from multiple experiments within the same treatment 
group. For both cell lines plots clearly show that dye transfer rates were significantly 
reduced in cells expressing either the R32W or the 66DelD mutants when compared to cells 
expressing the wild type protein. In NEBl cells the C86S mutation did not significantly 
impair dye transfer. The R42P mutation did however appear to reduce the rate o f dye 
transfer, although to less o f a degree than the R32W and 66DelD mutations.
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Dye Transfer Analysis

Cell Line 0x31 Number of Mean rate of Standard Two sided
mutation films dye transfer 

(pm/h)
error t-test sig.

Wild-Type 10 10.06 1.92 -

C86S 4 8.80 1.02 n.s.
NEB1 R42P 5 5.38 0.79 *

R32W 8 3.47 0.65
66de!D 5 4.39 1.03 *

Wild-Type 11 11.98 1.50 -

C86S N/A N/A N/A N/A
NIH 3T3 R42P N/A N/A N/A N/A

R32W 7 0.62 1.46 ^  ^
66delD 5 1.02 0.97 * * *

Table 2. The statistical evaluation o f dye transfer data

The above table summarises data from all dye transfer experiments, and indicates the 
significance o f the effects o f different Cx31 mutations on the rate o f  dye transfer in NEBl and 
NIH 3 T3 cells. For individual experiments the rate o f dye transfer was defined as the slope o f  
the regression function calculated fo r  NMD values derived fo r  the first ten minutes o f  the film  
sequence. For a particular cell line data calculated fo r  each treatment group were compared 
to those calculated fo r  the wild type control group using a two-sided t-test in order to derive 
significances that represented the degree to which various Cx31 mutations effected dye 
transfer. The mean rate o f dye transfer is calculated as the mean slope o f the linear 
regression functions representing a particular treatment group and is expressed in pm/h. 
Note that dye transfer experiments could not be conducted in NIH 3T3 fibroblasts expressing 
either the R42P or the C86S Cx31 mutants due to the extremely high instance o f death that 
these proteins caused in this cell line.
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2,3,4 The R42P and C86S CxSl mutations induce death in NEBl kératinocytes but only 
C86S permits channel function

EGFP-Cx31(R42P): It was apparent from microinjection studies that the EKV-associated 

Cx31 mutations R42P and C86S conferred a detrimental effect on NEBl kératinocytes, 

resulting in an increased instance of cell death. This phenomenon was not observed following 

expression of any of the other Cx31 variants studied. Multi-channel time-lapse microscopy 

was used to further characterise the effects of the R42P and C86S mutations on cell 

morphology. Where possible, dye transfer studies were also performed in order to establish 

whether expressed proteins could form functional intercellular channels.

Expression of (R42P)Cx31-EGFP resulted in two distinct cellular phenotypes. The first was 

characterised by a dramatic change in cell morphology including extensive cell blebbing and 

nuclear shrinkage, two phenotypes often associated with cell death (Figure 14, page 19). 

These cells adhered poorly to the substrate and were difficult to microinject during dye 

transfer experiments. In cases where microinjection was successful dye did not transfer to 

neighbouring cells but merely leaked out from the cell into the surrounding medium (B -  D). 

The mutant protein was often found to express poorly and localised to a predominantly 

perinuclear region. Additional studies revealed that cells displaying this phenotype often 

exhibited positive nuclear staining for the DNA inter-collating fluorescent marker propidium 

iodide, indicating that plasma membrane integrity had been lost (Figure 15 A & B, page 19). 

This was a clear indication that protein expression had resulted in cell death.

The second phenotype associated with the expression of (R42P)Cx31-EGFP was similar to 

that of the surrounding non-expressing cells. In these cells the expressed protein was, to some
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extent, observed at the plasma membrane (Figure 16, page 19 A & B arrows). However, dye 

transfer experiments revealed that channel function was significantly impaired (Figure 16 A - 

D, Figure 13, page 19, Table 2, page 19), although, not as severely as seen for the R32W and 

66DelD mutations. Cells that exhibited this second phenotype did not stain positive for 

propidium iodide indicating that (R42P)Cx31-EGFP expression was not always lethal. 

Indeed, the frequency of death was low following (R42P)Cx31 -EGFP expression, occurring 

in approximately 10% of cells (Figure 18A, page 19, & Table 3, page 19). Interestingly, 

there did not seem to be a clear correlation between the onset of cell death and the intensity 

of protein expression suggesting that corresponding levels of endogenous protein expression 

may in part have determined cell survival. This, however, was not explored further.

EGFP-Cx31(C86S): As with (R42P)Cx31-EGFP, NEBl cells expressing (C86S)Cx31-EGFP 

exhibited two major phenotypes; those that showed profound blebbing and nuclear shrinkage, 

and those that were similar to the surrounding non-expressing cell population. Again cell 

blebbing and nuclear shrinkage corresponded with positive nuclear labelling with propidium 

iodide, indicating that protein expression resulted in cell death (Figure 15 C & D, page 19). 

In the normal phenotype where membrane integrity remained intact, the protein displayed a 

largely punctate cytoplasmic localisation. However, to some extent, aggregation of protein at 

the plasma membrane was also observed, although this was not as striking as that seen with 

the wild-type protein. The cytotoxicity of the C86S mutation was far greater than that 

observed for the R42P mutation, resulting in the death of over 50 % of expressing cells 

(Figure 18A, page 19 & Table 3, page 19). Interestingly, however, although often lethal the 

C86S mutation did not inhibit the formation of functional intercellular channels and dye
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transfer rates in (C86S)Cx31-EGFP expressing cells were comparable to those observed in 

cells expressing the wild type protein (Figure 16 E - H, page 19, Figure 13, page 19, Table 2, 

page 19).

Figure 17 (page 19) represents images taken from a (C86S)Cx31-EGFP time-lapse sequence 

where the onset of cell death coincided with the recording of a dye transfer experiment. 

Initially the (C86S)Cx31-EGFP expressing cells exhibited a normal healthy phenotype and 

the microinjected dye was observed to spread preferentially through the fluorescent cell 

population, indicating the formation of functional intercellular channels (Figure 17B). 

However, as time progressed the cells began to die. Note the progressive nuclear shrinkage 

commonly associate with the cytotoxic effects of this protein (Figure 17 B -  D, white arrow). 

As plasma membrane integrity was finally lost, the Alexa 568 dye leaked out into the 

surrounding medium and was no longer detectable. The onset of cell death was unlikely to be 

the cause of cytoplasmic microinjection as four other independent dye transfer experiments 

were conducted in (C86S)Cx31-EGFP expressing cells where cell death was not observed. 

Furthermore, cells that had not yet received the Alexa 568 dye were also observed to die.

Interestingly, the C86S and R42P mutants differed significantly with respect to both 

cytotoxicity and their capacity to form functional intercellular channels when expressed in 

NEBl cells. The toxicity of the C86S mutation was five-fold that of the R42P mutation 

while, in contrast the C86S mutant was far more effective at forming functional intercellular 

channels than the R42P mutant. Cell death was, however, a common feature of 

EKV-associated Cx31 mutation.
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A common phenomenon associated with both R42P and C86S related cell death was that the 

onset of cell death appeared to be synchronised. Cells were always microinjected with 

expression constructs in tight patches and following protein expression either all the cells 

within a single patch would die or all would survive. Indeed, separate patches of dead or 

viable cells would often be observed within a single tissue culture dish. Since both dead and 

viable cells were never found to occur within the same patch it was hypothesised that 

synchronised cell death was triggered by the generation of an intercellular diffusible second- 

messenger signal. This would have also accounted for the greater cytotoxic effects associated 

with (C86S)Cx31-EGFP expression as the C86S mutation did not significantly impair the 

formation of functional intercellular channels. In an attempt to test this hypothesis patches of 

(wt)Cx31-EGFP and (C86S)Cx31-EGFP expressing cells were created that directly bordered 

one another. In principle, assuming that Cx31-mediated heterologous coupling was possible 

between the two cell populations, any diffusible signal generated in the (C86S)Cx31-EGFP 

expressing population would be free to pass through to the (wt)Cx31-EGFP expressing 

population and therefore ultimately result in the death of both cell populations. Co­

microinjection of fluorescent-IgG markers with expression constructs enabled the effective 

discrimination of (C86S)Cx31-EGFP and (wt)Cx31-EGFP expressing cells (Figure 19, 

page 19). Eight independent experiments revealed that, in all cases, the onset of cell death in 

the (C86S)Cx31 EGFP expressing cell population had no effect on the adjoining 

(wt)Cx31-EGFP expressing cell population. This suggests that cell death was not the 

consequence of a Cx31-mediated diffusible second-messenger signal.
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Figure 14. (R42P)Cx31-EGFP expression induces death in NEBl cells
Expression o f (R42P)Cx31-EGFP induced death in NEBl kératinocytes. Images are derived 
from an (R42P)Cx3I-EGFP time-lapse experiment and show EGFP and Alexa 568 
fluorescence overlays either with (A) or without phase contrast (B, C & D). Images represent 
0 min, (A & B), 15 min (C), and 30 min (D) time points. The mutant protein displayed a 
largely perinuclear localisation and induced membrane blebbing, nuclear shrinkage and cell 
detachment from the underlying substrate. Following microinjection Alexa 568 dye rapidly 
leaked out from the cell indicating a loss o f plasma membrane integrity, a clear indication 
that the cell had died. White and yellow arrows highlight example o f  membrane blebbing and 
nuclear shrinkage respectively. Scale bar = 50 pm.
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Figure 15. Confirmation of cell death in NEBl cells
The nuclear uptake o f propidium iodide confirmed the onset o f  cell death following 
expression o f  either (R42P)Cx31-EGFP or (C86S)Cx31-EGFP in NEBl kératinocytes. (A & 
C) represent EGFP and propidium iodide fluorescence overlays for (R42P)Cx31-EGFP and 
(C86S)Cx31-EGFP expressing cells respectively. (B & D) represent phase contrast images 
o f the same observation fields shown in (A & C). Cell death was specific fo r  the expressing 
cell population: propidium iodide staining o f  nuclei indicated a loss o f  membrane integrity 
following the expression o f the R42P and C86S Cx31 mutants, a clear sign that cells had 
died. White arrows indicate examples o f positive nuclear staining and corresponding black 
arrows in phase contrast images highlight the associated cellular phenotype. Scale 
bar =  50 pm.
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Figure 16. Effects of 
EKV-associated mutation on 
channel function
The skin disease associated Cx31 
mutations R42P and C86S had 
differential effects on the formation 
o f functional intercellular channels. 
Images are taken from  
representative NEBl dye transfer 
experiments conducted in viable 
NEBl cells expressing either the 

fW-D) or Œ65" (E -  AP 
CxSl mutants. Images show EGFP 
fluorescence (green) and Alexa 568 
fluorescence (red) overlays either 
with or without phase contrast 
(right and left columns 
respectively). Images (A & B), and 
(E & F) represent the first time 
point o f the time-lapse sequence 
while images (C & D), and (G & 
H) represent the final time point 
and were acquired S3 min later. In 
each image an asterix identifies the 
cell originally microinjected with 
dye. Although some protein was 
observed at the plasma membrane 
in cells expressing the R42P mutant 
(A & B, arrows) dye transfer rates 
were poor indicating impaired 
intercellular channel function. 
However, in contrast, dye rapidly 
spread through cells expressing the 
C86S CxSI mutant, indicating that 
functional channels could form  
despite the presence o f this 
mutation. Scale bars = 50 fjm.

64



A #*»'

^  jr*»- •

Figure 17. transfer and death in (C86S)Cx31-EGFP expressing NEBl cells
Expression o f (C86S)Cx31-EGFP resulted in the formation o f functional intercellular 
channels prior to death in NEBl kératinocytes. Images are derived from a (C86S)Cx31- 
EGFP dye transfer experiment where the onset o f  cell death coincided with filming. Images 
represent 0 min, (A & B), 15 min (C), and 30 min (D) time points. Image (A) represents 
overlaid EGFP, Alexa 568, and phase contrast channels. (B,C & D) as for (A) except without 
phase contrast. Initially Alexa 568 dye transferred through adjacent fluorescent cells 
indicating that the mutant protein could form functional intercellular channels. However, as 
the expressing cells began to die the fluorescent dye was lost into the surrounding medium 
(indicated by a rapid fa ll in Alexa 568fluorescence intensity). Cell death was accompanied 
by nuclear shrinkage (arrow) and blebbing, two phenotypes also associated with 
(R42P)Cx31-EGFP expression. An asterix indicates the position o f the cell originally 
microinjected with dye. Scale bar ^ 5 0  pm.
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Figure 18. Summary of the effects of EKV associated CxSl mutations on cell survival
Bar charts representing the means and standard errors o f  the relative incidence o f cell death 
and survival following expression o f the EKV associated CxSl mutations R42P and C86S fo r  
NEBl kératinocytes (A) and NIH STS fibroblasts (B). 0.5 pg/ml propidium iodide was 
applied to cell cultures 10 min before scoring cell death. Cells were scored as dead only 
when positive fo r  nuclear labelling with propidium iodide. Cells that did not display an 
altered phenotype and which did not show positive propidium iodide staining were scored as 
viable. Cells that displayed an altered phenotype indicative o f  the onset o f cell death but that 
were not yet positive fo r  propidium iodide staining were discounted. The cytotoxic effects o f  
the EKV associated CxSl mutations were fa r  more evident in the NIH STS cell line resulting 
in death in over 80 % o f  cells observed. Significances are derived from the ANOVA 
comparison o f the wild type treatment group with the R42P and C86S treatment groups (two 
stars, p  < 0.01; three stars, p  < 0.001).
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Cell Death Anal̂ /SIS

Cell Line 0x31
mutation

Number 
of cells 
scored

Cell Death
(%)

ANOVA
sig.

NEBl

Wild-Type
C86S
R42P
R32W
66delD

212
207
334

<1
50
12

* *
n.s.

No apparent cell death

NIH 3T3
Wild-Type
C86S
R42P

R32W
66delD

50
82
66

2
80
85 * *

No apparent cell death

Table 3, The statistical evaluation o f  cell death data

The above table provides a numerical summary o f  all data from  N EB l and NIH 3T3 cell 
death experiments. The statistical significances o f  the effects o f  EK V associated Cx31 
mutations on N EBl and NIH 3T3 cell survival are also presented. Significances were derived 
from  the ANOVA comparison o f  the wild type treatment group with the R42P and C86S 
treatment groups (two stars, p  < 0.01; three starts, p  < 0.001). Note that the relatively low 
instance o f  cell death caused by the R42P mutant in N EBl cells did not achieve significance. 
Cell death was not evaluated fo r  the R32W  and 66DelD mutations as it was clear from  the 
numerous experiments performed that they had no deleterious effect on cell survival.
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Figure 19. Cell death is confined to the (C86S)Cx3l-EGFP expressing population
Adjacent patches o f  cells were microinjected with either (wt)CxS 1-EGFP +  Cy3.5-IgG 
marker or (C86S)Cx31-EGFP +  Cy5-IgG marker in order to determine whether cell death 
associated with expression o f  the C86S mutation would be conferred to the wild type 
expressing population. Images represent EGFP (green), Cy3.5 (red), and Cy5 (blue) 
fluorescence overlays either with (B & D) or without (A & C) phase contrast. Images (A & 
B) and (C & D) represent I hour and 5 hour time points respectively. Although cell death 
was apparent in the (C86S)Cx31-EGFP expressing population (C & D, blue cells) directly 
adjacent (wt)Cx31-EGFP expressing cells remained viable (C & D, red cells). Scale 
bar =  50 /am.
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2,3.5 Skin disease-associated CxSl mutations are lethal in N IH 3T3 fibroblasts

Dye transfer experiments were typically conducted 4 -  5 h following the microinjection of 

expression constructs. NIH 3T3 fibroblasts microinjected with either the (R42P)Cx31-EGFP 

or (C86S)Cx31-EGFP expression constructs were never detectable following this length of 

incubation. However, the frequent observation of fluorescent debris within experimental 

cultures suggested that protein expression had resulted in the death of all microinjected cells, 

an indication that EKV-associated Cx31 mutations were highly toxic in these cells. In order 

to further explore this possibility, a multi-channel time-lapse microscopy assay was 

developed that enabled cell death to be directly monitored during the onset of exogenous 

protein expression. Confluent patches of NIH 3T3 fibroblasts were co-microinjected in the 

nucleus with a Cy3.5-IgG fluorescent marker and expression constructs encoding either 

(R42P)Cx31-EGFP, (C86S)Cx31-EGFP, or (wt)Cx31 EGFP. The fluorescent marker 

permitted the identification of cells prior to the expression of microinjected constructs, 

enabling cells to be filmed during the onset of protein expression. Propidium iodide was 

included in the culture medium during time-lapse experiments enabling cell death to be 

assessed directly. Three channel florescence imaging and the employment of specialised 

filter configurations were required in order to effectively discriminate between EGFP, Cy3.5 

and propidium iodide fluorescence (see methods 2.2.9, page 19 for a detailed description).

Multi-channel time-lapse experiments revealed that expression of either (R42P)Cx31-EGFP 

or (C86S)Cx31-EGFP rapidly induced cell death in NIH 3T3 fibroblasts (Figure 20, page 19 

& Figure 21, page 19). Indeed, the R42P and C86S mutations were highly toxic, inducing 

death at extremely low levels of expression. The effects of protein expression on cell
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morphology were profound, resulting in cell contraction, loss of adhesion, and nuclear 

shrinkage. In contrast, expression of (wt)Cx31-EGFP had no discernible effect on cell 

survival or morphology Figure 22, page 19. The differing degrees of toxicity that the R42P 

and C86S mutations exhibited in the different cell lines studied were striking. The R42P 

mutation caused death in only 10 % of NEBl cells, but induced death in over 80 % of NIH 

3T3s within two hours of microinjection (Figure 18B, page 19). The C86S mutation was also 

far more potent when expressed in NIH 3T3s inducing levels of cell death comparable to that 

of the R42P mutation. Table 3, page 19 summarises the data from NEBl and NIH 3T3 

experiments, and shows the statistical significances of the effects of different Cx31 mutations 

on cell death.
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Figure 20, (R42P)Cx31-EGFP expression rapidly induces death in NIH 3T3 cells
Imaging the onset o f (R42P)Cx31-EGFP expression in NIH 3T3 cells in the presence o f  
0.5 pg/ml propidium iodide. Images represent EGFP (green), Cy3-IgG (red), and propidium 
iodide (blue) fluorescence overlays either with (A —  C) or without (D - F) phase contrast to 
reveal the surrounding non-expressing cells. Time points are as follows; (A & D) 0 min, (B & 
E) 50 min, and (C & F) 100 min. Cy3.5-IgG was co-microinjected with plasmid DNA to 
enable the location o f microinjected cells prior to the onset ofprotein expression. Cells were 
relocated 20 min after microinjection and filmed using multi-channel time-lapse microscopy 
for 100 min (I min time-lapse intervals) in order to record the onset o f  cell death. 0.5 pg/ml 
propidium iodide was added to cell cultures prior to the filming process. Expression o f the 
(R42P)Cx31-EGFP mutant rapidly lead to cell death revealed by the accumulation o f  
propidium iodide within cell nuclei. The nuclei o f  dead cells appeared purple due to the 
overlay o f  red Cy3.5-lgG and blue propidium iodide fluorescence channels. White arrows in 
image (E) highlight examples o f  dead cells that took up propidium iodide following the 
expression o f the microinjected plasmid. Yellow arrows within the same image indicate cells 
with intact nuclei that had yet to die. In image (F) white arrows indicate cells previously 
marked by yellow arrows in (E). Note the change o f cell nuclei from red to purple indicating 
that cell death had finally occurred. Note also the nuclear shrinkage that followed protein 
expression, an observation also made in NEBl kératinocytes. Cell death occurred at very 
low levels o f  protein expression indicating that the R42P mutation was highly toxic. A 
specially developed technique allowed the imaging o f all three fiuorophores despite their 
overlapping spectra (see methods 2.2.9, page 36). Scale bar =  50 pm.
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Figure 21. (C86S)Cx31-EGFP expression rapidly induces death in NIH 3T3 cells
Imaging the onset o f  (C86S)Cx31-EGFP expression in NIH 3T3 cells in the presence o f 
0.5 pg/ml propidium iodide. Image compositions and time courses are the same o f for Figure 
20 except that cells were microinjected with (C86S)Cx31-EGFP plasmid DNA. Again, Cy3.5- 
IgG was co-microinjected with plasmid DNA to enable the location o f microinjected cells 
prior to the onset o f  protein expression. Film duration and time-lapse intervals were as 
described in Figure 20. Expression o f the (C86S)Cx31 -EGFP mutant rapidly lead to cell 
death as revealed by the accumulation o f propidium iodide within cell nuclei. In image (E) 
white arrows highlight examples o f  dead cells that had taken up propidium iodide following 
the expression o f the microinjected plasmid. Yellow arrows within the same image indicate 
cells with intact nuclei that had yet to die. In image (F) white arrows indicate cell previously 
marker by yellow arrows in (E). Note that cell nuclei changed from red to purple indicating 
that cell death had finally occurred. As with the R42P mutation, cell death occurred at very 
low levels o f  protein expression and was accompanied by nuclear shrinkage.
Scale bar = 50 pm.
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Figure 22, (wt)Cx31-EGFP expression has no effect on NIH 3T3 survival
Imaging the onset o f (wt)Cx31-EGFP expression in NIH 3T3 cells in the presence o f  
0.5 pg/ml propidium iodide. Image compositions and time courses are the same as for  
Figure 20 except that cells were microinjected with (wt)Cx31-EGFP plasmid DNA. 
Propidium iodide was not taken up by cell nuclei over the course o f the film sequence 
indicating that cell death did not occur. Cy3.5-lgG was co-microinjected with plasmid DNA 
to enable the location o f microinjected cells prior to the onset o f protein expression. Note 
that wild type Cx31 achieved fa r higher levels o f expression that the CxSl variants 
harbouring either the R42P or C86S mutations. Scale bar =  50 pm.
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2.4 DISCUSSION

Germline mutations in the Cx31 gene jJBS lead to a number of disorders including skin 

disease, deafness and peripheral neuropathy (Kelsell et al., 2001; Rabionet et al., 2002). 

Although the clinical effects of these nutations are well established little is known about 

their effects at the cellular level. This Etudy aimed to address these outstanding questions. 

Microscopy based assays were applied o the in vitro study of Cx31 function. Dye transfer 

assays were applied to the study of inkrcellular communication in order to determine the 

effects of Cx31 mutation on channel fuiction. A novel analytical technique was developed 

that enabled dye transfer rates to be directly quantified allowing the statistical comparison of 

different treatment groups. The development of a technique that permitted the discrimination 

of multiple fiuorophores with overlapping spectra also enabled the effects of protein 

expression on cell viability to be assessec directly during time-lapse experiments.

Studies revealed that impaired channel function was associated with two distinct Cx31 

mutations; a deafness/peripheral neuropathy mutation (66DelD), and a mutation previously 

considered to be a rare Cx31 polymorphism with no known disease significance (R32W). 

These mutations had no effect on the viability of cells. In contrast two mutations associated 

with the skin disorder EKV (R42P and C36S) induced rapid death in certain cell populations. 

However these mutations had either no or only mild inhibitory effects on channel function. 

These studies have therefore identified seme key cellular phenotypic differences with respect 

to disease-associated Cx31 mutations.
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2,4.1 The R32W polymorphism and 66DelD deafness/peripheral neuropathy mutation 
disrupt Cx31-mediated intercellular communication

This study demonstrated that the R32W mutation inhibited the ability of Cx31 to form 

functional homotypic channels, as measured by the inability of cells to efficiently transfer 

fluorescent dye. The expressed protein was primarily confined to the cytoplasm and, unlike 

the wild type protein, rarely formed significant aggregates or ‘plaques’ at the plasma 

membrane. These findings strongly suggest that R32W is a non-fimctional variant of Cx31.

The R32W mutation has previously been reported as a polymorphic variant of Cx31 with no 

proven disease association (Kelsell et al., 2000; Lopez-Bigas et al., 2000). However, it has 

been postulated that this mutation may confer a modifying effect with respect to the severity 

o f epidermal disease or hearing loss when associated with other connexin mutations (Lopez- 

Bigas et al., 2001b). The mutation exhibits an allelic frequency of 1.43 %, and demonstrates 

a degree of ethnic variability (3 % in Irish, 0.7 % of Afro-Caribbeans, and 2.5 % of Asians, 

n = 488) (John Common, personal communication). However, as yet no homozygotes have 

been detected for this allele. Given that the data from this study demonstrates that R32W 

confers an inhibitory effect on Cx31-dependent intercellular communication, it may be that 

homozygosity for this polymorphism results in an, as yet, unassociated recessive disease 

phenotype. The argenine to tryptophan substitution in this polymorphism represents a 

positive to neutral shift in residue charge within the first transmembrane domain of Cx31, a 

region that is highly conserved amongst connexins (Gottfried et al., 2002). This change may 

therefore result in structural abnormalities within a domain that appears to be of particular 

importance in connexin function. Indeed, the recently identified L34P mutation in Cx31,
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which also resides within the first transmembrane domain of the protein, has been associated 

with a recessive form of EKV (Gottfried et al., 2002), while the change M34T in Cx26 

results in a recessive form of hearing loss. Further genetic studies will need to be performed 

to assess the disease significance of the R32W Cx31 variant. However, given the findings 

from this study, it is not unreasonable to suggest that R32W may be of some importance in 

an, as yet, unassociated recessive disease.

The rare 66DelD mutation that resides within the first extracellular loop of Cx31 is 

associated with a dominant syndrome of hearing loss and peripheral nerve dysfunction and 

neuropathy (Lopez-Bigas et al., 2001a). Dye transfer experiments and observations of protein 

localisation performed within this study support the deleterious nature of this mutation with 

respect to Cx31 function. Dye transfer studies revealed that the 66DelD mutation 

significantly impaired the ability of Cx31 to form functional homotypic channels. 

Furthermore, unlike the wild-type protein, the 66DelD mutant did not reveal significant 

aggregation at the plasma membrane but instead exhibited a largely diffuse cytoplasmic 

localisation. These findings may therefore reflect a membrane trafficking or folding defect 

associated with this mutation. Interestingly, a mutation of the same residue in Cx26 also 

results in a similar cytoplasmic localisation suggesting that this region may be of importance 

in general for connexin function. Indeed the Cx26 mutation is also associated with a 

dominant syndrome of hearing loss although, in contrast to the 66DelD mutation in Cx31, 

this is additionally accompanied by skin disease (Kelsell et al., 2001).
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Cx31 is expressed in the spiral limbus and ligament of the cochlea and also within the 

aiditory nerve and therefore impaired channel function is likely to provide a direct 

mechanism for the hearing loss associated with the Del66D mutation. Detailed audiological 

examinations of patients who harbour this mutation have previously revealed that hearing 

impairment arises due to abnormalities in both the cochlea and the auditory nerve (Lopez- 

Bigas et al., 2001a) and thus hearing loss is the consequence of multiple dysfunctions within 

the auditory transduction pathway. A disruption of ionic homeostasis is likely to underlie the 

main cause of cochlear dysfunction associated with this disease: within the cochlea hair cells 

aie bathed in endolymph fluid rich in potassium ions. Upon acoustic stimulation these ions 

rapidly flood into the hair cells and must subsequently be removed and recycled in order to 

main correct hearing function (Rabionet et al., 2002). Potassium recycling occurs via a 

s^mcytium of supporting cells and fibrocytes interconnected by gap junction channels. This 

cellular network draws potassium ions away from the hair cells and delivers them back to the 

endolymph via the spiral ligament. Given that Cx31 is expressed in the spiral ligament and 

given that the 66DelD mutation inhibits the formation of functional gap junction channels, an 

impairment of potassium recycling may provide the mechanism of cochlea dysfunction in 

this disease. Additional abnormalities in the function of the auditory nerve, which compound 

the severity of this hearing disorder, are likely to arise as a consequence of the independent 

function of Cx31 in the peripheral nervous system.

Cx31 is expressed in the myelinating Schwann cells of the peripheral nervous system 

(Lopez-Bigas et al., 2001a). Schwann calls are the satellite cells that surround nerve axons 

and motor nerve terminals. The plasma membrane of a single Schwann cell can wrap many
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(often hundreds) of times around the underlying nerve axon, a process that is essential for 

efficient neuronal ftmction (Baker, 2002). The connexins of Schwann cells are believed to 

form ‘reflexive gap junctions’ - intracellular gap junctions that directly couple the many 

layers of overlapping plasma membrane found in these cells. The spiralling cytoplasm of the 

Schwann cell provides a long convoluted pathway for the diffusion of metabolites and other 

factors important for cellular function. It has therefore been postulated that these reflexive 

gap junctions permit radial diffusion across the many membranous layers of the cell, 

allowing a relatively short pathway for the cytoplasmic distribution of metabolites and ions 

(Altevogt et al., 2002; Baker, 2002). Loss of this pathway may impair cellular function; 

ultimately resulting in the death of the Schwann cell and the underlying neurone. This study 

revealed that although the 66DelD mutation inhibited the formation of functional Cx31 

channels it did not confer any direct cytotoxic effects on NEBl and NIH 3T3 cells. The 

dysfunctional protein was therefore not toxic in itself. This suggests that the extensive 

demyleination and neuropathy seen in patients harbouring the 66DelD mutation may result as 

a long-term consequence of impaired cellular function as opposed to an acute cytotoxic effect 

resulting directly from the expression of the mutated protein. However firm conclusion 

concerning the effects of Cx31 mutation on peripheral nervous tissue cannot be drawn from 

studies performed in kératinocytes and fibroblasts and therefore additional studies performed 

ini more appropriate cells will be required.

2,4,2 Cell death is a characteristic o f  skin disease-associated Cx31 mutations

The dominant Cx31 mutations R42P and C86S result in EKV, a hyperproliferative skin 

di:sorder that primarily affects the palmoplantar surfaces of the epidermis. Functional assays
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conducted in this study demonstrated that these mutations conferred a cytotoxic effect on 

keratinocyte and fibroblast cells, an observation that was not made for the R32W and 

66DelD mutations. In kératinocytes, death associated with both these mutations appeared 

sporadic, often only killing a subpopulation of cells expressing the protein within a single 

culture. Furthermore, the cytotoxicity associated with the expression o f the (C86S)Cx31- 

EGFP mutant was five fold that observed for the (R42P)Cx31-EGFP mutant, reflecting a 

difference in potency between these proteins. (R42P)Cx31 -EGFP was often expressed poorly 

in kératinocytes and in cell populations where death was apparent the protein exhibited a 

predominantly perinuclear localisation. This pattern of expression is consistent with that 

observed from the immunohistochemical analysis of Cx31 expression in a skin biopsy taken 

from the epidermis of a patient harbouring the R42P mutation (Di et al., 2002). In cell 

populations where death did not occur protein aggregation could be observed at the plasma 

membrane for both (R42P)Cx31 -EGFP and (C86S)Cx31-EGFP, although this was less 

apparent than that observed for the wild type protein. However, dye transfer experiments 

revealed that the R42P mutation did confer an inhibitory effect on channel function although 

to a lesser degree than that observed for non-EKV mutations. The C86S mutation did not, 

however, have a significant deleterious effect on channel function, allowing dye to transfer 

between cells at a comparable rate to that observed for the wild type protein. Subtle 

fuinctional differences therefore existed between these mutations. Interestingly, in dramatic 

contrast to observations made in kératinocytes, expression of either (R42P)Cx31 -EGFP or 

(C86S)Cx31 -EGFP resulted in the rapid death of all fibroblast cells.
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To date five dominant mutations and one recessive mutation have been identified in Cx31 

that result in EKV (Gottfried et al., 2002; Kelsell et al., 2001). None of these mutations are 

associated with additional clinical phenotypes. Therefore, in theory, the search for a common 

cellular mechanism shared by the EKV-associated Cx31 mutations should prove less of a 

complicated task than for many of the other skin disease-associated p-connexin mutations, 

which often exhibit a varying background of additional clinical phenotypes. This study 

provides the first indication that cell death is a common mechanism of EKV-associated Cx31 

mutation. More recent studies lend further credence to this idea: Diester and co-workers have 

reported that the dominant EKV-associated Cx31 mutation G12R, which resides within the 

highly conserved amino terminus of the protein, is lethal in HeLa cells (Diestel et al., 2002). 

Furthermore, this mutation, and additionally the G12D and L34R mutations, have also been 

found to be lethal in NEBl kératinocytes (Wei-Li Di, Colin Gray - personal communication). 

Therefore, although these mutations are disseminated amongst a number of functional 

domains within Cx31 they all promote the same cellular phenotype. Furthermore, this 

phenotype does not appear to be associated with non-EKV Cx31 mutations. Collectively data 

presented in this study and that more recently obtained by others indicate that cell death is a 

common mechanism of EKV-associated Cx31 mutation.

The importance of Cx31-dependent intercellular communication in EKV is unclear. This 

stiudy has demonstrated that the formation of functional Cx31 homotypic channels is 

esisentially unaffected by the C86S mutation while, in contrast, the R42P mutation does 

confer a mild but significant inhibitory effect. To further complicate the picture it has been 

reported that the G12R mutation actually functions to enhance intercellular communication
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(Diestel et al., 2002), while it has been suggested that the recessive L34P mutation inhibits 

ciannel function (Gottfried et al., 2002). Interestingly, Diestel and co-workers postulate that 

ciannel function may be important for lethality. They argue that the G12R mutation may 

result in defective channel closure and therefore may promote cell death by preventing the 

control of cellular homeostasis. It is also conceivable that this may also enable uncoupled 

connexon hemichannels on the cell surface to permit the free exchange of ions and 

netabolites between the intracellular and extracellular space, a process that would rapidly 

nsult in cell death. Defective channel closure would certainly provide a fitting explanation 

fcr the relative differences in efficiency with which the R42P and C86S mutations were 

observed to induced cell death in NEBl kératinocytes in this study: if  this explanation held 

then the greater efficiency with which cells expressing (C86S)Cx3I-EGFP were able to 

transfer dye compared to those expressing (R42P)Cx31 -EGFP would explain why the former 

piotein resulted in a far higher instance of cell death, as the loss of cellular homeostasis 

would be more rapid. Further studies will be required to determine the precise nature of the 

mechanism of cell death associated with mutations that cause EKV.

Findings from the in vitro study of EKV-associated Cx3I mutations have provided somewhat 

of a paradox: an increased instance of cell death appears to underlie a disorder that is 

ultimately characterised by hyperproliferation. This presents an intriguing dichotomy which 

will require additional study. For instance the role of Cx3I during the different stages of 

keratinocyte differentiation remains to be explored, and moreover the precise relationships 

that exist between Cx3I and the many other connexin types that are co-expressed in 

epidermal tissue has yet to be elucidated. Given that at least ten different connexin types are
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expressed in epidermal tissue, this presents a formidable task (Di et al., 2001). The findings 

pesented in this study provide new insights into the differing effects that distinct Cx31 

nutations confer on channel function and cellular phenotype, and therefore constitute a step 

towards understanding the intriguing phenotype-genotype relationships produced due to 

P-connexin mutations.
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25 CONCLUSION

This study has demonstrated that Cx31 harbouring either the rare 66DelD hearing 

kss/peripheral neuropathy mutation or the R32W polymorphism cannot to assemble into 

fmctional homotypic channels. Loss of channel function associated with the 66DelD 

nutation is likely to result in the impaired recycling of potassium ions within the cochlea of 

tfe inner ear, and the impaired radial diffusion of ions and metabolites in the Schwann cells 

o' the peripheral nervous system. Together these abnormalities are likely to underpin the 

hearing loss and peripheral neuropathy found in individuals who harbour this mutation. The 

R32W polymorphism results in a dysfunctional protein and so may prove to be of importance 

ir an as yet unassociated recessive disease. Finally, cell death appears to be a common 

characteristic of EKV-associated Cx31 mutation. Therefore distinct Cx31 mutations that 

influence either the epidermis or the auditory and peripheral nerve transduction process elicit 

different effects at the cellular level. In conclusion, this study has identified some key 

phenotypic differences with respect to disease-associated Cx31 mutations.
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3 THE CHEMOTAXIS AND MOTILITY OF SARCOMA CELLS AND 
FIBROBLASTS

31 INTRODUCTION

31,1 Chemotaxis in physiology and pathology

Tie migration of cells towards and away from the source of diffusible chemical signals is 

kiown as chemotaxis (Bray, 2001). Chemotactic behaviour first evolved with the earliest life 

fcrms providing a mechanism of bacterial translocation towards nutrient sources and 

eiabling cell aggregation during periods of environmental stress (Budrene and Berg, 1991). 

As organism complexity has increased so too has the range of biological processes in which 

chemotaxis can be found to play a role. In mammals chemotactic behaviour is essential for 

the efficient function of a broad range of homeostatic mechanisms: the recruitment of 

leukocytes to regions of infection and tissue trauma is a chemotactic driven process that is 

essential for effective immune system function (Wilkinson, 1987). During wound repair the 

chemotactic migration of kératinocytes and fibroblasts into the exposed region is believed to 

be important for wound closure (Gillitzer and Goebeler, 2001). Homeostatic mechanisms that 

regulate the constant turnover of bone are believed to include chemotaxis as calcium signals 

gride mineral-reabsorbing osteoblasts to sites of bone degradation (Yamaguchi et ah, 1998). 

Daring embryogenesis selective neurotransmitters and growth factors regulate the 

chemotactic migration of neurons from zones of proliferation to their appropriate destinations 

within the developing brain (Nguyen et ah, 2001). Furthermore, the tight regulation of 

chemotactic signals that attract and repel the highly motile axonal growthcone during neurite 

outgrowth is believed to enable the precise synaptic formations required during the
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development of the central nervous system (Xiang et al., 2002). Many such homeostatic 

mechanisms require various cell types to exhibit only transient chemotactic responses and 

therefore it is essential that the multitude of signals that collectively promote and inhibit this 

behaviour are under strict control. Any breakdown in this control can result in inappropriate 

chemotactic responses that can have detrimental rather than beneficial effects on the 

organism.

Inappropriate chemotactic responses and loss of chemotactic fimction underlie a wide range 

of pathological states. Wiscott Aldrich Syndrome (WAS), a rare X-linked congenital 

immune-deficiency disorder characterised by heightened susceptibility to infection and 

autoimmune complications, is in part, believed to be the consequence of poor leukocyte 

chemotaxis (Badolato et al., 1998; Zicha et al., 1998). Inappropriate chemotactic responses 

also promote the development of a range of pathological conditions that are often associated 

with inappropriate inflammatory responses such as autoimmunity and type II hypersensitivity 

(allergy). The accumulation of large populations of neutrophils within the synovial joints of 

Rheumatoid Arthritis patients is a chemotactic driven process that results in the eventual 

destruction of the surrounding cartilage due to excessive elastase secretion by these cells 

(Podolin et al., 2002). The chemotaxis of microglia towards amyloid P-peptide is believed to 

be responsible for the accumulation of these cells in regions of peptide build-up and 

deposition in the Alzheimer’s diseased brain (Smits et al., 2002). Microglial accumulation 

results in much of the secondary inflammatory damage associated with this disease; release 

o f  neurotoxins and other cytotoxic agents results in the dendritic pruning and localised 

synaptic loss that is believed to underlie the cognitive impairment associated with

85



Alzheimer’s disease (Strohmeyer and Rogers, 2001). The abnormal recruitment of large 

numbers of eosinophils to the asthmatic lung underlies much of the pathology associated 

^\ith this condition including endothelial cell destruction and bronchial constriction (Conroy 

and Williams, 2001). The chemotactic driven migration of blood monocytes into the early 

atheroma is a key step in the progressive development of arteriosclerosis, the most common 

underlying cause of coronary hear disease. Once resident within the atheroma monocytes 

mature into macrophages and ultimately foam cells that secrete proteases and coagulating 

factors that collectively promote plaque breakdown and thrombosis (Libby, 2002). However, 

one of the most striking examples of how chemotaxis can contribute to the development of a 

disease is provided by the metastatic spread of cancer.

3.L2 Metastatic disease

Metastatic disease is the major cause of death in cancer (Ahmad and Hart, 1997). Yet the 

process by which subpopulations of cells within a primary tumour acquire the ability to 

establish sites of secondary growth in other areas of the body remains poorly understood. A 

primary neoplastic growth often consists of different zones of morphologically and 

biologically distinct cell populations which, through a gradual process of tumour progression, 

may have arisen from a single transformed cell (Fidler and Hart, 1982). Different cell 

populations can exhibit markedly different metastatic potentials and resistances to 

chemotherapeutic agents. It is this inherent biological heterogeneity that, through a process of 

cell selection, determines a cancer’s ability to survive and spread in the face of host defence 

mechanisms and current therapeutic strategies.
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The metastatic cascade defines a set of, as yet, poorly understood processes that enable cells 

tbm the primary tumour to seed new sites of secondary growth within other regions of the 

h)st. Escape from the primary tumour, entry into the blood stream and/or local lymphatics, 

ærest in the capillary bed of a target organ, subsequent infiltration of the surrounding tissue, 

aid finally, initiation of secondary tumour growth are all requirements of a metastasising cell 

population (Ahmad and Hart, 1997; Fidler and Hart, 1982). Furthermore, metastasising cells 

nust evade a constant barrage of host defence mechanisms in order to sustain the progressive 

spread of the disease. The main stages of the metastatic cascade are defined in Figure 23.

Tie metastatic cascade is a highly complex process usurping host mechanisms as well as the 

inherent properties of the cancer. The initial process of intravasation whereby metastasising 

cdls escape from the primary tumour into the local lymphatics or blood stream is a multi- 

component process involving the exploitation of host angiogenic mechanisms, the dynamic 

re la t io n  of cell attachment to extracellular substrates, the local degradation of these 

substrates, and the detection and response to local gradients of soluble or matrix-bound 

signalling factors. Metastasising cells may not need to fulfil all these requirements as other 

cell populations within the tumour or from the host may contribute in part to providing an 

environment that is conducive to tumour cell spread. However, the ability to chemotax is 

likely to be an important property common to all metastasising cells: chemotactic signals 

commonly associated with the vasculature and chemotactic peptides that are solubilised and 

liberated as a consequence of matrix degradation are believed to guide metastasising cells 

from the primary tumour towards the local bloodstream or lymphatics

87



Figure 23. The metastatic cascade
(A) The initial process o f  cell transformation that results in uncontrolled cell growth. Most 
primary neoplasms are likely to be monoclonal in origin (Fidler and Hart, 1982). (B) 
Tumour growth and evolution resulting in the emergence o f subpopulations o f  cells o f  
varying biological phenotypes e.g. varying metastatic potentials and cytotoxic resistances. 
(C) New angiogenic growth required fo r  any tumour mass exceeding approximately 2 mm in 
diameter (Fidler and Ellis, 1994). New vessel growth is often disorganised and highly 
permeable -  this may aid the process o f intravasation (Ahmad and Hart, 1997). (D) 
Subpopulations o f  cells acquire the ability to detach from the main tumour mass and 
infiltrate the local vasculature or lymphatics, a process requiring the dynamic regulation o f  
cell-cell and cell-substrate attachments, local matrix degradation, chemotaxis, and 
resistance to high shear forces upon entering the blood stream. (E) Cell trafficking via the 
bloodstream. The tumour cell finally arrests in the capillary bed o f a target organ. (F) 
During extravasation chemotactic signals can guide the tumour cell into the surrounding 
tissue, a process requiring further matrix degradation and dynamic regulation o f cell 
attachments. (G) Now resident within the target organ the cell must survive and persist 
within a foreign tissue environment. The cell may possibly require additional genetic and/or 
regulatory changes before initiation o f secondary tumour growth and may persist fo r  years 
without division, a phenomenon known as minimum residual cancer (Klein et a i, 2002). (H) 
Initiation o f secondary tumour growth and establishment o f  full-blown métastasés. The 
tumour cells successfully adapt and survive in the foreign tissue possibly due to autonomous 
regulation o f cell growth resulting from acquired autocrine signalling mechanisms (Rusciano 
and Burger, 1992).



(Vyckoff et al., 2000a; Wyckoff et al., 2000b). Additionally, during the latter stages of the 

netastatic cascade chemotactic signals are likely to be important for promoting the 

eitravasation of metastasising cells that have arrested in the capillary beds of target organs.

Evidence o f  a role fo r  chemotaxis in intravasation: Recent studies confirm the ability of 

netastatic cells to chemotax away from primary tumours in response to growth factors 

commonly associated with the vasculature (Wyckoff et al., 2000b). In these studies the 

aithors inserted microneedles loaded with matrigel and growth factors into rat tumours in 

Oder to assess the chemotactic ability of metastatic and non-metastatic tumour cells in vivo. 

It was found that while tumour cells readily infiltrated microneedles inserted into metastatic 

tunours only modest infiltration was found in the case of non-metastatic tumours. The 

subsequent genetic analysis of the two tumour populations used in these studies revealed that 

rretastatic tumour cells expressed significantly higher levels of the EGF receptor when 

canpared to non-metastatic tumour cells (Wang et al., 2002b). Therefore EGF, which is 

abundant in serum, platelets, and vascular smooth muscle cells, may provide an essential 

signal for the chemotactic driven intravasation of certain tumour cells.

Both the intravital imaging of living tumours and the analysis of histopathological sections of 

fixed tumours reveal that cells often polarize towards blood vessels in metastatic tumours but 

are essentially randomly polarised in non-metastatic tumours (Wyckoff et al., 2000a). Cells 

of metastatic tumours are therefore able to detect directional cues in the tumour 

microenvironment that actively guide them towards the local vasculature, while cells of non­

metastatic tumours are either blind or unable to respond to these signals. Large numbers of 

immune cells can also be found to infiltrate metastatic tumours, something that is less
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apparent in non-metastatic tumours. Growth factors and other cytokines released by immune 

cells as they enter the tumour may attract metastatic cells towards blood vessels and thus 

further enhance the process of intravasation.

Evidence o f  a role fo r  chemotaxis in extravasation: A potential role for chemotaxis during 

the final stages of metastasis could also be inferred from the fact that many cancers exhibit 

organ-specific métastasés (Fidler and Hart, 1982; Rusciano and Burger, 1992). Although 

many target organs of métastasés are usually dense with microvasculature such as bone, 

lungs and liver, passive cell trapping alone is insufficient to explain the organ-specific aspect 

of this process. For instance, the spleen is a highly vascular organ and yet represents a rare 

site of metastasis (Pollock, 1999). Furthermore, although sites of secondary tumour growth 

often reside in organs that represent the first significant vascular network downstream of the 

site of primary tumour growth, this is certainly not the rule: lung carcinomas often shed 

metastasis to the adrenal gland which represents a surprisingly distant anatomical target for 

this cancer, while neuroblastomas target the liver and bone, but rarely the lung, which is 

otherwise a common site of metastasis for many other cancers (Pollock, 1999; Rusciano and 

Burger, 1992).

A large body of experimental data now exists that indicates that sites of métastasés are not 

determined by the mere anatomical distribution of target organs. The intravenous injection of 

the M5076 murine sarcoma cell line into mice results in the rapid accumulation of tumour 

cells within the lung, the first dense vascular network that these cells encounter. However, 

over a period of 3-4 days the cells slowly filter through the pulmonary capillary network and
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sibsequently traffic to the liver where they finally establish métastasés (Hart et al., 1981). 

Nore recent studies have also shown that mixed populations of cells from tumours that shed 

netastasis to differing locations show distinctive trafficking in vivo, revealing the preferential 

persistence of one population over the other in different body tissues (Koike et al., 1997). 

Tie phenomenon of organ-specific metastasis is likely to be a consequence of a multitude of 

factors that include the preferential adhesion of metastasising cells to organ-specific 

eidothelial cell markers, the chemotactic response of these cells towards growth factors 

asociated with the target organ, and the ability of these cells to persist and finally grow in a 

foreign organ environment. Adhesion interactions between circulating cancer cells and cells 

of the endothelium are likely to play a key role in the initial process of target organ selection. 

Iideed, in vitro studies reveal that metastatic cell lines preferentially adhere to endothelial 

sheets derived fi*om those organs that represent the cancer cells’ in vivo targets (Auerbach et 

al, 1987). However, once adhered to the endothelium the subsequent process of 

extravasation is likely to depend on the ability of the metastasising cells to detect and 

respond to chemotactic signals that direct cell migration into the organ itself (Hujanen and 

Tcrranova, 1985; Rusciano and Burger, 1992).

A wealth of evidence exists that strongly links the chemotactic behaviour of metastatic cells 

to extravasation. Chemokines, which bind to growth factor receptors specifically upregulated 

in breast cancer cells, exhibit peek levels of expression in those organs most commonly 

targeted by metastasis in this disease (Muller et al., 2001): the expression of the CXCR4 

receptor promotes the metastatic spread of the 1231 breast carcinoma cell line to the regional 

lymph nodes and liver when injected into the tail vein of nude mice. Both these organs
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represent abundant sources of SDF-1, the specific ligand for this receptor, and are both 

common targets of breast cancer metastasis. The pre-treatment of cells with a blocking 

antibody specific for the CXCR4 receptor prior to intravenous injection prevents the 

formation of métastasés at these sites, implicating a role for chemotaxis in organ-specific 

targeting and extravasation. In vitro studies reveal the preferential chemotaxis of prostate 

cancer cells towards tissue extracts fi*om bone marrow, a common target for prostate cancer 

metastasis, whilst extracts fi*om other tissues have poor chemotactic effects (Jacob et al., 

1999). Similar examples of the preferential chemotaxis of cancer cells towards tissue extracts 

derived from their in vivo target organs have been shown for melanoma, sarcoma, and breast 

carcinoma cell lines (Hujanen and Terranova, 1985). It has also been demonstrated that the 

injection of chemotactic factors into the peritoneal cavity of rats promotes the formation of 

multiple métastasés in the surrounding mesenchymal tissue upon the intravenous injection of 

Walker carcinosarcoma cells (Lam et al., 1981). Taken together, these findings strongly 

implicate an important role for chemotaxis in both the initial intravasive and final extravasive 

stages of the metastatic cascade. A knowledge of the cellular mechanisms involved in the 

promotion and regulation of cancer cell chemotaxis could, therefore, provide additional 

targets for the development of new cancer therapies.

Additional requirements fo r  metastasis: Chemotaxis is not the sole requirement for efficient 

metastasis as other mechanisms such as matrix degradation, regulated adhesion, and 

angiogensis are also required for efficient cancer spread. It is now believed that cells of non- 

tumour origin that are either recruited to, or resident within the local tumour vicinity may 

provide some of these additional requirements. For instance, fibroblasts isolated from basal
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cill carcinomas show elevated levels of protease production, and so are likely to aid the 

netastatic process through the solubilisation of local matrix, a major barrier to cell motility 

(lauli et al., 1983). The abnormal behaviour of host cells within the vicinity of the tumour is 

a consequence of both paracrine signalling and direct tumour cell-stromal cell interactions. 

Tirough these mechanisms tumour cells are able to modify the gene expression of local 

fnroblast populations, promoting their production and secretion of numerous proteolytic 

eizymes. In vitro studies reveal that co-cultures of human fibroblasts and MCF7 human 

bieast carcinoma cells induce the production of collagen and lamanin proteases in the 

foroblast population (Ito et al., 1995). Indeed, the importance of matrix degradation in 

cmcer spread is paramount as the degree of protease activity within a tumour often directly 

ccrrelates with progression to a malignant phenotype, characterised by increased local tissue 

invasion and metastasis (Murphy et al., 1989; Pauli et al., 1983).

Local inflammatory responses are also likely to aid tumour survival and spread. Mast cells, 

wiich accumulate in high numbers at regions of tumour invasion, degranulate and release 

potent proteases and chemical factors that promote neovascularisation. As vascular 

erdothelial cells penetrate the tumour mass in response to these angiogenic signals they 

further promote matrix degradation through the release of additional proteolytic enzymes 

(Pauli et al., 1983). The exploitation of host angiogenic mechanisms is likely to be crucial for 

metastasis as dense vascular growth within the tumour provides a local route into the wider 

blood stream. This is aided further by the fact that much of this new vascular growth is thin- 

walled and consequently leaky (Ahmad and Hart, 1997). Furthermore, angiogenesis is 

essential for the progressive growth of both primary and metestatic tumours, as any tumour
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irass that exceeds a radius of approximately 1-2 mm must establish an independent blood 

sipply (Fidler and Ellis, 1994).

31,3 Mechanisms o f chemotaxis

Chemotaxis is a motile response that is well defined at the level of cell behaviour. The 

irtracellular signalling cascades and molecular machinery that control the chemotactic 

response, however, are likely to be highly complex. The key to cell motility lies in the 

cjtoskeleton, a dynamic network of filaments and associated proteins whose organisation 

dctates cell morphology (Machesky and Insall, 1999; Pollard and Borisy, 2003). An 

effective chemotactic response requires that a cell polarise in the direction of the chemotactic 

gradient (Bray, 2001). Such a process can only be achieved through a dramatic spatial and 

tenporal reorganisation of the actin cytoskeleton. For a number of vertebrate cell types it has 

been suggested that the chemotactic response requires the initial protrusion of actin rich 

extensions or filopodia towards the stimulus (Ridley et al., 1995; Zicha et al., 1998). Once 

established these extensions can function as the primary scaffold that guides the forward 

propagation of an actin filament array that constitutes the underlying structural framework of 

thi lamellipodium or cell leading edge whilst the constant pinocytosis of activated receptor at 

the leading edge may function to intensify the signalling gradient within the cell and further 

enhance polarity (Bailly et al., 2000). Once established this asymmetric shape, with 

appropriate adhesion to the substrate, enables the cell to migrate along the axis of 

polarisation using its acto-myosin machinery.
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A directed motile response such as in chemotaxis requires the effective processing of spatial 

and temporal cues in the cell’s microenvironment and the transmission of this information to 

the cytoskeleton to enable correct morphological responses. The plethora of actin binding 

proteins that directly modify filaments through capping, severing, bundling, cross-linking, 

nucleating and extracellular matrix anchoring lie at the heart of this process (Machesky and 

Insall, 1999). They translate cell surface signals into the mechanics of cell movement. 

Understanding chemotaxis therefore lies in understanding the mechanisms that control the 

spatial and temporal activity of these proteins. Many molecules have been identified as 

signalling intermediates between cell surface receptors and the actin cytoskeleton including 

protein kinases (Kiley et al., 1992; Kiosses et al., 1999), scaffold proteins (Takenawa and 

Miki, 2001), and the Rho family of GTPases (Aspenstrom, 1999; Bishop and Hall, 2000; 

Ridley, 1996) all of which are likely to operate through their effects on the actin binding 

proteins.

3, L 4 Regulators o f cell polarity

A number of signalling molecules have previously been identified as important regulators of 

cell polarity in a variety of cell systems and thus provide logical candidates for study in the 

chemotaxis of cancer cells. Many of these molecules are found to exhibit a high degree of 

fimctional conservation, regulating polarity in unicellular and multicellular organisms and in 

cells of a broad range of tissue types. Those regulators of polarity that have been directly 

implicated in the chemotaxis of various mammalian cell types formed the primary focus of 

this study.
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3J.5 Cdc42

Cdc42, an extensively characterised member of the Rho family of GTPases, is likely to 

regulate polarity in most, if not all, eukaryotic cells (Etienne-Manneville and Hall, 2002; 

Johnson, 1999). It represents an important signalling intermediate in the transmission of 

receptor signals to the actin cytoskeleton, mediating its effects through interactions with 

various downstream target proteins that either directly or indirectly regulate actin assembly. 

Many of these targets have themselves been identified as important regulators of polarity 

suggesting the existence of a network of interconnected and highly conserved proteins 

involved in cell polarity control.

Cdc42 belongs to the Rho family of GTPases, small monomeric proteins 20 kDa -  30 kDa in 

size that catalyze GTP hydrolysis (Bishop and Hall, 2000; Hall, 1998; Ridley, 1996). Their 

activity is dictated by the nature of their bound nucleotide: in the GTP bound form the 

protein is active, can localize to membranes, and interact with effector molecules, thereby 

initiating downstream signalling events. In the GDP bound form the protein is inactive and 

largely sequestered in the cytoplasm by inhibitory proteins that prevent membrane 

localization and spontaneous nucleotide exchange. Activation of Cdc42, as with the other 

Rho family members, is largely governed by interactions with the guanine nucleotide 

exchange factors (GEFs), GTPase activating proteins (GAPs) and GDP-disassociation 

inhibitors (GDIs) that regulate both the nature of the bound nucleotide and the inherent 

GTPase activity of the protein. The GEFs associate with the inactive form of Rho-family 

proteins and catalyze the exchange of bound GDP for GTP that is required for activation. The 

Rho-family members exhibit intrinsic GTPase activity and the eventual hydrolysis of bound
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GTP to GDP+Pj renders the protein inactive once more. However, their intrinsic GTPase 

a(tivity is inefficient and the process of GTP hydrolysis inherently slow. The GAPs therefore 

act to greatly enhance this process and upon GTPase binding, promote the rapid conversion 

O' bound GTP to GDP+Pj terminating further downstream signalling events. The post- 

tnnslational modification of Cdc42 and various other Rho-family members result in the 

pienylation of the carboxy terminus of the protein providing the addition of a 

geranylgeranylation isopropene group, a prerequisite for membrane targeting and protein 

fmction. When inactive, inhibitory proteins (GDIs) mask this c-terminal lipid anchor 

sequestering and solubilising the protein within the cytoplasm. However, upon activation 

Clc42 is delivered to the membrane where it is free to interact with potential signalling 

partners (Figure 24, page 19).

Interactions with effector proteins are likely to be mediated through the switch I and switch II 

dcmains of Cdc42, two surface loops which undergo conformational alterations that depend 

or the nature of the bound guanine nucleotide. Interactions between the active conformation 

of the switch I domain and a conserved GTPase consensus site, the CRIB (Cdc42/Rac 

in:eractive binding) domain, found within many Cdc42 target proteins provides the major 

mechanism of Cdc42/effector binding. CRIB domain binding induces subsequent 

conformational changes in the target protein, often through the disruption of intermolecular 

auto-inhibitory interactions, resulting in protein activation and further downstream signalling 

(Bishop and Hall, 2000).
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Figure 24. The Rho GTPases
The Rho GTPases function as molecular switches, cycling between active OTP-bound and 
inactive GDP-bound states. They are regulated by their associated guanine nucleotide 
exchange factors (GEFs), GTPase activating proteins (GAPs) and GDP-disassociation 
inhibitors (GDIs). (A) GDIs function as inhibitors o f  Rho proteins, sequestering the 
inactive/GDP-bound form o f the protein within the cytoplasm. (B & C) GEFs activate Rho 
proteins by catalysing the exchange o f the bound GDP for GTP, allowing membrane 
localisation and interaction with downstream effector molecules. The intrinsic GTPase 
activity o f  Rho family proteins results in the eventual hydrolysis o f bound GTP and a return 
to the inactive state, thus terminating signalling. (D) GAPs, however, greatly enhance this 
process and rapidly down-regulate signalling upon association with the Rho protein.
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Cdc42 and polarity: The importance of Cdc42 in cell polarity was first established as a 

cmsequence of studies performed in Saccharomyces Cerevisiae. In these studies cells that 

caried temperature sensitive mutants of Cdc42 were found to have markedly disorganised 

artin structures and exhibited both a loss of polarised cell growth and an inability to form 

bids during mitosis (Adams et ah, 1990). Additional localisation studies revealed that wild- 

tp e  Cdc42 was highly concentrated at sites of bud emergence and within pheromone- 

iniuced mating projections, further indicating the importance of Cdc42 in yeast polarity 

(2iman et ah, 1993). Since these initial studies Cdc42 has been implicated in the control of 

cdl polarity in almost all eukaryotic organisms in which this protein has been studied. 

Polarised outgrowth of the fungus Pénicillium mameffei is dependent upon Cdc42 activity, 

inhibition of which results in aberrant haephae outgrowth and disorganised septum formation 

(Eoyce et al., 2001). Recent studies demonstrate the importance Cdc42 function in 

establishing the polarity of the single-cell embryo of the worm Caenorhabditis elegans 

(Cotta et al., 2001), while Cdc42 dependent actin rearrangements control neurite outgrowth 

in the drosophila fly (Johnson, 1999).

Cdc42 has also been shown to govern a range of polarity events in mammalian cell systems: 

The selective diffusion of lipids and membrane proteins across tight junctions, and the 

regulation of vesicular trafficking to basolateral and apical membranes are essential for the 

maintenance of epithelial sheet polarity, and are two cellular processes in which Cdc42 

function is known to play a role (Rojas et al., 2001). The correct alignment of the Golgi 

apparatus towards antigen presenting cells and the accompanying increase in actin 

polymerisation at areas of cell-cell contact are disrupted in helper T-lymphocytes following
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Cdc42 inhibition (Stowers et al., 1995), while in rat embryonic fibroblasts inhibition of 

Cdc42 disrupts the orientation of the Golgi apparatus along the axis of cell migration (Nobes 

and Hall, 1999). A more recent and striking discovery is the dependence o f the chemotaxis of 

certain cells of the mammalian immune system on Cdc42 function: the chemotaxis of either 

T-lymphocytes to gradients of SDF-1 (Haddad et al., 2001) or B a d  macrophages to 

gradients of CSF-1 (Allen et al., 1998) is abolished following Cdc42 inhibition.

Given the importance of Cdc42 function in the chemotaxis of cells of the mammalian 

immune system, as well as the central role for this protein in the regulation of cellular 

polarity per se, Cdc42 provides an obvious candidate for study in the chemotaxis of cancer 

cells. Indeed, with respect to cancer biology, one key question that arises is whether 

metestatic cancer cells acquire the ability to exploit the same signalling mechanisms that 

cells of the immune system use to regulate their motile and chemotactic machinery.

3J ,6  TclO

The recent characterisation of the Rho GTPase TclO has revealed that this protein shares 

many common downstream targets with Cdc42, including proteins involved in the regulation 

o f actin assembly (Neudauer et al., 1998). TclO and Cdc42 exhibit a high degree of sequence 

homology (> 65 %) (Murphy et al., 1999). The switch I domains of these proteins are highly 

homologous (>70 %), permitting their association with a similar range of CRIB domain 

containing effector proteins including N-WASP, and PAKl, key regulators of actin 

dynamics. The ectopic expression of constitutively active variants of TclO in fibroblasts and 

neurones induces the formation of filopodia, actin-rich structures commonly associated with
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Cdc42 activation (Neudauer et al., 1998). Taken together these finding make TclO an 

obvious candidate for the additional regulation of polarity events in mammalian cells.

TclO and polarity: Despite their similarities, recent studies have established a role for TclO 

in the regulation of mammalian cell polarity that appears to be distinct to that of Cdc42. For 

instance, TclO has been shown to induce new neurite outgrowth in the NlE-115 mouse 

neuroblastoma cell line (Abe et al., 2003), while Cdc42 has no effect. Organ culture studies 

reveal that TclO mRNA expression is dramatically upregulated in dorsal root ganglia 

neurones following axotomy, promoting the regeneration and polarised outgrowth of new 

neurite extensions (Tanabe et al., 2000). The expression levels of other GTPases are, 

however, unaffected. The importance of TclO in polarity has largely come fi"om studies 

performed in tissue-cultured neurones and, to a lesser extent, fibroblasts cell lines. The role 

o f TclO in the regulation of polarity in other cell types remains to be established. However, 

recent findings make it is easy to speculate that this protein may provide an additional 

mechanism of GTPase-dependent polarity regulation in a number of other cell systems and 

that TclO signalling may both complement and also fimction independently from Cdc42 

associated signalling processes.

3,1.7 The WASP-family proteins

Actin filament assembly is essential for cell protrusion and therefore polarity and motility. 

Consequently, Cdc42 and TclO must mediate much of their control on cell polarity through 

the remodelling of the actin cytoskeleton. However, as GTPases do not interact directly with
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actin monomers or filaments their effects must be mediated through downstream effector 

rrolecules that target the actin cytoskeleton either directly or indirectly.

Nicleation is the limiting factor in filamentous actin assembly. Consequently signalling 

events that induce actin assembly must utilize mechanisms that promote actin nucléation 

eiher through the uncapping or severing of pre-existing filaments to provide exposed sites 

fir further filament elongation, or through the activation of specific actin nucleating proteins 

that promote de novo filament production. The Wiskott-Aldrich syndrome protein (WASP) 

fanily members represent key regulators of actin assembly, providing a common mechanism 

fir the de novo polymerization of actin filaments (Takenawa and Miki, 2001). The WASP 

family members include WASP, expression of which is restricted to cells of haematopoietic 

origin, neuronal WASP (N-WASP), which is ubiquitously expressed, and the SCAR/WAVE 

proteins. WASP family members collectively integrate signals irom a number of upstream 

pathways and translate them into filamentous actin assembly through a common effector; the 

A*p2/3 actin-nucleating complex (Machesky and Gould, 1999). Their ability to converge 

signalling in this way is reflected in the nature of their structure: the amino terminus that 

dictates the binding of upstream regulators varies widely in sequence homology between 

WASP-family members, while the carboxyl terminus that recruits actin and the Arp2/3 

complex remains highly conserved. The VGA domain (for verproline homology, cofilin 

homology, acidic region) that lies within the carboxyl termini of all WASP-family members 

is responsible for actin and Arp2/3 binding, and upon recruitment of these molecules an actin 

assembly complex is formed that catalyses the rapid nucléation of actin and thereby the 

polymerization of new filaments.
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N-WASP is likely to mediate Cdc42/Tcl0 dependent actin assembly in a variety of 

nnmmalian cell types. The carboxyl-terminus of N-WASP contains the VC A region 

ccmmon to all WASP family members while the amino-terminus contains a unique GTPase 

bhding domain (GBD) specific for Cdc42/Tcl0 binding and which is crucial for the 

r e la t io n  of N-WASP fimction (Kim et al., 2000). The GBD region consists of a core 16 

residue CRIB motif and flanking sequences that stabilize GTPase binding. Upon Cdc42/Tcl0 

bhding N-WASP undergoes a dramatic conformational change that provides a scaffold for 

tlE assembly of a multimeric actin nucleating and polymerising complex.

The mechanism of activation of Rho-family effectors commonly involves the disruption of 

ar autoinhibitory state that reveals catalytic or adaptor domains within the target molecule, 

which once exposed, can initiate further downstream signalling events. N-WASP adheres to 

this theme and in the inactive state adopts a folded, autoinhibitory conformation that results 

from intramolecular associations between the GBD and VCA domains (Kim et al., 2000). 

This association occludes VCA-Arp2/3 binding and thus inhibits actin assembly. However, 

active Cdc42/Tcl0 competes with the VCA domain for GBD binding, thereby disrupting the 

autoinhibitory association. Once exposed the VCA region is available to recruit the Arp2/3 

complex and initiate actin assembly. Acidic phospholipids such as phosphoinositide-(2,4)- 

bisphosphate (PI(4,5)P2) are believed to further modify and/or enhance the effects of 

N-WASP activation, possibly by stabilising active GTPase/N-WASP complexes at the 

membrane (Prehoda et al., 2000). Once localised at the membrane the N-WASP/actin 

assembly complex can stimulate actin filament production and the subsequent cell protrusion
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required for cell motility. The mode of N-WASP activation is summarized in Figure 25, 

pige 19.

N-WASP and polarity: WASP-family proteins are likely to mediate much of the actin 

reorganisation that underlies Cdc42/Tcl0 dependent changes in cell morphology and 

polarity. Mutations in haematopoetic WASP lead to the congenital disorder Whiskott-Aldrich 

Syndrome, the condition from which the protein acquires its name, and in which macrophage 

aid monocyte chemotaxis is found to be greatly impaired (Badolato et al., 1998; Zicha et al., 

1998). Given the importance of Cdc42 signalling in the chemotaxis of B a d  macrophages it 

is likely that a Cdc42/WASP pathway regulates chemotaxis in these cells. Furthermore, 

activation and direct interaction of Cdc42 with WASP has been reported as essential for the 

chemotaxis of T-lymphocytes toward SDF-1 (Haddad et al., 2001), suggesting that this 

pathway plays a common role in the regulation of chemotaxis in cells of haematopoietic 

origin.

N-WASP has been associated with polarity events in cells of non-haematopoetic origin, 

reg;ulating axonal outgrowth in hippocampal neurons (Banzai et al., 2000), and invasion and 

tubulogenesis in epithelial cells (Yamaguchi et al., 2002). Although the importance of WASP 

in the chemotaxis of cells of haematopoitic origin is now well established, a possible role for 

N-WASP in the chemotaxis of cells of non-haematopoetric origin has only recently begun to 

be explored. The similarities between these proteins both in sequence homology (> 50 %), 

their effects on cytoskeletal remodelling, and their shared upstream regulators make 

N-WASP an obvious candidate for study in the chemotaxis of cancer cells.
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Figure 25. Activation o f N-WASP
(A) When inactive N-WASP adopts a 

folded, autoinhibited conformation due 
to intramolecular associations between 
the VCA domain and the GTPase 
binding domain (GBD). (B) Upon 
activation and liberation from  
sequestering Rho-GDI Cdc42 can bind 
the GBD domain o f N-WASP, 
disrupting these intramolecular 
associations and exposing the VCA 
region. (C) Cdc42 and PIP 2 

synergistically function to stabilize 
active N-WASP at the membrane. 
Recruitment o f Arp2/3 to the exposed 
VCA domain initiates de novo actin 
polymerisation, initiating cytoskeletal 
changes.
GBD: GTPase binding domain.
BR: Basic region.
PR: Proline rich domain.
WHl: WASP homology 1.
VCA: verproline homology, cofilin
homology, acidic region.
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31,8 PAK serine/threonine kinases

Tie p21-activated kinases (PAKs) represent a family of highly conserved serine/threonine 

knases that regulate cell morphology and motility through their effects on the actin 

cytoskeleton and cell adhesion (Edwards et al., 1999; Kiosses et al., 1999; Sells et al., 1999; 

Sîlls et al., 1997). Four mammalian PAK isoforms have been identified to date, all of which 

rq)resent downstream targets for regulation by Rho family GTPase. With the potential to 

both regulate and be regulated by a wide range of proteins PAK signalling is, to say the least, 

ccmplex. Furthermore although the kinase activity of PAK is essential for certain signalling 

processes it seems to be largely irrelevant for others, and although originally characterised by 

their ability to both bind and become activated by GTPases, it is now clear that PAKs can 

aho fimction in a GTPase independent manner.

PÀKl is the most highly characterized of all the mammalian PAK isoforms. In keeping with 

the characteristics of other GTPase effectors, PAKl activation is believed to initially involve 

the disruption of autoinhibitory interactions (Lei et al., 2000). Indeed the fimctional 

organization of PAKl is remarkably similar to that of N-WASP, although they are essentially 

urrelated proteins. PAKl is divided into two basic functional regions; a kinase domain 

within the carboxyl-terminus and a regulatory domain within the amino-terminus. In the 

inactive, autoinhibited state PAKl exists as a soluble dimer, the kinase domain of one 

molecule bound tightly to an autoregulatory domain within the amino-terminus of the other 

(Figure 26A). The autoregulatory domain consists of a p21 binding domain (PBD) (70 -  113) 

that binds to the active form of Rho GTPases, and an overlapping, upstream inhibitory 

sequence (83 -  149) that binds and masks the catalytic site of the kinase domain when the
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p:otein is in the autoinhibitory conformation. The PBD domain of PAKl contains a CRIB 

notif and is analogous in function to the GBD domain of N-WASP. Upon binding to the 

P3D domain active GTPases disrupt protein dimérisation and therefore the intermolecular 

aitoinhibitory conformation, resulting in the liberation of active PAKl monomer (Figure 

26B). Autophosphorylation events that follow the liberation of the kinase domain further 

stibilize the activity of molecule. Interestingly, it has been reported that, for at least PAK3, 

the phosphorylated protein exhibits a reduced affinity for GTPases in vitro, possibly 

reflecting an intrinsic feedback mechanism for the down regulation of PAK activity 

(Hashimoto et al., 2001). The autoregulatory sequence of PAKl is very similar in structure to 

tint of N-WASP and this has lead to speculation that these proteins may potentially form 

heterodimeric complexes in vivo (Lei et al., 2000).

O'her sites for protein targeting are provided by proline-rich sequences that flank the 

autoregulatory domain of PAKl. Proline rich sequences upstream of the autoregulatory 

region provide competitive targets for both paxillin and Nek providing independent links to 

both focal adhesion-associated signalling and growth factor receptor-associated signalling 

pathways respectively: Paxillin is an adaptor protein that acts as a scaffold in the formation 

of integrin assembly complexes and has been reported to localise both kinase-active and 

kinase-inactive forms of PAKl to focal adhesion complexes (Hashimoto et al., 2001). Nek, 

on the other hand, is an adaptor protein that is recruited to receptor tyrosine kinases upon 

growth-factor stimulation (Lu et al., 1997; Lu and Mayer, 1999). Therefore Nek provides a 

mechanism for PAKl membrane localization that may further help to stabilise 

GTPase/PAKl complexes and to specifically localize PAKl to sites of receptor activation
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i f m  ddc42
AD

Figure 26. Activation o f PAKl
(A) Inactive PAKl exists as a soluble 
dimmer in the cytoplasm, the kinase 
domain o f each respective monomer 
blocked by the autoregulatory domain 
o f the other. (B) Upon activation and 
liberation from sequestering Rho-GDI 
Cdc42 can bind the autoregulatory 
domain o f PAKl, disrupting the dimer 
and exposing the catalytic domain. (C) 
Cdc42 can then stabilise active PAKl 
monomer at the membrane. Localization 
o f active Cdc42/PAKI complexes to 
sites o f receptor activation could be 
mediated by the adaptor protein Nek, 
which is constitutively bound to the 
amino terminus o f  PAKL 
AD: Autoregulatory domain.
PRO: Proline rich domain.
Kinase: Catalytic domain.
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(ligure 26C). The degree to which PAKl preferentially associates with either paxillin or 

Nik is unknown although it has been suggested that the latter constitutively associate with 

P\K1 in unstimulated cells (Lu et al., 1997). Additional proline rich sequences downstream 

o; the autoregulatory domain of PAKl provide targets for the guanine nucleotide exchange 

factor PIX (PAK-interacting exchange factor) (Lei et al., 2000). The recruitment and 

subsequent phosphorylation and activation of PIX by PAKl may provide a feedback loop for 

P.\K1 activation: PIX is a GEF and once active may therefore promote further GTPase 

activity and further drive and amplify PAKl activation pathways.

Uoon activation PAKl has been reported to orchestrate cytoskeletal rearrangements through 

tie phosphorylation of a number of target substrates including LIM kinase (Edwards et al., 

1^99), filamin (Vadlamudi et al., 2002), and both Myosin Light Chain (MLC)(Sells et al., 

1S99) and Myosin Light chain Kinase (MLCK) (Sanders et al., 1999). The phosphorylation 

and subsequent activation of LIM kinase is likely to influence cytoskeleton turnover through 

thi subsequent downstream phosphorylation and inhibition of cofilin, an actin filament 

severing protein. Activation of the actin binding protein filamin provides a mechanism for 

the orthogonal cross-linking of actin filaments, a process believed to be required for the 

formation of actin ultra-structures such as membrane ruffles. An increase in myosin light- 

chain phosphorylation following PAKl activation could directly effect morphology and 

motility by regulating Myosin-based cell contractility. However, the identification of MLCK 

as a potential substrate for PAKl suggests that in certain circumstances PAKl can also 

inhibit Myosin function. Therefore, although it is clear that PAKl is important for the
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regulation of Myosin function, the extent to which PAKl up regulates or down regulates the 

activity of this protein remains to be established.

PAKs also have the capacity to regulate cytoskeletal changes through kinase independent 

mechanisms, indicating that these proteins exhibit more than one mode of action. For 

instance it has been shown that upon recruitment to the plasma membrane PAKl can induce 

changes in the actin cytoskeleton that are independent of either kinase activity (Frost et al., 

1998; Sells et al., 1999), or GTPase binding (Bokoch et al., 1998; Vadlamudi et al., 2002). 

PAK signalling is therefore likely to be complex, offering multiple methods of activation and 

of relaying downstream signals. The degree to which PAKl exhibits either GTPase 

dependent/independent and/or kinase dependent/indenpendent signalling in vivo to 

orchestrate cytoskeletal rearrangements remains unclear. It is possible that PAKl may be 

employed in polarity mechanisms that are both related and independent of GTPase 

signalling. However, it is clear that PAKl is a key regulator actin dynamics and a crucial 

regulator of polarity in many biological systems.

PAKl and polarity: The role of the PAK-family proteins in cell polarity is wide ranging. The 

PAK homologue STE20 regulates actin assembly and morphogenesis in Saccharomyces 

cerevisiae (Eby et al., 1998) and overexpression of this protein can compensate for much of 

the morphological defects associated with loss of Cdc42 function, highlighting the 

importance of PAK in Cdc42 dependent signalling to the cytoskeleton. In protozoa PAK- 

related proteins have been implicated in the chemotaxis of Dictyostilum discoideum (Chung 

and Firtel, 1999) and in the efficient polarization and motility of the pathogenic parasite
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Entamoeba histolytica the underlying cause of the human disease amoebiasis (Labruyere et 

al., 2003). In Drosophila PAK proteins are believed to regulate actin assembly in the motile 

growth cone during axonal guidance and neuron migration (King et al., 1999).

In mammalian cells PAK family members have been identified as key regulators of polarity 

and motility, regulating protrusion, ruffling, and contractility: in NIH 3T3 fibroblasts PAKl 

has been reported to function as a potent stimulator of cell motility, irrespective of its kinase 

activity (Sells et al., 1999). However, both the persistence of cell movement and the 

co-ordination o f lamellipodial protrusion in these cells are highly dependent upon the kinase 

function of this protein. Indeed, the over-expression of a constitutively active kinase variant 

o f  PAKl greatly enhances the haptotactic response of NIH 3T3 fibroblasts to immobilised 

collagen gradients. In other studies the Cdc42-dependent activation of PAKl kinase activity 

has been reported to be required for the CXCLl driven chemotaxis of human embryonic 

kidney cells, directly implicating a role for PAKl in the chemotaxis of mammalian cells 

(Wang et al., 2002a). Therefore, it is possible that WASP-family and PAK-family proteins 

provide divergent pathways downstream of Cdc42 in the regulation of mammalian cell 

chemotaxis.

3,1,9 Sarcoma cell lines derived from inbred rats as a model for metastasis

In this study the RPSL4T15 rat sarcoma cell line (T15) was used to examine in vitro the 

signalling molecules involved in the chemotaxis of metastatic sarcoma cells. Sarcomas are 

malignant neoplastic growths of mesenchymal origin that exhibit incredibly high instances of 

metastasis. They are commonly anaplastic (undifferentiated) growths that shed metastasis
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primarily to the lungs and liver preferentially through venous networks. Cancers of the 

epithelium (carcinomas) are generally less aggressive in comparison and typically favour the 

lymphatics as a route for metastatic spread. Although cancers of the mesenchyme are 

uncommon, accounting for less than 1 % of annually diagnosed adult malignancies, they are 

associated with an exceptionally high instance of mortality (close to 50 %) (Pollock, 1999).

The T15 rat sarcoma cell line provides a useful tool for understanding both the in vivo and in 

vitro behaviour of metastatic sarcoma cell populations. Derived in vitro from spontaneously 

transformed rat embryonic fibroblast, the XI5 cell line has been established through the 

progressive selection in vivo in of cell populations of increasing malignant phenotype 

(Vesely et al., 1987). The cell line, although largely maintained in culture, is subjected to 

periodic cycles in vivo in singeneic, inbred rats to confirm and maintain its metastatic 

potential. The T15 cell line differs considerably with respect to morphology, motile 

behaviour, and metastatic potential when compared to the less aggressive LW13K2 cell line 

(K2) from which it was originally derived. A striking difference lies in the chemotactic 

potential o f each cell line: T15 sarcoma cells exhibit strong chemotaxis in gradients of 

PDGF-BB and IGF-1, two growth factors commonly associated with the vasculature, while 

non-metastatic K2 cells show little or no directional response (Zicha and Dunn, 1995). 

Therefore, the T15 cell line provides a valuable model for the study of the subcellular 

signalling mechanisms involved in the chemotaxis of metastatic sarcoma cells. That the 

potential to chemotax is a characteristic of T15 cell line and not the related non-metastatic 

K2 cell line is analogous to findings made by others: Wycoff et al have shown that the 

MTLn3 metastatic cell line can exhibit EGF dependent chemotaxis in vivo while the non-
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metastatic but related MTC cell line cannot (Wyckoff et al., 2000b). The PDGF-BB/IGF-1 

dependent chemotaxis of T15 sarcoma cells is therefore likely to be an important feature of 

their metastatic phenotype, as these chemotactic factors are likely to guide cells towards local 

venous networks within the tumour microenvironment in vivo. The chemotaxis o f T15 

sarcoma cells was used here as a model for the study of chemotactic behaviour associated 

with the initial stages of sarcoma cell intravasation. Using this model a range of signalling 

molecules previously associated with the control of chemotaxis and/or polarity in other 

mammalian systems were assessed to determine their role, if any, in the regulation of 

sarcoma cell chemotaxis.

3,1,10 Methods o f analysing chemotactic behaviour

The in vitro study o f  chemotaxis: A variety of assays have been developed for the analysis of 

chemotaxis in vitro, all of which have their merits and shortcomings. The most common in 

vitro assay for the study chemotaxis is provided by the Boyden chamber, a trans-well assay 

in which a chemotactic response in inferred by the ability of cells to migrate across a 

polycarbonate membrane filter separating two compartments, one of which contains the 

chemoattractant (Boyden, 1962). The Boyden chamber has been heavily employed in the 

study of leukocyte chemotaxis, and has provided a sensitive technique for the large scale 

screening of various putative chemokines. The technique allows large cell numbers to be 

assayed quickly providing important quantitative information concerning the chemotactic 

potential of a specific cell line or type. However, observations are prone to misinterpretation 

if insufficient measures are taken to enable the experimenter to effectively discriminate 

between the chemokinetic and chemotactic effects of particular treatments: the ability of cells
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to migrate across a membrane in the presence o f a putative chemoattractant does not, in 

itself, provide unequivocal confirmation of chemotaxis, as the experimenter cannot preclude 

the possible chimokinetic effects of the treatment providing the same outcome. However, if a 

system of Zigmond-Hirsch checkerboard analysis is adopted in Boyden chamber chemotaxis 

assays then any chemokinetic effects associated with a particular treatment can be controlled 

for (Zigmond and Hirsch, 1973). When checkerboard analysis is applied, the Boyden 

chamber can provide a very powerful and sensitive method for assessing chemotactic 

behaviour. Indeed, the Boyden chamber has contributed significantly to our understanding of 

the chemotaxis of mammalian cells. That this technique represents the first reliable assay for 

the reproducible study of chemotaxis and that it remains, to this day, the most common 

method for studying chemotaxis is a testament to its simple but highly effective design.

The major limitation of the trans-well assay is that it does not permit the direct observation of 

cell behaviour, and consequently chemotaxis can only be inferred from the final distribution 

of the cell population. The effects that a particular treatment may confer on the speed, 

persistence, and morphology of cells during the course of a chemotaxis experiment cannot 

therefore be assessed. If this information is desirable then specialised chemotaxis assays 

designed specifically for use in conjunction with light microscopy techniques are required. A 

broad range of such techniques have been developed and applied with varying degrees of 

success. Early efforts to combine the study of chemotaxis with microscopy involved 

relatively crude techniques such as the use of sephadex beads containing soluble chemotactic 

factors as point sources of radially diffusing chemoattractants (Allan and Wilkinson, 1978). 

This is similar in principle to more recent techniques involving the use of microinjection
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needles containing soluble chemotactic factors as a means of establishing short-term 

chemotactic gradients (Bailly et al., 2000). Chemotactic gradients have also been established 

effectively using agarose based techniques such as the under agarose assay (Nelson et al., 

1975) and collagen gel assays, which also enable the simultaneous observation of the effects 

of mechanical stress on cell migration (Shreiber et al., 2001).

The two most significant advances in the microscopy-based study of chemotaxis have come 

from the development of the Zigmond (Zigmond, 1988) and Dunn (Zicha et al., 1991) direct 

viewing chemotaxis chambers. Both chambers permit linear steady-state gradients to 

establish and therefore allow chemotaxis to be assessed under reproducible and definable 

conditions. While the Zigmond chamber is effective for the short term study o f highly motile 

cells such as neutrophils, it is less practicle for the study of slow moving cells such as 

fibroblasts, as it is prone to gradient instability due to mechanical stress and thermal effects 

(Zicha et al., 1997). The Dunn chamber offers improved gradient stability by adopting a 

concentric layout for the inner and outer wells (Figure 27, page 19). The primary advantage 

of the concentric design is to isolate the inner well from the influence of mechanical and 

thermal effects that can otherwise effect a well sealed with wax, which is susceptible to 

volume change. Any mechanical or thermal effects that act upon the outer well of the Dunn 

chamber (which is sealed with wax) have no effect on gradient stability due to the 

incompressibility of the medium within the ‘blind’ central well. The Dunn chemotaxis 

chamber is therefore well suited for the long-term study of fibroblast-like cells.
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In this study the Dunn chemotaxis chamber was combined with multi-channel time-lapse 

microscopy in order to examine in detail the chemotactic behaviour of T15 sarcoma cells in 

PDGF-BB/IGF-1 gradients. The major advantage of this technique was that it enabled 

changes in many aspects of cell motility, including chemotaxis, persistence, and speed, to be 

assessed in response to different treatments. Furthermore, by applying a range of analytical 

techniques to acquired film data, cell behaviour could be quantified enabling the effects of 

different treatments to be assessed statistically. However, the major disadvantage of this 

technique was that it required multiple experiments to be performed for a single treatment in 

order to accumulate sufficient data sets for statistically meaningful results. The chemotactic 

behaviour of thousands of cells can be assessed in a single Boyden chamber experiment 

whereas approximately 30 -  40 fibroblast-like cells can be assessed in a single, low 

magnification observation field in the Dunn chamber. This number is reduced further when 

the behaviour of only a subpopulation of cells within the observation field in under 

investigation (e.g. microinjected or transfected cells expressing various proteins of interest). 

For the foreseeable future the microscopy-based analysis of cell behaviour will, therefore, 

remain a relatively low throughput exercise.

The in vivo study o f  chemotaxis: Although a variety of novel assays have been developed for 

the analysis of chemotaxis in vivo they have tended to be highly specialised, developed with 

a specific cell type or physiological mechanism in mind. Examples of techniques used 

include the insertion of hypodermic needles loaded with matrigel and soluble 

chemoattractants into subcutaneous tumours induced in rats in order to collect motile 

populations of cells (Wyckoff et al., 2000b); the injection of metastatic cells into the tail vein
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Figure 2\ The Dunn chemotaxis Chamber
The Dum chemotaxis chamber enables the long­
term observation o f adherent cells exposed to 
gradients o f  dijfusible chemotactic signals. 
Manufacured from glass, the chamber is suited for  
use in coijunction with light microscopy techniques. 
The chanber is engineered such that the concentric 
layout of'he wells and the height o f the intervening 
diffusion gap collectively enable the formation o f  
highly sable diffusion gradients that can be 
maintaimd fo r  long periods, and consequently 
represent a significant improvement on the 
Zigmond chamber design.

The chanber (A) consists o f  an outer (1) and inner 
annular (7) well separated by an annular platform 
(3) engireered 20 pm below the main chamber 
surface, i  glass coverslip with adherent cells is 
inverted m d positioned over the central region o f  
the chanber such that a small annular gap 
separating the inner and outer wells is formed 
between the surface o f  the platform and the 
underside o f  the coverslip. When a chemoattractant 
is appliei to the outer well a stable diffusion 
gradient establishes across this gap as the 
chemoattiactant diffused between the outer and 
inner wels (B). The time fo r  the gradient to stabilize 
and the duration that it persists depends on the 
molecular weight o f  the chemoattractant used. A 
field o f  cells directly within the diffusion gap is 
selected fm  observation via microscopy (C & D — 
close up). Cells will translocate towards the outer 
well i f  chemotactic to the signalling factor used. 

When assembled the chamber provides a hermetically sealed environment designed for use 
with CO2 independent medium. Consequently, complications that often arise in live cell 
imaging experiments due to gradual medium loss tarough evaporation are avoided.
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of mice either in the presence or absence of chemokine receptor-blocking antibodies in order 

to assess their effects on metastasis (Muller et al., 2001); and finally, the injection of putative 

chemotactic agents into the peritoneal cavity of mice and/or rats in order to assessthe 

chemotactic ability of cells of the host immune system or of cell lines administered 

intravenously (Lam et al., 1981). Although such techniques can be highly informative, they 

cannot be applied generally in the study of chemotaxis. In vitro assays therefore provide the 

most reliable methods of assessing the chemotaxis of cultured cells.

3,1,11 Imaging protein dynamics in living cells

Understanding actin dynamics in cultured cells is the key to understanding cell motility and 

polarity. In turn, understanding the spatiotemporal relationships of the various proteins 

involved in remodelling the actin cytoskeleton is the key to understanding how actin 

dynamics is regulated within the cell. In this study attempts to discern the role of various 

polarity proteins in the chemotaxis and motility of sarcoma cells were complemented by 

additional studies that permitted both actin dynamics and the mechanisms that regulate actin 

dynamics to be monitored in intact living cells. The recently developed FLAP (fluorescence 

localisation after photobleaching) technique was applied to the study of actin dynamics. 

Additionally, FLIM (fluorescence lifetime imaging microscopy) was used to monitor FRET 

(fluorescence resonance energy transfer) between various signalling molecules implicated in 

the control of actin dynamics in order to determine where and when these molecules interact 

within cells.
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3J,12 Fluorescence localisation after photobleaching (FLAP)

FLAP represents a novel and relatively simple method for the localised photolabelling and 

subsequent tracking of specific molecules within living cells and can be achieved using a 

conventional laser scanning confocal microscope (Dunn et al., 2002). In this method two 

subpopulations of the same species of molecule are labelled with differing and spectrally 

separable fluorophores that are amenable to photobleaching. When present at similar levels 

within the cell the separate fluorophores demonstrate perfect co-localisation because the 

proteins to which they are attached are the same. The selective and localised photobleaching 

of only one fluorophore within the cell is then used as a means of photolabelling. If the 

fluorescent signals of the two fluorophores are carefully matched prior to photobleaching 

then simple image differencing can be used to subsequently monitor the distribution of the 

bleached molecules within the cell. Alternatively, by calculating the ratio of bleached-to- 

unbleached molecules within each image pixel the relative concentration of photolabelled 

molecules can be mapped across the cell (Zicha et al., 2003). FLAP therefore provides a 

powerful method of directly monitoring protein dynamics in situ.

For FLAP to work effectively the specific protein under investigation should ideally be 

expressed directly by the cell as a fusion to a biofluorescent molecule such as ECFP 

(enhanced cyan fluorescent protein) or EYFP (enhanced yellow fluorescent protein) in order 

to ensure a constant protein-to-fluorophore ratio of 1:1. Furthermore ECFP and EYFP are 

particularly amenable to photobleaching, an essential prerequisite for the FLAP technique. 

However, in principle the technique should also work using proteins biochemically 

conjugated to separate fluorescent dyes, although efforts must be made to ensure that a
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constant protein-to-fluorophore ratio is naintained. Localised photobleaching and subsequent 

monitoring of protein localisation is most effectively achieved using a laser scanning 

confocal microscope that allows bleacl regions to be defined within the scanning area and 

which enables the alternating line-byline scanning of the sample for each fluorescent 

channel in order to minimise the delaybetween separate acquisition events. The Zeiss LSM 

510 laser scanning confocal microscope is ideally suited for this purpose.

FLAP is essentially an extension of ;he related methods of fluorescence recovery after 

photobleaching (FRAP) and fluoresceme loss in photobleaching (FLIP) (Cole et al., 1996; 

Lippincott-Schwartz et al., 2001). However, unlike these methods FLAP permits the 

distribution of the photobleached molecules themselves to be tracked due to the use of a 

reference fluorophore, and therefore tin FLAP technique is in effect a specialised form of 

photoactivation. Conventional methods of photoactivation have typically involved the use of 

a caged fluorescent probe biochemicaly conjugated to a protein of interest which is then 

introduced into cells via microinjection [Politz, 1999). Photoactivation is then achieved using 

an intense flash of excitation light whrih results in the de-caging of the fluorescent probe, 

rendering it amenable to subsequent excitation and fluorescent emission. Like FLAP, 

localised photoactivation enables a subpopulation of labelled molecules to be traced through 

the cell. However, the major disadvantage of many caged fluorophores is that their 

photoactivation commonly requires intense, short-wavelength excitation light. For instanced 

the commonly used caged resorufln iodoacetamide has a photo-activation wavelength of 

390 nm. Such harmful UV irradiation can have deleterious effects on the cell and therefore 

alternatives to these methods are desirable. An advantage of FLAP over the use of many
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caged fluorescence probes is that it enables the photolabelling and tracing of biofluorescent 

proteins directly expressed by cells. However, the chief advantage of FLAP is that the use of 

a reference fluorophore permits ratiometric imaging, enabling the relative concentration of 

photolabelled molecules to be determined at different regions within the cells. Given the 

distinct lack in the availability of suitable photoactivatable biofluorescent proteins, FLAP 

represents a valuable addition to the repertoire of imaging techniques currently available for 

monitoring protein dynamics within living cells.

3,1,13 Fluorescence resonance energy transfer (FRET)

FRET is a quantum event that involves the non-radiative transfer of energy from an 

electronically excited donor fluorophore to an unexcited acceptor fluorophore (Lakowicz, 

1999). During the process of energy transfer the donor fluorophore returns to the ground state 

without photon emission while the sensitised acceptor disperses the energy in a radiative 

manner (i.e. through photon emission). FRET is subject to highly limiting spectral and spatial 

constraints. For efficient energy transfer to occur a significant degree of overlap must exist 

between the emission and excitation spectra of the respective donor and acceptor 

fluorophores. Moreover, energy transfer is highly dependent on the proximity and orientation 

of the interacting fluorophores: the mechanism of energy transfer is non-radiative and 

therefore is not merely the consequence of photon emission and re-absorption between the 

respective donor and acceptor fluorophores. In fact, FRET occurs due to intermolecular 

dipole coupling events that require the two fluorophores to be in extreme close proximity. As 

the distance between putative donor and acceptor fluorophores increases the probability of 

FRET falls dramatically. Indeed, the probability of FRET occurring between donor and
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acceptor fluorophores is inversely proportional to the sixth power of the distance that 

separates them.

FRET has been exploited as a tool for the non-invasive study of biochemical interactions in 

single cells (Wouters et al., 2001). The continuous discovery and development of 

biofluorescent proteins and fluorescent dyes suitable for protein conjugation is providing an 

ever-growing pool of fluorescent tools that are at the disposal of the cell biologist. By 

coupling appropriate donor and acceptor fluorophores to two separate species of protein 

whose potential interaction is the subject of investigation, FRET can be used to monitor the 

dynamics of their association in situ (Figure 28, page 19). The strict spatial constraints that 

apply to FRET mean that efficient energy transfer will occur only when donor and acceptor 

fluorophores are separated by distances of less than approximately 7 nm (Bastiaens and 

Squire, 1999). Consequently any occurrence of FRET can be taken to reflect direct 

interactions between the proteins to which the donor and acceptor fluorophores are coupled.

Modem molecular biology procedures and simple biochemistry provide effective methods of 

coupling fluorophores to proteins for use in FRET studies. When coupling fluorophores 

directly to proteins either molecular cloning can be used to generate cDNA constructs that 

encode a fusion between the protein of interest and a biofluorescent protein such as GFP, or 

the protein can be directly conjugated biochemically to a fluorescent dye such as Cy3. 

Alternatively, indirect probes can be generated that consist of fluorescent dyes conjugated to 

antibodies that are specific for the protein of interest. Many of these techniques have been
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Figure 28. Fluorescence resonance 
energy transfer (FRET)
(A) Donor and acceptor fluorophores 
are coupled to two different species o f  
protein in order to monitor their 
interactions in situ. (B) In the absence 
o f protein binding selective donor 
excitation results in donor emission. 
(C) However, when proteins interact 
donor and acceptor fluorophores are 
brought into close proximity and FRET 
can occur. The excited donor 
fluorophore can transfer energy to the 
proximal acceptor fluorophore 
resulting in acceptor excitation and 
emission. Energy transfer returns the 
donor fluorophore to the ground state 
without photon emission.
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used with a great deal of success in various FRET studies (Itoh et al., 2002; Kraynov et al., 

2000; Ng et al., 2001; Verveer et al., 2000).

The selection of effective donor and acceptor fluorophores for use in FRET experiments is 

essential and choices should be governed by the degree to which the emission and excitation 

spectra of the two fluorophores overlap. EGFP and Cy3 provide one of the most popular 

choices for donor and acceptor protein labelling and have been used extensively in FRET 

studies (Ng et al., 2001; Verveer et al., 2000). ECFP and EYFP have proved to be effective 

FRET pairs for the examination of intramolecular events such as protein folding and 

cleavage as they can be directly fused to the N- and C- termini of the studied protein. Any 

signalling events that cause protein folding bring the ECFP and EYFP components of the 

fusion protein into close proximity and hence increase the probability of FRET (Itoh et al., 

2002; Ting et al., 2001). Conversely, protein cleavage that disrupts the close proximity of 

two fluorescent components within a single molecule can be detected by a loss of the FRET 

signal (Mahajan et al., 1999).

3,1,14 Microscopy-based techniques for FRET detection

A number of elegant microscopy-based techniques have now been developed that permit the 

analysis of FRET. Sensitised emission, acceptor photobleaching, and donor photobleaching 

based techniques as well as fluorescence lifetime imaging microscopy have all provided 

successful methods of monitoring FRET interaction in live and fixed cell specimens.
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Sensitised emission: The sensitised emission technique is both conceptually and practically 

the most straightforward method of monitoring FRET. The technique relies on the principle 

that, in the absence of acceptor excitation light, acceptor emission will only occur if a 

proximal excited donor fluorophore is present. Consequently, by selectively exciting the 

donor fluorophore and simultaneously monitoring the emission of the acceptor, FRET 

interactions can be elucidated. Sensitised emission-based techniques are susceptible to 

complications associated with fluorophore concentrations and channel cross-talk. However, 

if the appropriate measures are taken to compensate for these complications then this 

technique can provide a very powerful and relatively straightforward means of monitoring 

biochemical interactions in living cells. Sensitised emission has proved popular due to its 

relatively simple implementation (the technique can be achieved using a conventional wide- 

field fluorescent microscope), and as a consequence has provided many new insights into the 

dynamics of molecular interactions in living cells (Kraynov et al., 2000; Mahajan et al., 

1999; Mas et al., 2000).

Acceptor photobleaching: Whereas the sensitised emission technique monitors the effects of 

FRET on acceptor emission, the acceptor photobleaching technique monitors the effects of 

FRET on donor emission (Mas et al., 2000). This technique, generally implemented on a 

laser scanning confocal microscope, involves the selective Photobleaching of acceptor 

fluorophore within a defined region of the sample using high-intensity excitation light. Any 

increase in donor fluorescence within the photobleached region will reflect a rebalance of 

non-radiative to radiative energy dissipation due to FRET loss. Photobleaching of the 

acceptor fluorophore therefore results in the dequenching of donor fluorescence emission.
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This technique provides a more quantitative approach to FRET analysis when compared to 

the sensitised emission technique as pre-bleach donor intensities can be compared to their 

post-bleach values. The major disadvantage of the acceptor photobleaching method is that it 

often requires long photobleaching times and high-energy excitation light, and as a 

consequence can prove impractical for live cell imaging experiments. Where possible, it is 

desirable to combine both sensitised emission and acceptor photobleaching techniques as 

each provides an independent evaluation of FRET. The principles of acceptor photobleaching 

are summarized in Figure 29, page 19.

Photobleaching digital imaging microscopy (pbDIM): A microscopy technique that relies on 

donor fluorophore photobleaching as opposed to acceptor photobleaching as a means of 

measuring FRET is photobleaching digital imaging microscopy (pbDIM)(Bastiaens and 

Squire, 1999; Gadella and Jovin, 1995). The pbDIM technique relies on the principle that the 

photobleaching kinetics of a donor fluorophore is altered when complexed with acceptor. 

Photobleaching involves a chemical alteration in the excited-state fluorophore that results in 

an irreversible loss of the molecule’s fluorescence properties. Only fluorophores in the 

excited state are prone to such photochemical reactions. Furthermore, the probability of 

irreversible photodamage increases with time spent in the excited state. FRET acts to reduce 

the time that the donor fluorophore remains in the excited state by draining energy from the 

molecule. In doing so FRET also reduces the probability of donor fluorophore 

photobleaching. Therefore, FRET protects the donor fluorophore from photobleaching and 

as a consequence results in a prolonging of photobleaching times for only those donor 

fluorophores complexed with acceptor. Uncomplexed donor fluorophores will exhibit their
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Figure 29. Analysis of FRET by acceptor photobleaching
(A) When proteins coupled to separate donor and acceptor fluorophores associate, excitation 
o f the donor can result in FRET. (B) In the ‘acceptor photobleaching’ technique FRET is 
measured by the selective photobleaching and therefore destruction o f the acceptor 
fluorophore using high intensity acceptor excitation light. This removes the potential sink for  
donor excitation energy, and upon donor excitation FRET cannot occur. (C) Therefore donor 
excitation results in donor re-emission. FRET can be measured as the increase in donor 
fluorescence emission that results as a consequence o f acceptor photobleaching.
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Figure 30. Analysis of FRET by donor photobleaching
(A) The longer a fluorophore remains in the excited state the more prone it becomes to 
irreversible photobleaching. (B) FRET reduces the average time a donor fluorophore 
remains in the excited state by transferring energy to the acceptor. As a consequence the 
donor fluorophore is less prone to photobleaching. Comparisons o f  donor photobleaching 
times that are recorded either in the presence or absence o f an acceptor can, therefore, be 
used as a relative measure o f FRET. Note that donor emission can still occur in the presence 
o f an acceptor because FRET is a probabilistic event and not a certainty. Therefore FRET 
confers a degree o f  protection on donor photobleaching.

127



usual photobleaching kinetics. If any change is detected in the average photobleaching times 

of a donor fluorophore when measured both in the presence and absence of an acceptor that 

this can be taken to reflect the occurrence of FRET. The principles o f donor photobleaching 

are summarized in Figure 30, page 19. That FRET acts to reduce the time that the donor 

fluorophore remains in the excited state is this basic underlying principle that enables 

fluorescence lifetime imaging to be applied to this field.

3,1,15 Fluorescence lifetime imaging microscopy (FLIM)

An alternative method of measuring FRET is provided by FLIM (Bastiaens and Squire, 1999; 

Wouters et al., 2001). FLIM enables FRET to be monitored in a quantifiable manner that is 

independent of fluorophore concentration while negating the necessity for photobleaching 

techniques. Furthermore, FLIM enables the high-resolution spatial mapping of FRET across 

an entire sample, a process that would be impractical using photobleaching alone. Thus, 

FLIM provides a non-invasive, highly sensitive means of quantifiably monitoring protein- 

protein interactions in both live and fixed cell specimens.

The fluorescence lifetime of a fluorophore is defined as the average duration the molecule 

remains in the excited state following photon absorption (Bastiaens and Squire, 1999). The 

lifetime of a donor fluorophore is a useful parameter to measure because it is sensitive to 

local environmental changes such as FRET interactions whilst insensitive to fluorophore 

concentration, a factor that can complicate techniques based on absolute intensity 

measurements. Two microscopy techniques have currently been developed that enable

128



fluorescent lifetimes to be measured and each is applicable to both wide-field and confocal 

imaging systems.

3,1,16 Time domain FLIM

The time domain technique uses pulsed excitation of the sample to induce pulsed emission of 

fluorescence (Bastiaens and Squire, 1999; Lee et al., 2001). The pulsed excitation of a 

population of a single species of fluorophore results in fluorescence emission that decays 

exponentially with time (Figure 31 A, page 19). The lifetime of the fluorophore is derived 

from this decay curve and is defined as 1/e, which is the time taken for the intensity of 

fluorescence emission to decay to approximately 37 % of its initial value. Pulsed excitation is 

typically achieved using a solid-state ultra-fast femtosecond pulse-laser and subsequent 

fluorescent emission monitored using an appropriate detector. Both the width of the 

excitation pulse and the frequency of its generation are both important factors to be 

considered in time domain FLIM. It is essential that the width of the excitation pulse is far 

shorter than the lifetime of the imaged fluorophore to avoid overlap between excitation and 

emission events. If this is not ensured then excited fluorophores that emit photons during the 

earliest stages of fluorescence decay become susceptible to re-excitation by the tail of the 

lingering excitation pulse. This can initiate a second round of fluorescence decay that will 

overlap with, and thus obscure measurement of, the first. In addition, the time interval 

between excitation pulses should be of sufficient length to enable satisfactory decay of 

fluorescence emission. The typical frequency of pulse-lasers used in time domain FLIM is 

around 80 MHz, which provides an 80 ns pulse interval. The fluorescence lifetime of EGFP
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Figure 31. The characteristics o f fluorescence emission
(A) The pulsed excitation o f a population o f a single species o f  donor fluorophore results in 
fluorescence emission that decays exponentially with time. The lifetime o f the donor 
fluorophore (Tq) can be derived from the curve o f  fluorescence decay and is defined as 1/e 
which is the time taken fo r  the intensity offluorescence to drop to approximately 37 Vo o f its 
maximum value (1/e =  0.368). This lifetime value represents the average time that a 
fluorophore will remain in the excited state following photon absorption. (B) Upon 
interaction with acceptor the lifetime o f the donor fluorophore falls to Tda- Thus, the 
interacting donor population will exhibit a sharper profile o f fluorescence decay than that o f  
the non-interacting population.
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Figure 32. Time domain FLIM based on time-gated image acquisition

Time-gated imaging can be utilised as a means o f  reconstructing the profile o f  fluorescence 
emission o f a pulse-excited fluorophore population. (A) Time-gated images (a/ -  o f  
extremely short exposure time (approximately 1 2 0  ps) are acquired at increasing delays (di -  
d4) following sequential pulses o f  excitation light (pi -  P4). The intensity o f  fluorescence 
emission decays exponentially with time and the rapid, gated acquisitions sample the 
intensity o f  decay over increasing time points (ij -  i4). (B) Intensity values recorded at 
increasing time points following sample excitation can be used to reconstruct the exponential 
curve o f fluorescence emission. This permits the subsequent derivation o f  the fluorescence 
lifetime o f  the fluorophore population (as defined by 1 /e).
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is typically around 2.2 ns when expressed in mammalian cells, and so the degree of 

fluorescence decay required to derive this value can occur easily within the 80 ns time frame 

provided.

Two methods have currently been developed that enable the fluorescence decay 

characteristics of a pulse-excited fluorophore population to be determined. In the first method 

described by Benny Lee and co-workers, the exponential decay of fluorescence emission is 

determined by acquiring a series of time-gated images of increasing delay between sequential 

excitation pulses (Lee et al., 2001). The relative difference between intensity values acquired 

at each time point can be used to reconstruct the exponential decay curve of fluorescence 

emission. The fluorescence lifetime of the fluorophore population can then be derived from 

this curve (Figure 32, page 19).

The Second method is based on time correlated single photon counting (TCSPC) and is 

applied in this study. In this method the time taken for individual photons to arrive at a 

detector is measured following the pulsed excitation of the sample. The arrival times of many 

thousands of photons are measured and this information then used to directly reconstruct the 

profile of fluorescence decay (Figure 33, page 19). Single photon counting requires 

extremely sensitive detection equipment and precise control of the excitation source 

intensity. The energy provided by the excitation pulse is attenuated to such a degree that the 

probability of detecting a single emitted photon following sample excitation is one in ten (i.e. 

p = 0.1). When a photon is detected the time delay between its arrival at the detector and the 

generation of the preceding excitation pulse is recorded. This process is repeated many times
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to generate a large data set of photon delay (Figure 33A). The exponential decay curve of 

fluorescence emission can be constructed by plotting the frequencies of the various photon 

delay times. Thus the fluorescent lifetime of the fluorophore population can be derived 

(Figure 33B). If no photon is detected between two consecutive excitation pulses (as in the 

majority of cases) then no value is recorded. The relatively low probability of photon 

detection is necessary to ensure that only discrete photons are monitored at the detector. The 

likelihood of multiple photon recordings between consecutive excitation pulses is low. 

However, when more than one discrete photon is detected then only the time delay to the last 

photon is recorded.

Analysis o f FRET using time domain FLIM: When a proportion of a donor fluorophore 

population is complexed with acceptor then it can be said that two exponential decay profiles 

exist for donor fluorescence emission; one that defines the emission profile of the 

uncomplexed population, and the other that defines the emission profile of the 

complexed/FRET population. The dipole interactions between donor and acceptor 

fluorophores modify the donor excitation kinetics such that if photon emission does occurs it 

will do so more rapidly than would otherwise be expected in the absence of acceptor. A 

donor fluorophore will thus either undergo rapid photon emission or non-radiative energy 

transfer. Consequently, the FRET population will exhibit an emission profile that decays 

more rapidly than the uncomplexed population resulting in a relative reduction in its 

fluorescence lifetime (Figure 3 IB). A bi-exponential model of decay will therefore represent 

the fluorescence emission of a mixed population of both interacting and non-interacting 

donor fluorophores. By fitting such a model to the acquired image data, the respective
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Figure S3, Time domain FLIM based on single photon counting

Single photon counting can be used as a means o f  reconstructing the profile o f fluorescence 
emission o f a pulse-excited fluorophore population. (A) One photon is counted per excitation 
pulse and its delay time scored. The process is repeated over sequential pulses (pj -p iz )  until 
sufficient data exists (B) to reconstruct the exponential decay curve o f  fluorescence emission. 
The fluorescence lifetime is then derived from the curve. The degree to which the curve 
represents the actual exponential decay o f  fluorescence emission depends on the number o f  
time bins to which photon delay times can be assigned.
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lifetimes of the interacting and non-interacting fractions of the fluorophore population can be 

determined.

3.1,17 Frequency domain FLIM

Frequency domain FLIM involves the phase-sensitive imaging of fluorescence emission to 

determine the lifetime of the fluorophore population (Lakowicz et al., 1992). In this 

technique the continuous hi-frequency modulation of the excitation light is used to modulate 

the intensity of fluorescence emission (Figure 34A, page 19). The frequency of intensity 

modulation is the same for both the excitation light and fluorescence emission but differences 

exist between their phase and relative modulation depth (Figure 34B). These differences are 

determined by the fluorescent lifetime of the fluorophore and can be used as independent 

parameters for its derivation (Bastiaens and Squire, 1999). Calculation of the phase and 

modulation lifetimes (r^ and Vm respectively) requires the acquisition of a series of 

homodyne, phase-shifted images in an attempt to map the phase and modulation 

characteristics of fluorescence emission (i.e. recreate the sinusoidal curve of fluorescence 

emission). To achieve this the sensitivity of the detector is modulated over the course of an 

exposure. The frequency of the detector modulation is the same as that of the modulated 

excitation light and initially they are in phase. However, over the course of sequential 

exposures, the phase of the detector sensitivity is shifted by defined increments. The intensity 

of the signal produced by the detector reflects the degree of phase shift between the 

modulated detector sensitivity and the sinusoidal curve of fluorescence emission. When they 

are exactly in phase a strong sinusoidal signal is generated by the detector. When they are
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Figure 34. Frequency domain FLIM

Principles o f frequency domain FLIM. (A) The intensity o f the excitation light is modulated 
at a fixed frequency. The resulting intensity o f fluorescence emission is modulates at the 
same frequency as the excitation light. (B) A phase shift, cp, is, however, introduced between 
the excitation light and the fluorescence emission due to the time the fluorophore remains in 
the excited state before photon emission. Both the degree o f phase shift and the relative 
modulation depth, m, o f fluorescence emission are determined by the fluorescence lifetime o f 
the molecule.
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(A) The sensitivity o f the detector 
is modulated over the course o f 
an exposure (dotted black line), 
and the phase o f this modulation 
is shifted over sequential
exposures. As the modulated 
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completely out of phase (i.e. shifted by 180 °) the peak intensity of fluorescence emission 

coincides with low detector sensitivity and only a weak signal is generated (Fig;ure 35A). The 

output signal produced by the detector is integrated over the course of an exposure to 

generate a single intensity value for each pixel within an image. When the detector and 

fluorescence emission are in phase bright pixel intensities are recorded, when they are out of 

phase low intensities are recorded. The relative differences in pixel intensities from a range 

of phase-shifted images can thus be used to reconstruct the sinusoidal curve of fluorescence 

emission (Figure 35B). The reconstructed sinusoidal curve of fluorescence emission can then 

be compared to that of the excitation light, enabling differences in phase and modulation 

depth to be calculated and hence the derivation of fluorescent lifetimes.

One of the main advantages of frequency domain FLIM over the time domain method is that 

the former does not require ultra fast timing devices and expensive femto-second pulse 

lasers. The excitation source can be provided by a conventional and relatively cheap 

continuous wave laser in conjunction with acousto-optical modulators. Therefore frequency 

domain FLIM provides a relatively cheap alternative to the time domain approach. However, 

disadvantages arise from a loss of image resolution incurred by the necessary use of image 

intensifiers and the complexity of the mathematics involved in the extraction of lifetimes 

from image data.

Analysis o f FRET using frequency domain FLIM: Lifetime is a function of the phase shift 

and modulation depth of fluorescence emission. Short lifetimes are characterized by 

relatively small shifts in phase and relatively large modulation depths. The small phase shift
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is due to the relatively rapid re-emission of the excited fluorophore population while the large 

modulation depth is due to the resulting steep profile of fluorescence decay. Long lifetimes 

are characterized by large phase shifts and small modulation depths due to the relatively slow 

re-emission of the excited fluorophore population and the resulting shallow profile of 

fluorescence decay. FRET therefore results in a reduction in the phase shift and an increase 

in the modulation depth of the fluorescence emission of a donor fluorophore population as 

the fluorescence lifetime is reduced (Figure 36, page 19). Therefore any donor fluorophore 

population undergoing FRET will yield lower values for Zq, and Zm than would otherwise be 

expected in the absence of acceptor. The intensity of fluorescence emission is also less for a 

donor fluorophore population complexed with acceptor, as only a fraction of the population 

will undergo re-emission.

3AA8 The application o f  FLIM in cell biology

The advantage of the application of techniques such sensitised emission, acceptor 

photobleaching, and pbDIM to FRET analysis is that they are relatively simple to implement 

and can be achieved using a conventional confocal microscope system without the 

requirement of any additional modification. Therefore they provide a relatively cheap and 

simple method of imaging FRET. The measurement of fluorescent lifetimes, however, 

requires complex and highly sensitive imaging equipment incorporated into purpose-built 

microscope systems. The expense of ultra-fast laser systems, picosecond accuracy timing 

devices, highly sensitive fluorescence detectors and the considerable expertise required for 

the assembly of such equipment into a functional FLIM system has, until relatively recently.
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Figure 36. Effects o f  FRET on modulated fluorescence émission

In the absence o f acceptor the modulated excitation o f  the sample results in modulated 
fluorescence emission o f the same frequency but with a shift in phase o f (p and a modulation 
depth o f  m. A sub-population offluorophore interacting with acceptor (the FRET population) 
will exhibit a reduced phase shift o f ç>fret and an increased modulation depth o f  mpRET- The 
intensity offluorescence emission o f  the interacting donor population is reduced compared to 
that o f  the non-interacting population since a proportion o f the excited fluorophores undergo 
FRET and therefore do not re-emit.
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resulted in the fairly limited application of this tehnology in the cell biology field. However, 

the recent emergence of commercial FLIM systems on the market and the development of 

modules that integrate the complex electronics required for lifetime measurements onto a 

single circuit board effectively mean that the terriers to this once rather esoteric field no 

longer apply. As a consequence interest in the application of FLIM as a method of measuring 

FRET is expanding at a considerable rate. In this study both TCSPC and fi*equency domain 

techniques have been applied to the study of protein-protein interactions in both live and 

fixed cell specimens. TCSPC time domain FLM was used for the high spatial resolution 

imaging of N-WASP/Cdc42 and N-WASP/plô complex formation in single fixed cell 

specimens, while fi’equency domain FLIM wis largely used to monitor the activation 

dynamics of Cdc42 through its interaction with PAKl in living cells.
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3,1.19 Study Aims

The aim of this study was to investigate the meclanisms of chemotaxis in cancer cells using 

the T15 rat sarcoma cell line as a model. The Dmn direct viewing chemotaxis chamber was 

used to assess the chemotaxis of cells subjected to various treatments. Microinjection was 

used to introduce cDNA constructs encoding EGFP fusions of various polarity proteins and 

their mutant variants into cells, and multi-channel digital time-lapse microscopy 

subsequently used to assess the effects of expressed proteins on the long-term chemotaxis 

and motility of these cells. The interactive tracking of cells from acquired film sequences was 

carried out to generate cell trajectories for subsequent statistical processing, enabling a 

quantitative analysis of cell behaviour. Specially developed Mathematica notebooks were 

also used to extract fluorescence data from multi-channel film sequences, enabling an 

analysis of the effects of varying levels of protein expression on cell motility.

Additionally, the newly developed FLAP techrique was used to directly monitor actin 

dynamics in cultured sarcoma cells. The chief aim of FLAP studies was to compare the actin 

dynamics of the highly metastatic and motile T15 sarcoma cell line to that of the related but 

non-metastatic K2 cell line in an attempt to assess whether differences in the motile 

behaviour of these cells were reflected at the level of the cytoskeleton. FLAP studies were 

performed in collaboration with Graham Dunn, Mark Holt, and Daniel Soong of the Randall 

Centre, King’s College London.

Finally FLIM/FRET studies were also performed in order to monitor the interaction of Cdc42 

with its effector proteins PAKl and N-WASP in intact cells in an attempt to ascertain the
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spatiotemporal relationships of signalling molecules involved in the regulation of actin 

dynamics. Cdc42/effector interactions were studied in the NIH 3T3 mouse fibroblast cell 

line. FLIM/FRET studies were performed in collaboration with Tony Ng and Maddy Parsons 

o f the Randall Centre, King’s College London, and Simon Ameer-Beg and Borivoj Vojnovic 

of the Advanced Technology Development Group, Gray Cancer Institute.
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3.2 METHODS

3,2,1 Large-scale preparation o f plasmid DNA shocks

Plasmid DNA stocks were prepared from trarsformed bacterial cultures. Chemically 

competent E.Coli (Top 10, Invitrogen) were transformed with 20 ng plasmid DNA by 

heatshock at 50 °C for 45 seconds. Transformed bacteria were then incubated in SOC 

medium for 1 hour at 37 °C on a rotary shaker to establish antibiotic resistance. 100 pi of 

each bacterial culture was then spread on a freshly prepared sterile agar plate containing the 

relevant antibiotic (either 100 pg/ml Ampicillin or 50 pg/ml Kanamycin (Sigma)). The plates 

were then sealed with parafrlm, inverted and incubated at 37 °C over night. A single isolated 

bacterial colony was selected from the plate and grown for 6 hours in 5 ml of L-Broth 

containing the relevant concentration of antibiotic. 500 pi of bacterial culture was then 

transferred to 200 ml of L-Broth/antibiotic solution and incubated at 37 °C on a rotary shaker 

to enable large-scale culture growth over night.

Bacteria cultures were pelleted via centrifugation at 4,000 rpm for 10 min using a Beckman 

centrifuge and plasmid DNA then isolated using the QIAfilter plasmid Maxi kit (Qiagen Cat: 

12263) according to the manufacture’s protocol. Briefly, bacterial pellets were resuspended 

in 50 mM TRIS, 100 mM EDTA, 10 mM 100 pg/ml RNAse, pH 7.5 solution before alkaline 

lysis in 0.2 M NaOH, 1 % SDS. Subsequent addition of 1.32 M K-Acetate, pH 4.8 was used 

to re-nature plasmid DNA and to precipitate proteins and genomic DNA. The aqueous and 

insoluble phases were then separated using the filter syringes provided. Plasmid DNA was 

then isolated upon addition of the aqueous sample to DNA-binding columns. The solution 

was allowed to pass through the column via gravity flow. The immobilized DNA was
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washed twice by the addition of 80 % ethanol aid finally eluted in 10 mM Tris-Cl, pH 8.5. 

DNA precipitation and isolation involved the addition of 7.5 volumes of isopropanol and 

subsequent centrifugation at 11,000 rpm for 30 min. The DNA pellet was washed in 80 % 

cold ethanol before re-centrifugation and finalh solubilisation in Tris-EDTA buffer. DNA 

concentration and purity was assessed via analyas of UV absorbance at 260 nm and 280 nm 

respectively. In all cases the final DNA concentrition was then adjusted to produce 0.5 pg/pl 

plasmid stocks.

3,2,2 Gel electrophoresis

Gel electrophoresis, used for the analysis and iiolation of cDNA constructs and fragment, 

was conducted using a Hoefer HE 33 mini sub gel tank (Pharmacia Biotech) and voltage 

regulated power pack (BioRad). TAE running buffer (40mM TRIS-Acetate ,10 mM EDTA, 

pH 8.3) was used throughout. Plasmids, digested cDNA fragments, and PCR products were 

all resolved on 1 % agarose/TAE gels supplemented with 100 pg/ml Ethidium Bromide 

(BDH). In cases where DNA extraction was subsequently required gels were formed from a 

mixture of agarose and low gelling temperature agarose at a ratio of 2:1. Loading buffer 

(0.25 % bromophenol blue, 0.25% Xylene cyanol, and 30 % glycerol) was added to samples 

to facilitate gel loading and to enable the progrès of DNA separation to be monitored. All 

gels were run for 60 min at constant voltage of 60 V. Resolved DNA was visualized using a 

UV transilluminator. 1 kb and 100 bp DNA ladders (Invitrogen) were run in parallel with all 

samples to enable the approximate size of DNA fragments to be determined.
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3.2.3 Polymerase Chain Reaction (PCR)

PCR was used to amplify cDNA fragments encoding proteins of interest from template 

plasmid DNA and also to incorporate appropriate 5’ and 3’ restriction sites for subsequent in­

frame ligation into the EGFP-Cl cloning vector for the generation of N-terminal EGFP 

fusions. PCR reactions were carried out using the temperature resistant DNA proof-reading 

polymerase deep VENT (New England Biolabs). 50 picomol of each primer, 2.5 mM of each 

nucleotide, 50 ng of template plasmid DNA, and lU  enzyme were used per reaction. All 

reactions were performed using an automated PTC-200 Peltier thermocycler (MJ Research) 

using the following amplicification reaction: an initial denaturing step at 95 °C for 5 min 

followed by 30 cycles of denaturing at 95 °C for 60 s, re-annealing at 50 °C for 60 s, and 

primer extension at 72 °C for 2 min. A final extension step was performed at 72 ®C for 5 min 

before reaction termination.

Amplified PCR fragments were purified using the StrataPrep PCR purification kit 

(Stratagene, Cat: 400771). Methods were in accordance with the manufacture’s protocol. 

Briefly, an equal volume of the provided DNA binding solution was added to the PCR 

reaction product and the resulting mixture added to a DNA binding column to enable DNA 

isolation via centrifugation at 14,000 rpm for 30 sec. The DNA, immobilised on the binding 

column, was then washed once by the addition o f  75 % ethanol and repeated centrifugation. 

DNA was then eluted from the column following the addition of 10 mM Tris-Cl, pH 8.5 and 

re-centrifugation.
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3.2.4 Restriction digestion and ligation o f  cDNA

Plasmid DNA was digested using the relevant restriction enzymes and associated buffers in 

accordance with the manufacture’s protocol (New England Biolabs). Briefly, 1 pg of DNA 

was digested by lU  of enzyme for 1 hour at 37 °C in the relevant buffer. All reactions were 

supplemented with 1 % BSA carrier protein. When multiple digestions were required, the 

most compatible enzyme buffer was selected. Purified PCR products were digested in the 

absence of BSA or enzyme buffer as the elution buffer was sufficient for efficient enzyme 

digestion. Digestion reactions were terminated following the addition of loading buffer, and 

all DNA fragments subsequently resolved, isolated, and purified using gel electrophoresis 

and gel extraction.

Purified, digested plasmid DNA and PCR products were ligated at an approximate 

concentration ratio of 1:3 (vector:insert). DNA ligation reactions were performed over night 

at 4 °C using lU  T4-DNA ligase and appropriate buffer (New England Biolabs). Prior to 

ligation digested plasmids were treated with lU  alkaline phosphatase (Roche) for 5 min to 

cleave 5’ phosphates and therefore prevent self-ligation.

3.2.5 Gel extraction

Digested cDNA fragments and PCR products were isolated for gels and purified using the 

QIAquick gel extraction kit (Qiagen, Cat: 28704). Methods were in accordance with the 

manufacture’s protocol. Briefly, resolved fragments were excised from gels using a scalpel
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and solubilised at 70 °C for 5 min in a guanidine hydrochloride/isopropanol solution. 

Solubilised products were then loaded into DNA binding columns to enable DNA isolated 

via centrifugation at 14,000 rpm for 1 min. Columns were then washed twice via the addition 

80 % ethanol and repeated centrifugation. DNA was finally eluted from columns via the 

addition of lOmM Tris-Cl, pH 8.5 and re-centrifiigation. Isolated and purified DNA 

fragments were used immediately in all ligation reactions due to their relatively unstable 

nature in linear form.

3.2,6 DNA sequencing

All DNA sequencing was performed via PCR-cycle sequencing (Big-Dye terminator system, 

PE Applied Biosystems) and analysed on an ABI 377 automated sequencer (PE Applied 

Biosystems). Automated sequencing was conducted in-house by the cancer research UK 

sequencing department.

Primers were designed for the sequencing of cDNA fragments inserted into the multiple 

cloning site of the EGFP-Cl vector as follows; 5’-CGGCATGGACGAGC, 3’- 

GCTGCCATGGCGCCC. Sequencing PCR reactions were conducted using a Peltier 

thermocycler. Each reaction contained 500 ng plasmid DNA, 3.2 picomols of primer, and the 

BDT terminator reaction mix. An annealing temperature of 46 °C and 53 °C was used for 5’ 

and 3’ primers respectively. Before sequencing PCR reactions were purified to remove 

unincorporated fluorescent nucleotides. Briefly, DNA was precipitated by incubation in 80 % 

ethanol, 37 mM Sodium Acetate, pH 4.5 for 30 min at room temperature. DNA was then
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p e lle te d  v ia  c e n tr ifu g a t io n  at 1 4 ,0 0 0  rp m  fo r  2 0  m in , th en  r e s u s p e n d e d  in  7 0  % e th a n o l and  

in c u b a te d  at r o o m  tem p e ra tu re  for  a  fu rth er  15 m in . F in a lly  D N A  w a s  r e p e lle te d  v ia  

c e n tr ifu g a t io n  fo r  5 m in , th e  su p ern ata n t d is c a r d e d , and  th e  r e s u lt in g  p e l le t  le f t  to  a ir d ry  for  

2 0  m in  p r io r  to  s e q u e n c e  a n a ly s is .

3.2.7 Generation o f  EGFP/ECFP/EYFPfusion constructs

T h is  s e c t io n  d e s c r ib e s  h o w  th e  d if fe r e n t  f lu o r e s c e n t - fu s io n  c o n s tr u c ts  u s e d  in  th is  s tu d y  w e r e  

g e n e r a te d . O n ly  th o s e  c o n s tr u c ts  s p e c i f ic a l ly  m a d e  fo r  u s e  in  th is  s tu d y  are d e s c r ib e d  in  

d e ta il . M a n y  o th e r  c o n s tr u c ts  u se d  in  th is  s tu d y  w e r e  o b ta in  fro m  o th e r  so u r c e s :  

E G F P - P A K l( w t ) ,  M y c - P A K l( w t ) ,  M y c - C d c 4 2 ( T 1 7 N ) ,  M y c - C d c 4 2 ( w t ) ,  an d  H A -C d c 4 2 (w t )  

w e r e  k in d ly  p r o v id e d  b y  T o n y  N g . F L A G -C d c 4 2 b (w t ) ,  F L A G - C d c 4 2 ( T 1 7 N ) ,  H A -T c lO (w t ) ,  

and  H A -T c lO ( T 3 1 N )  w e r e  k in d ly  p r o v id e d  b y  A n n e  R id le y . E G F P - N - W A S P ( w t )  and  M y c -  

p l 6  w e r e  k in d ly  p r o v id e d  b y  L aura  M a c h e s k y . E G F P - N - W A S P ( A V C A )  w a s  k in d ly  p r o v id e d  

b y  M a r k u s  Z e t le . E G F P -N -W A S P (H 2 1  I D )  w a s  k in d ly  p r o v id e d  b y  M a r io n  P eter . E G F P -  

P A c tin  w a s  k in d ly  p r o v id e d  b y  J oh n  C o p e la n d .

EGFP-Cdc42: W ild  ty p e  h u m a n  C d c 4 2 b  (b r a in  is o fo r m )  w a s  a m p lif ie d  b y  P C R  fro m  a  

h u m a n  C d e 4 2 b  te m p la te  p la s m id , F L A G - C d c 4 2 b ( w t ) /C M V 5 . P C R  p r im e r s  w e r e  d e s ig n e d  to  

in ser t a  f la n k in g  in fr a m e  5 ’ BglW r e s tr ic t io n  s ite  a n d  5 - g ly c in e  f le x ib le  lin k e r , a n d  

d o w n s tr e a m  3 ’ EcoKl r e s tr ic t io n  s ite  fo r  in s e r t io n  in to  th e  p E G F P - C l  v e c to r  (C lo n T e c h , C at: 

6 0 8 4 - 1 ) .  P r im e r  d e s ig n s  w e r e  a s  fo l lo w s :

5 ’-G C G A G A T C T G G C G G G G G A G G A G G T A T G C A G A C A A T T A A G T G T G T T G T T G T G G

G C G A T G G T G C T .
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3 ’-C G C C G A G A A T T C T T A G A A T A T A C A G C A C T T C C T T T T G G G .

T h e  d o m in a n t  n e g a t iv e  v a r ia n t ( T 1 7 N )  o f  th e  h u m a n  p la c e n ta l is o  fo r m  o f  C d c 4 2  w a s  

a m p lif ie d  b y  P G R  fro m  a h u m a n  C d c 4 2 p ( T 1 7 N )  te m p la te  p la s m id ,  

F L A G - C d c 4 2 b ( T 1 7 N ) /C M V 5 . B ra in  a n d  p la c e n ta l  is o fo r m s  o f  h u m a n  C d c 4 2  o n ly  d if fe r  

w ith in  th e  C -te r m in a l r e g io n  o f  th e  p r o te in  a n d  th u s  th e  s a m e  5 ’ p r im e r  c o u ld  b e  u s e d  in  

a m p lif ic a t io n  r e a c t io n s  in v o lv in g  te m p la te s  o f  e ith e r  p r o te in . A  se p a r a te  3 ’ p r im e r  w a s ,  

h o w e v e r , r eq u ired  fo r  th e  a m p lif ic a t io n  o f  C d c 4 2 p ( T 1 7 N )  a n d  w a s  a s  f o l lo w s :  

3 ’-C G C C G A G A A T T C T C A T A G C A G C A C A C A C C T G C G G C T C T T .

C d c 4 2 b (w t )  and  C d c 4 2 p ( T 1 7 N )  P G R  p r o d u c ts  w e r e  s u b je c te d  to  r e s tr ic t io n  d ig e s t io n  w ith  

BglW a n d  Æ’c o R I  a n d  l ig a te d  in to  th e  p E G F P -G  1 v e c to r  c u t w ith  th e  s a m e  e n z y m e s . L ig a t io n  

p r o d u c ts  w e r e  tr a n s fo r m e d  in to  E .c o l i  a n d  in d iv id u a l  c o lo n ie s  s u b s e q u e n t ly  s e le c te d  for  

r e s tr ic t io n  d ig e s t io n  a n d  s e q u e n c e  a n a ly s is  to  v e r i f y  w h e th e r  P G R  an d  l ig a t io n  s te p s  w e r e  

s u c c e s s fu l .  T h is  r e s u lte d  in  th e  g e n e r a t io n  o f  E G F P -G d c 4 2 b (w t)  an d  E G F P -G d c 4 2 p (T 1 7 N )  

fu s io n  c o n s tr u c ts .

W ild - ty p e  a n d  d o m in a n t  n e g a t iv e  v a r ia n ts  o f  b o th  E G F P -G d c 4 2  is o fo r m s  w e r e  th e n  

g e n e r a te d  b y  a  s u b s e q u e n t  c r o s s - l ig a t io n  step : A n  in tern a l a n d  u n iq u e  E c o R V  r e s tr ic t io n  s ite  

w ith in  in  th e  s e q u e n c e  o f  b o th  th e  b ra in  an d  th e  p la c e n ta l  is o fo r m  o f  G d c 4 2  a n d  u p strea m  o f  

th e  G -te r m in a l r e g io n  o f  s e q u e n c e  d iv e r g e n c e  e n a b le d  th e  G -te m in a l p o r tio n  o f  e a c h  G d c 4 2  

is o fo r m  to  b e  s w a p p e d  b e tw e e n  w i ld - t y p e  a n d  d o m in a n t  n e a g a t iv e  v a r ia n ts . 

E G F P -G d c 4 2 b (w t)  a n d  E G F P -G d c 4 2 p (T 1 7 N )  p la s m id s  w e r e  b o th  d ig e s te d  w ith  E c o R V  and  

E c o R I , a n d  th e  r e s u lt in g  G -te r m in a l fr a g m e n ts  th e n  c r o s s - l ig a te d  in to  th e  s im ila r ly  d ig e s te d  

p aren t p la s m id  o f  th e  o th e r  is o  fo rm . L ig a t io n  p r o d u c ts  w e r e  tr a n s fo r m e d  in to  E .c o l i  a n d
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in d iv id u a l c o lo n ie s  s u b s e q u e n t ly  s e le c te d  fo r  r e s tr ic t io n  d ig e s t io n  to  c o n f ir m e d  th e  s u c c e s s  o f  

c r o s s - l ig a t io n . T h e  p la c e n ta l is o fo r m  o f  C d c 4 2  is  u b iq u ito u s ly  e x p r e s s e d  w h i le  e x p r e s s io n  o f  

th e  b ra in  is o fo r m  is  res tr ic te d  to  n e u ro n a l t is s u e . C o n s e q u e n t ly  o n ly  th e  w i ld  ty p e  and  

d o m in a n t  n e g a t iv e  v a r ia n ts  o f  th e  p la c e n ta l is o fo r m  o f  C d c 4 2  w e r e  u s e d  in  s u b se q u e n t  

e x p e r im e n ta l a s s a y s  w h ic h  a ll in v o lv e d  c e l l  l in e s  o f  m e s e n c h y m a l o r ig in . T h e r e fo r e , C d c 4 2 p  

w il l  fro m  n o w  o n  b e  re ferred  to  a s  m e r e ly  C d c 4 2 .

EGFP-TcJO: T h e  w ild  ty p e  an d  th e  d o m in a n t  n e g a t iv e  v a r ia n t ( T 3 1 N )  o f  h u m a n  T c lO  w e r e  

a m p lif ie d  b y  P G R  fro m  th e  te m p la te  p la s m id s  H A -T c lO (w t ) /K H 3  a n d  H A -T c lO (T 3 1 N ) /K H 3  

r e s p e c t iv e ly  (K in d  g if t s  fro m  A n n e  R id le y ) . P G R  p r im e rs  w e r e  d e s ig n e d  to  in ser t a f la n k in g  

in -fr a m e  5 ’ BspEl r e s tr ic t io n  s ite  and  5 -g ly c in e  f le x ib le  lin k er , a n d  d o w n s tr e a m  3 ’ EcoRl 

r e s tr ic t io n  s ite  fo r  in se r t io n  in to  p E G F P -G l. P r im e r  d e s ig n s  w e r e  a s  fo l lo w :

5 ’-G G (  G G G A G G G G G G G G A G G T A T G G G G G G A G G G G G G G G G A G G A G G .  

3 ’-G G G A A T T G T G A T A G G A G G A G A G A G G T G G G G G T G T T G T T G G G .

P G R  p r o d u c ts  w e r e  s u b je c te d  to  re s tr ic t io n  d ig e s t io n  w ith  BspEl a n d  EcoRl and  lig a te d  in to  

th e  p E G F P -G l v e c to r  cu t w ith  th e  sa m e  e n z y m e s . L ig a t io n  p r o d u c ts  w e r e  tra n s fo rm e d  in to  

E .c o l i  a n d  in d iv id u a l c o lo n ie s  s u b s e q u e n t ly  s e le c te d  fo r  r e s tr ic t io n  d ig e s t io n  and  s e q u e n c e  

a n a ly s is .  T h is  r e s u lte d  in  th e  g e n e r a t io n  o f  E G F P -T c lO (w t)  a n d  E G F P -T c  10 ( T 3 1N )  fu s io n  

c o n s tr u c ts .

EGFP-PAKl truncation mutants: A  P A K l  tr u n c a tio n  s e q u e n c e  e n c o d in g  a m in o  a c id s  

83  - 1 4 9  o f  th e  a u to r e g u la to r y  d o m a in , th e  r e g io n  w h ic h  b in d s  to  th e  k in a s e  d o m a in  o f  th e  

p r o te in  in  th e  a u to in h ib ite d  sta te , w a s  g e n e r a te d  b y  P G R  fro m  th e  te m p la te  p la s m id
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E G F P - P A K l( w t )  ( A  k in g  g if t  fro m  T o n y  N g )  u s in g  th e  f o l lo w in g  p r im ers: 5 ’ -

T T T C C G G A G G C G G T G G A G G A G G T C A C A C A A T T C A T G T C G G T T T T G A T G C T G T C A

C A G G G G A G T T T A C G G G .

3 ’ - C C G A A T T C T T A T G A C T T A T C T G T A A A G C T C A T G T A T T T C T G G C .

A  tru n ca tio n  s e q u e n c e  e n c o d in g  a m in o  a c id s  1 - 1 4 9  a n d  th e r e fo r e  in c lu d in g  b o th  th e  

a u to r e g u la to r y  d o m a in  an d  th e  a d d it io n a l a m in o  te r m in u s  o f  th e  p r o te in  w e r e  g e n e r a te d  fro m  

th e  s a m e  te m p la te  u s in g  th e  a lte r n a tiv e  5 ’ p rim er:

5 ’- T T T C C G G A G G C G G T G G A G G A G G T A T G T C A A A T A A C G G C C T A G A C A T T C A A G

A C A A A C C C C C A G C C C C T C C G .

F o r  b o th  tr u n c a tio n  c o n s tr u c ts  th e  P C R  p r im e rs  w e r e  d e s ig n e d  to  in se r t  a  f la n k in g  in -fr a m e  5 ’ 

BspEl a n d  6 - g ly c in e  lin k er , a n d  d o w n str e a m  EcoRl r e s tr ic t io n  s i t e s  fo r  su b s e q u e n t  lig a t io n  

in to  p E G F P - C l .  P C R  p r o d u c ts  w e r e  d ig e s te d  w ith  BspEl an d  EcoRl a n d  lig a te d  in to  th e  

s im ila r ly  cu t p E G F P -C l v e c to r . L ig a t io n  p r o d u c ts  w e r e  tr a n s fo r m e d  in to  E c o l i  a n d  is o la te d  

c lo n e s  s e le c te d  fo r  p la s m id  D N A  a m p lif ic a t io n  and  s u b s e q u e n t  v e r i f ic a t io n  o f  in ser ts  v ia  

r e s tr ic t io n  d ig e s t io n  a n d  s e q u e n c e  a n a ly s is .  T h is  r e s u lte d  in  th e  g e n e r a t io n  o f  

E G F P - P A K l(8 3  - 1 4 9 )  and  E G F P - P A K l(1 - 1 4 9 )  fu s io n  c o n s tr u c ts . A l l  p r im e r s  d e s c r ib e d  in  

th is  s e c t io n  w e r e  g e n e r a te d  in -h o u s e  b y  th e  C a n c e r  R e s e a r c h  U K  o l ig o - s y n t h e s is  d e p a r tm en t.

ECFP-/3-actin and EYFP-/3-actin: S ep a r a te  c o n s tr u c ts  e n c o d in g  E C F P  a n d  E Y F P  a m in o  

te m in a l fu s io n s  o f  P a c tin  w e r e  g e n e r a te d  b y  d ir e c t ly  c r o s s - l ig a t in g  a  P -a c t in  fr a g m e n t fro m  

an E G F P -P -a c t in  c o n s tr u c t  ( in  p E G F P - C l ,  a  k in d  g if l t  fro m  J o h n  C o p e la n d )  in to  th e  

r e s p e c t iv e  r e s tr ic t io n  s ite s  o f  p E C F P -C l  an d  p E Y F P - C l  u s in g  BamHUHindlll r e s tr ic t io n  

d ig e s t io n .
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3.2.8 Cell Culture

The T15 and K2 rat sarcoma cell lines were kind gifts from Pavel Vesely, Institute of 

Molecular Genetics, Academy of Sciences of the Czech Republic. Cells were cultures in 

Hanks Minimum Essential Medium (HMEM) supplemented with 10 % batch-tested Bovine 

Serum (BS) (Serum Medium Laborbedarf), 0.09 % sodium bicarbonate (Sigma), 3.8 mM L- 

Glutamine, 2.1 mM Glucose, and Phenol Red pH indicator. The Swiss 3T3 mouse fibroblast 

cell line was grown in (DMEM) supplemented with 10% PCS, 1.6% L-Glutamine, 5 mM 

Glucose, and 100 U/pg/ml penicillin- streptomycin, and Phenol Red pH indicator.

Adherent T15, K2, and Swiss 3T3 cell cultures were grown and maintained as described for 

NfH 3T3 cell lines (see cell culture 2.2.1, page 19). However, T15 and K2 cultures were 

maintained in humidified incubator with 5 % ambient CO2 , not 10 % as described previously.

3.2.9 Preparation o f  coverslips

18 mm X 18 mm, thickness no. 1.5 glass coverslips were prepared for use in random walk, 

chemotaxis, and fixed-cell FRET/FLIM assays. Coverslip dimensions were primarily chosen 

for their compatibility with the Dunn chemotaxis chamber and to enable the optimal 

microscopic imaging of cells at both low and high magnification (the majority of modem 

microscope objectives are optimised for use with 170 pm thick (no. 1.5) glass coverslips).

Coverslip cleaning: Coverslips were thoroughly washed prior to tissue culture use: coverslips 

were placed in Teflon coverslip racks (molecular probes) and immersed in a mixture of 60 %

153



concentrated HCl, 40 % ethanol (95 % pure) for 2 hrs. Racks were subsequently removed 

from the acid/alcohol mixture and immersed in ddHzO for three sequential 10 min washes. 

Coverslips were then stored under 70 % ethanol until required. Immediately before use 

coverslips were dried mechanically using an air hose with fitted ployVENT™ 200 nm pore 

filter (Whatman). Passive evaporation was not permitted as a method of drying as this often 

resulted in the formation of residue on the coverslip surface.

Coverslip etching: In cases where cell cultures were prepared for microinjection and 

subsequent analysis in chemotaxis experiments, coverslips were marked to facilitate the 

relocation of the microinjected cells. When correctly assembled the Dunn chemotaxis 

chamber permits the observation of cells within only a small central region of the coverslip 

approximately 2 mm x 2 mm in area. To ensure microinjected cells could be observed within 

the chamber the central region of each coverslip was marked with a ‘window’ pattern, and 

cells only microinjected within this area. A manually controlled xy stage with graduated axes 

and a fitted diamond objective was used to accurately etch the window pattern into the centre 

of each coverslip.

3,2,10 Application o f  the Dunn chemotaxis chamber

Preperation o f subconfluent cultures: Cells were plated on washed, pre-etched coverslips 

placed in 35 mm sterile plastic tissue culture dishes (Coming) containing 3 ml of the 

appropriate culture medium for the cell type used. Freshly trypsonised XI5 rat sarcoma cells, 

NIH 3T3, and Swiss 3T3 fibroblasts were plated at 5 x 10 ,̂ 2 x 10  ̂and 1 x 10  ̂cells per dish 

respectively. Coverslips were placed in dishes such that cells would be plated onto the
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reverse surface to that of the scratched markings: many cell types are known to exhibit 

contact guidance in vitro, preferentially aligning and migrating along linear surface markings 

(Stepien et al., 1999). Since chemotaxis was the subject of investigation it was essential to 

minimize the influence of other environmental factors capable of influencing the direction of 

cell migration. Dishes were briefly shaken in a horizontal figure-of-eight pattern to facilitate 

the even spreading of cells before returning to the incubator.

Nuclear microinjection: T15 rat sarcoma cells were transferred to serum reduced (0.5 % BS), 

phenol red free culture medium three hours prior to microinjection and six hours prior to 

Dunn chamber assembly. Swiss fibroblasts were transferred to full serum (10 % PCS), 

phenol red free culture medium supplemented with 20 mM HEPES, pH 7.5 prior to 

microinjection to compensate for the usual CO2 requirements.

Cells positioned within the central etched region of a coverslip were located on the 

microscope by focusing on the lower coverslip surface, detecting the etches, and then 

refocusing through the coverslip onto the cells. A group of evenly spaced cells within the 

etched region was selected and approximately every other cell microinjected in the nucleus. 

Expression constructs encoding EGFP fusions of proteins of interest were all microinjected at 

a concentration of 0.05 pg/pl. Cells were allowed 3 hours to express microinjected constructs 

before coverslips were assembled onto Dunn chemotaxis chambers. For detailed description 

of the microinjection system see: nuclear microinjection 2.2.2, page 19.

155



Preparation o f growth factors: Lyophilized recombinant rat PDGF-BB (Sigma) and 

recombinant human IGF-1 (PeproTech) were reconstituted in ddHzO adjusted to pH 7.0 and 

supplemented with 0.1 mg/ml BSA (Sigma) carrier protein to a concentration of 50 pg/pl and 

stored as separate 20 pi stock aliquots at -20 °C until required.

Aliquots containing culture medium with and without growth factors were prepared for Dunn 

chamber assembly. For T15 rat sarcoma cells reduced serum (0.5 % BS), phenol red free 

culture medium was used throughout. Immediately prior to chamber assembly growth factors 

were added to culture medium to a final concentration of 60 ng/ml PDGF-BB, 80 ng/ml 

IGF-1. For Swiss and NIH 3T3 fibroblasts full serum (10 % FCS), phenol red free medium 

supplemented with 20 mM HEPES adjusted to pH 7.5 was used throughout. PDGF-BB alone 

provided the chemotactic stimulus for Swiss and NIH 3T3 fibroblasts and was added to 

culture medium to a final concentration of 100 ng/ml.

Chamber assembly: Assembly of the Dunn chemotaxis chamber (Weber Scientific 

International) is summarized in Figure 37, page 19, and is described in detail here. The outer 

and inner wells of the chemotaxis chamber were flooded with culture medium before 

inverting the glass coverslip with adherent cells carefully onto the chamber using forceps. 

Care was taken to prevent bubbles from forming between the underside o f the coverslip and 

the inner and outer wells. The volume of culture medium was sufficient to allow the 

coverslip to float above the surface of the chamber enabling it to be repositioned with the 

fingertips without crushing the cells. In cases where microinjected cells were present, a 

microscope with a fluorescent lamp was used to detect the fluorescent cells and carefully
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Figure 37. Assembly o f the Dunn chemotaxis chamber
Procedure fo r assembling the Dunn chemotaxis chamber. (A) The central region o f the 
chamber was flooded with culture medium. (B) The coverslip with adherent cells was then 
inverted and lowered onto the chamber. The coverslip was positioned such that a small 
filling slit was left at one end o f the outer well (arrow). Tissue paper was used to carefully 
dry the edges o f  the coverslip so that it lay flush against the surface o f the chamber. (C) The 
coverslip was then sealed to the chamber using the hot wax mixture. At this stage the edge 
that formed the filling slit was not sealed. (D) Tissue paper was used to draw medium out 
from the outer well. (E) The outer well was washed once with fresh medium and the 
chemoattractant then applied using a pipette. (F) The edge o f the filling slit was dried and 
finally sealed with hot wax mixture.
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position them over the annular platform, roughly parallel to the outer well. If the fluorescent 

cells had been microinjected within the central 2 mm x 2 mm etched area of the coverslip 

then the coverslip would be positioned such that a thin section of the outer well remained 

exposed at the opposite end of the chamber. This exposed region formed the ‘filling slit’ that 

enabled access to the outer well for the addition o f culture medium containing the 

chemoattractant. The sides of the coverslip were gently dried using sterile tissue paper, 

taking care not to press down on the region suspended over the inner and outer wells as this 

could easily result in crushing the cells. Furthermore it was essential to avoid moving the 

coverslip after the fluorescent cells had been positioned over the annular platform. Once the 

coverslip perimeter was dry it was sealed to the chamber using a hot wax sealing mixture 

consisting of a 1:1:1 ratio of paraffin wax (Fischer Scientific), beeswax (Acros Organics), 

and petroleum jelly (Fischer Scientific) mixed and heated to 60 °C. The sealing mixture was 

applied using a paintbrush. The coverslip edge that formed the filling slit was not sealed at 

this stage. Medium within the outer well of the chemotaxis chamber was drawn out by 

applying sterile tissue paper to the edge of the filling slit. Suction pressure prevented the 

removal of medium from within the diffusion gap and the central well. The outer well was 

then washed once by the re-addition of fresh culture medium using an Eppendorf pipette. 

This was done to remove any factors released from crushed cells at the chamber perimeter 

that could have potentially influenced the behaviour of cells under observation. The fresh 

medium was then removed with tissue paper in  the same way, and the culture medium 

containing the chemoattractant then applied. The; edge of the filling slit was then carefully 

dried and finally sealed with the hot wax sealing mixture.
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Recording o f cell behaviour: Digital time-lapse microscopy was used to record cell 

behaviour in all Dunn chamber chemotaxis experiments. Cells were imaged on either a Zeiss 

Axiovert TV 135 (Carl Zeiss) or a Nikon Diaphot (Nikon) inverted microscope. The 

specifications of the Zeiss microscope are described in: time-lapse microscopy 2.2.3, 

page 19. As with the Zeiss system the Nikon microscope was optimised for the multi-channel 

time-lapse recording of live mammalian cells in culture. The microscope was fitted with 

tungsten and mercury lamps, separate bright field and fluorescence shutters (Uniblitz), a 

shutter controller (Ludle), and a sensitive CCD camera (Orcar ER, Hamamatsu). Peripheral 

devices were under the control of acquisition manager software. A filter block containing 

appropriate excitation and emission filters and a dichromatic mirror enabled the visualization 

of EGFP fluorescence (Omega, FX100-2 Alpha Vivid). The microscope was positioned on 

an optical table isolator and housed in a Perspex environment chamber accurately maintained 

at 37 °C.

The chemotaxis chamber was inverted and placed on the microscope in a conventional slide 

holder and positioned so that the diffusion gap was directly above the objective. The image 

acquisition software was then used to select a suitable observation field within the diffusion 

gap that contained the majority of the fluorescent cells. The innermost annular edge of the 

outer well was positioned at the top of the computer screen by rotating the CCD camera, thus 

aligning the chemotactic gradient with the vertical axis of the image. The chamber was then 

left to stand in the microscope for 20 min to allow the temperature to equilibrate and the 

focus to settle. In cases where microinjected cells were not studied a suitable field of evenly
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spaced cells above the diffusion gap and furthest from the filling slit was selected for 

observation.

Low magnification multi-channel digital time-lapse microscopy was used to monitor cell 

behaviour in the chemotactic gradient over a 16-hour period. Sequential phase contrast and 

EGFP fluorescence images were acquired every 5 min using either a xlO NA 0.3 or x20 NA 

0.5 phase contrast objective. A total of 200 time points were acquired resulting in films of 

1000 minutes duration (-16.7 h).

3.2.11 Application o f the random walk chamber

Preperation o f  subconfluent cultures: Freshly trypsonised NIH 3T3 fibroblast were plated on 

pre-washed coverslips placed in 35 mm sterile plastic tissue culture dishes containing 3 ml of 

the appropriate culture medium. The large central region of the coverslip available for 

imaging in the random walk chamber meant that cells could be microinjected across a far 

greater area than in chemotaxis experiments and therefore coverslip etching was not required.

Nuclear microinjection: NIH 3T3 fibroblasts were transferred to 10 % FCS, phenol red-free 

culture medium supplemented with 20 mM HEPES prior to microinjection. Groups of 

subconfluent, evenly spaced cells within a central region of the coverslip were located on the 

microscope and microinjected in the nucleus with expression constructs encoding the EGFP 

fusion protein of interest. All constructs were microinjected at a concentration of 0.05 pg/pl. 

Following microinjection the culture medium was replaced with fresh tissue culture medium 

and cells subsequently returned to the incubator to express microinjected constructs. Cells
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were allowed 3 hours to express microinjected constructs before coverslips were assembled 

onto random walk chambers. For detailed description of the microinjection system see: 

nuclear microinjection, methods 2.2.2, page 19.

Chamber assembly: The random walk chamber was designed and manufactured in-house by 

Colin Gray. Assembly of the chamber is described here and summarized in Figure 38, 

page 19. The central well of the random walk chamber was flooded with culture medium 

(10 % FCS, phenol red free) and the coverslip then inverted and lowered carefully onto the 

chamber using forceps. Care was taken to ensure bubbles did not form between the underside 

of the coverslip and the central chamber well. Sterile tissue paper was used to dry the edges 

of the coverslip, which was positioned so that it completely covered the central well of the 

chamber. Hot wax mixture was then used to seal the coverslip to the chamber.

Recording o f cell behaviour: Digital time-lapse microscopy was used to record the behaviour 

of NIH 3T3 fibroblasts in all random walk experiments. All experiments were conducted on 

the same Nikon Diaphot inverted microscope additionally used during chemotaxis 

experiments {see section 3.2.10, page 19). For random-walk experiments the microscope had 

been additionally modified to enable multi-field imaging. The addition of a motorised, multi­

position stage (Marzhauser) and motorised focus (Piezo) enabled multiple fields within up to 

three different chambers to be acquired automatically on the same Nikon microscope. The 

system therefore provided a relatively hi-throughput assay for the study of cell motility.
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Figure 38. Assembly o f  the random walk chamber

Procedure fo r  assembling the random walk chamber. The central region o f  the chamber (A) 
was flooded with culture medium (B). (C) A coverslip with adherent cells was then inverted 
and lowered carefully over the flooded area using forceps. The coverslip was positioned so 
that it completely covered the central well. Tissue paper was then used to carefully dry the 
coverslip edges so that that it lay flush against the surface o f  the chamber. (D) Hot wax 
mixture was then used to seal the coverslip to the chamber.
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Random walk chambers (up to a maximum cf 3) were inverted and positioned on the 

microscope in a multiple slide holder. Care was taken to ensure chambers were clamped 

securely within the holder to prevent observation fields from wandering during the operation 

of the motorised stage. Two separate observation fields containing fluorescent cells were 

selected within each chamber. Selected fields were spaced sufficiently far apart to minimize 

the risk of imaging the same cells within more that one field. The co-ordinates and focus 

positions of each observation field were stored by the acquisition software. Chambers were 

then left for 20 min to allow temperature to equilibrate and focus to settle. Sequential phase 

contrast and EGFP fluorescence images were then acquired for each observation field every 

5 min over a 16 hour period using a xlO NA 0.3 phase contrast objective.

3,2.12 Analysis o f  cell motility

Interactive cell tracking: Image analysis software (Tracker, Kinetic Imaging) was used to 

interactively track migrating cells from acquired film sequences to generate cell trajectories 

for the subsequent statistical analysis of cell behaviour (Figure 39, page 19). Interactive 

tracking involved the use of the mouse pointer to mark the positions, stored as a single image 

coordinates, of individual cells over consecutive frames of an entire film sequence. The 

centroid of a cell was taken to represent its position. Where multi-channel imaging had been 

used to identify fluorescent cells within an experiment, the phase contrast and fluorescent 

channels were merged to enable the identification of microinjected cells during the tracking 

process. Additional characteristics of a migrating cell could also be stored along with its cell 

trajectory data enabling the identification of microinjected cells during the later stages of data
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analysis. Cell trajectories from an individual frln were stored in a single text file in a format 

that could be interpreted by Mathematica notebooks developed within the laboratory for the 

analysis of cell behaviour.

Evaluation o f chemotaxis: Purpose written Mathematica notebooks were used for the 

statistical analysis of cell trajectory data. To e/aluate the chemotactic response of a cell 

population, individual cell trajectories were gererated via the interactive tracking of film 

sequences as described. Cell trajectories were then shifted to a common origin (Figure 40A, 

page 19) and each converted to a single angle that represented the direction of cell 

movement. The angle, and thus the direction of cell movement was determined upon the cell 

reaching a virtual horizon defined as the maiimum distance from the common origin 

achieved by 75 % of the cell population (Figure 4GB). Cell directions were subsequently 

processed by statistics of directional data to test for significance of unimodal clustering using 

the Rayleigh test (Zicha et al., 1997). Cell directions were collectively represented by circular 

histograms with the height of individual segments representing the number of cells migrating 

in a given direction (Figure 40C). In cases where the unimodal clustering of cell directions 

was significance (p < 0.05) the mean direction of cell movement (0) was represented by a red 

arrow and the associated 95 % confidence interval as a green pie wedge.

Data generated from chemotaxis experiments represented hierarchical structures and 

therefore the unbiased comparison of different treatment groups required the application of 

ANOVA. As ANOVA has not been developed for the comparison o f circular data an 

alternative method of representing chemotaxis was required in order to compare cells from
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different treatment groups with controls. Therefore, relative cell displacement in the direction 

of the chemotactic gradient was used as an alternative means of evaluating the chemotactic 

response. Upon reaching the virtual horizon both the total displacement horizon^ represented 

in absolute terms, and the vertical displacement Ay of the cell were determined (Figure 40B). 

A relative value of cell displacement, independent of cell speed, could then be derived by the 

equation Ay/horizon. An abundance of positive displacement values would indicate a 

tendency for cells to migrate in the direction of the chemotactic gradient, while an even 

mixture of positive and negative values would represent movement that was indifferent to 

gradient direction.

Evaluation o f cell speed: The generation of cell trajectory data also provided a means of 

evaluating cell speed. Mathematica algorithms were written to calculate the speed of 

individual cells over the course of film sequences. ANOVA was then used to process speed 

data and test for significances between control and treatment groups. Speed data for an entire 

treatment group was represented as a box-and-whisker chart with boxes spanning 50 % of the 

data and whiskers spanning 80 % of the data.

Evaluation o f persistence: Individual cell persistences were calculated as a fimction of net 

and total cell displacement derived by the equation: persistence = net displacement/total 

displacement. The persistence of an individual cell was represented by a single value 

between 0 and 1 : a persistence value that tended to 1 reflected highly persistent movement, 

indicating that the cell rarely deviated from its path over time. A persistence value that 

tended to 0 reflected poor persistence of movement, indicating that the cell altered direction 

frequently. Only those cells that remained within a film sequence for longer than 50 % of the
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total film length (i.e. 500 min) were selected for subsequent persistence analysis. Selected 

cell trajectories were then cropped to equal lengths of 500 min before subsequent calculation 

of persistence values. Relatively long trajectories were selected for the calculation of 

persistence values in order to suppress the effec:s of ‘noise’ contributed by individual data 

points. However, the selection of only those trajectories that spanned the entire length of film 

sequences was undesirable because insufficient cell numbers would remain to provide a 

meaningful analysis. Trajectories that spanned 50 % of the total film length therefore 

provided a suitable compromise. ANOVA was used to process persistence values and test for 

significances between control and treatment grotps. Persistence data for an entire treatment 

group was represented as a box-and-whisker chart, with circles representing median values, 

and boxes spanning 50 % and whiskers spanning 80 % of the data. The method of evaluating 

persistences is similar to that previously used by others to measure directionality and 

chemotaxis (Allan and Wilkinson, 1978; Vesely et al., 1987).

3.2,13 Intensity analysis

Specialised image processing software was developed in Mathematica that enabled the 

intensities of fluorescent cells to be extracted from film sequences, permitting an assessment 

of the effects of varying levels of protein expression on the speed of cell motility. Prior to 

image processing in Mathematica, imaging software (Acquisition Manager, Kinetic Imaging) 

was used to generate film sequences consisting of only those images acquired in the EGFP 

fluorescent channel during chemotaxis experiments. Image data was then normalised prior to 

the extraction of cell intensities.
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Figure 39. Interactive tracking o f  film data

Computer assisted tracking was used to generate cells trajectories from  acquired film  
sequences. (A) The orientation o f the fie ld  o f  view with respect to the chemotaxis chamber is 
indicated by the red box. (B) The top o f  the image represents the inner edge o f  the outer well 
and hence the source o f the chemotactic gradient. (C) In experiments where fluorescence 
imaging had also been used phase contrast and EGFP fluorescence channels were overlaid 
in order to facilitate the identification o f  fluorescent cells. Cells were then tracked over the 
course o f  a film  sequence in order to generate individual cell trajectories. Green and red 
circles represent the first and final positions o f cell trajectories respectively.
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Figure 40. The evaluation o f chemotaxis

(A) Cell trajectories generated from the interactive tracking o f film  data were shifted to a 
common origin (axes units are pm). (B) Individual trajectories were then converted to single 
angular directions upon cells reaching a virtual horizon. (C) Angular directions calculated 
fo r  multiple cells are presented as circular histograms. Where significant unimodal 
clustering o f angles exists the mean direction (0) o f  cell migration and the associated 95 % 
confidence interval are shown. Relative cell displacement in the direction o f  the gradient is 
calculated as Ay/Horizon and is used fo r  the evaluation o f the chemotactic response by 
ANOVA. Example data are taken from the film  in Figure 39.
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Normalisation o f  image data: Chemotaxis experments were conducted on microscopes with 

differing lamp, filter, and optical specificatims. Furthermore, exposure times for the 

acquisition of fluorescent images often differed between experiments, while small 

fluctuations in the intensity of the excitation ligtt meant that over the time course of a film 

image intensity values could vary. Therefore, be;bre cell intensities could be extracted fi*om 

images a degree of normalization was required b enable the inter-comparison of film data. 

When the total area of fluorescent objects withn an image is small in comparison to the 

entire image area the modal pixel value typically represents the level of background noise. 

The low magnification imaging of subconfluent populations of fluorescent cells provides one 

such example of a low fluorescence area-to-total image area ratio. When camera exposure 

times are high and cell expression levels low theie is a high degree of background noise and 

consequently modal values are large. Conversely, when exposure times are low and 

expression levels high, modal values are small. Therefore, prior to the extraction of cell 

intensities, the modal pixel value for each image was subtracted from all other image pixels 

values providing a mechanism for the normalization of fluorescence intensity.

Extraction o f cell intensities: Cell trajectories previously obtained from the interactive 

tracking of film data were used to identify the positions of fluorescent cells over consecutive 

fi-ames of a film sequence. For each image a circular boundary with a 30-pixel radius was 

defined around each cell coordinate and the total intensity of pixels contained within this 

region then calculated. The resulting value was taken to represent total cell intensity for that 

time point. In the majority of cases the total fluorescent area of a cell was contained entirely
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within the region defined by the boundary. In cases where the boundaries of neighbouring 

cells overlapped intensity values were ignored. For a single film sequence total intensity 

values for all fluorescent cells were recorded for all time points and then stored in a text file 

in a format that could be interpreted by Mathematica notebooks for subsequent data analysis.

Analysis o f  intensity data: Cell intensity data was processed in Mathematica to analyse the 

effects of various levels of protein expression on cell speed. For each treatment group 

increasing levels of protein expression, represented by increasing fluorescence intensities 

were plotted against variations in cell speed. Cell speeds, calculated at hourly intervals, were 

sorted according to their associated intensity values. Speed data for a single treatment group 

was partitioned into six separate bins of increasing fluorescence intensity and represented as 

box-and-whisker charts. The hierarchical structure of the data set was maintained throughout 

enabling significant differences between the speed values of different intensity bins of the 

same and different treatment groups to be evaluated using ANOVA.

Practical imitations: The subtraction of modal intensities provided a degree of data 

normalization that better justified the inter-comparison of film data. However, there were 

some limitations to this approach. Although camera sensitivities were similar between 

microscopes they were not identical, and thus separate cameras would yield slightly differing 

modal values for an identical image. Furthermore, in cases where pixel saturation occurred, 

modal subtraction no longer provided a meaningful method of normalization. However, 

limitations aside, this approach did provide useful insights into the effects of varying 

expression levels of EGFP fusion proteins on rat sarcoma cell motility. The Mathematica
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routines developed for the extraction of cell intensities can be found in: Appendices 5.2, 

page 19.

3,2J4 FLAP

Preparation o f  cell cultures and nuclear microinjection: Subconfluent cultures of T15 or K2 

sarcoma cells were prepared as described in section 3.2.10, page 19 although coverslip 

etching was not required. Cells were transferred to 10 % BS, phenol red free culture medium 

three hours prior to microinjection and six hours prior to assembly of random walk chambers. 

A patch of subconfluent cells within the centre of each coverslip was selected and individual 

cells microinjected in the nucleus with a mixture of EGFP-P-actin and EYFP-P-actin plasmid 

DNA. Constructs were microinjected at a concentration of 0.1 pg/pl each. Cells were 

returned to the incubator and allowed 3 hours to express fluorescent proteins before assembly 

into the random walk chamber as described in section 3.2.11, page 19.

Confocal microscopy: All images were recorded using the same inverted laser scanning 

confocal microscope (Zeiss LSM 510) equipped with a 63 x NA 1.4 oil objective. The body 

of the microscope rested on an anti-vibration optical isolation table and was housed within a 

Perspex environmental chamber (built in-house) accurately maintained at 37 ®C. The CFP 

and YFP channels used the 458 nm and 514 nm lines of an argon laser for excitation. A 

545 nm dichromatic mirror was used to split the two emission channels, followed by a band­

pass 475-525 nm filter for the ECFP channel and a long pass 530 nm filter for the EYFP 

channel. The pinhole for each channel was set such that the thickness of the optical slice was 

indicated as 300 nm by the LSM 510 software. Each image line was scanned twice at the
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highest scan rate (0.64 |is/pixel) using multi-tracking mode, first by the 514 nm laser line and 

then by the 458 laser line.

Prior to imaging a thin, rectangular bleach region was defined over an appropriate region of 

the selected cell using the LSM 510 software. Bleach regions were always aligned lengthwise 

with respect to the horizontal plane of the image as this maximised the scanning rate. The 

gain and offset for each fluorescence channel were optimised so that the two images closely 

matched without saturation. The time-lapse mode of the LSM 510 software was used to 

collect sequential images and also to photobleach the pre-defined region. Usually three pre­

bleach images were acquired before photobleaching using the 514 laser line at maximum 

excitation (1.32 mW) for 3 - 1 5  s in order to selectively photobleach EYFP within the 

defined region. After photobleaching the time-lapse sequence was automatically resumed.

Image processing: All image processing was performed in Mathematica using specially 

developed software (written and provided by Graham Dunn). For each recorded time point 

FLAP ratio signals were calculated as:

{ I c F p X  I y f p )

IcFP

Where I c f p  and I y f p  represents the intensity of ECFP and EYFP at each image pixel. As the 

ECFP and EYFP channels are careftilly matched prior to imaging, I c f p  values are taken to 

represent the expected I y f p  values for EYFP at each image pixel if  bleaching had not taken
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place. Therefore the reference fluorophore provides a means of determining the proportion of 

the total EYFP molecules within a pixel that have been bleached.

3,2,15 Preparation o f fixed cell specimens fo r FLIM/FRET analysis

Preparation o f  cell cultures and nuclear microinjection: Subconfluent cell cultures of NIH 

3T3 were prepared by plating 2 x 10  ̂ freshly trypsonised cells onto washed, un-marked 

coverslips placed in 35 mm sterile plastic tissue culture dishes containing 3 ml of tissue 

culture medium. Cells were allowed to grow for three days before experimentation. NIH 3T3 

fibroblast cultures were transferred to 10 % FCS phenol red free medium supplemented with 

20 mM HEPES immediately prior to microinjection. A patch of evenly spaced cells situated 

within the centre of the coverslip was selected and approximately 20-30 cells microinjected 

in the nucleus. Following completion of microinjection the medium was replaced with fresh 

tissue culture medium and the cells returned to the incubator. Cells were allowed 4 hours to 

express microinjected constructs before subsequent fixation and immunocytochemistry. 

Constructs encoding full-length EGFP-N-WASP(wt) and either myc-Cdc42(wt) or myc-pl6 

were co-microinjected at a concentration of 0.05 pg/pl and 0.10 pg/pl respectively to 

produce a donor/acceptor ratio of 1:2. In cases where HA-Cdc42(wt) was co-microinjected 

with EGFP-N-WASP(wt or H211D) and Myc-pl6, constructs were microinjected at a ratio 

of 1:2:2 for EGFP-N-WASP, Myc-pl6, and HA-Cdc42 respectively.

Immunocytochemistry: Cells were fixed in 4 % paraformaldehyde (sigma) for 15 min, 

washed 3 x with PBS and then permeabilised for 4 min with 0.1 % Triton-X 100. Following 

permeabilisation cells were washed 3 x with PBS before a 10 min treatment with 1 % sodium
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borohydride (Sigma). 3 additional washes with PBS followed before a 20 min treatment with 

a 1 % BSA blocking solution. A 2 h incubation with the Cy3-conjugated 9E10 anti-Myc 

monoclonal antibody (Cy3-mAb) (1:60 dilution from 1 mg/ml stock, a gift from Tony Ng) 

then followed in order to label expressed Myc-tagged proteins. Three subsequent washes 

with 1 % BSA solution, followed by an additional 3 washes 10 min later were performed to 

remove any unbound antibody. In cases where either giantin or HA-Cdc42(wt) labelling was 

additionally required cells were incubated with primary antibodies (1:100 dilution from 

stock) for 30 min. Giantin was labelled using a rabbit monoclonal anti-giantin antibody (a 

kind gift from Dr. David Shima), and HA-Cdc42(wt) labelled using the 12CA5 mouse anti- 

HA monoclonal antibody (developed in house by the Cancer Research UK monoclonal 

antibody department). Samples were then washed as described and then incubation with the 

appropriate secondary antibody (1:200 dilution from stock) for an additional 30 min; either 

Cy5-donkey anti-rabbit or Cy5-donkey anti-mouse (Jackson ImmunoResearch Laboratories 

cat no. 711-175-152 & 715-175-150 respectively) for anti-giantin and anti-HA-Cdc42(wt) 

respectively. After a final wash coverslips were then mounted on glass slides in a 

Mowiol/anti-fade mountant. Samples were covered to protect from ambient light and allowed 

to set over night at room temperature.

3.2,16 Preparation o f  live cells for FLIM/FRET experiments

Preparation o f cell cultures and microinjection: Subconfluent cell cultures of NIH 3T3 

fibroblasts for use in live-cell FRET/FLIM assays were prepared by plating 2 x 1 0 ^  freshly 

trypsonised cells onto 35 mm glass-bottomed micro well dishes containing 3 ml of tissue 

culture medium. Cells were allowed to grow for three days before experimentation. Nuclear
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microinjection was carried out as described for fixed cell experiments (see section 3.2.15, 

page 19). Constructs encoding EGFP-Cdc42(wt) and myc-PAKl(wt) were co-microinjected 

at a concentration of 0.05 pg/pl and 0.10 pg/pl respectively to achieve a donor/acceptor 

concentration ratio of 1:2. Cells were allowed to express constructs for 4 hours. 

EGFP-Cdc42(wt) expressing cells were then relocated and microinjected in the cytoplasm 

with the Cy3-mAb against Myc-PAKl. Antibody was microinjected at a concentration of 

1 mg/ml. The microinjection system used was optimised for the low level detection of 

fluorescence: see cytoplasmic microinjection 2.2.2, page 19. Cells were returned to the 

incubator and allowed 30 min to recover from cytoplasmic microinjection. Care was taken to 

ensure that some EGFP-Cdc42(wt) expressing cells were left uninjected to provide control 

lifetimes for EGFP in the absence of acceptor.

3,2.17 Time domain FLIM

TCSPC based FLIM was performed to measure FRET between donor EGFP-N-WASP(wt) 

and a Cy3-mAb against either myc-Cdc42(wt) or myc-pl6(wt) in order to determine where 

N-WASP/Cdc42 and N-WASP/Arp2/3 activation complexes formed within the cells 

respectively.

The hybrid multiphoton TCSPC FLIM system: A hybrid system incorporating multiphoton 

imaging with TCSPC was utilized to enable the three-dimensional, high-resolution 

fluorescence lifetime imaging of the biological sample. The system was developed by 

Dr. Simon Ameer-Beg and Dr. Borivoj Vojnovic of the Advanced Technology Development 

Group, Gray Cancer Institute, Mount Vernon Hospital. Centring around an inverted
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microscope (Nikon TE200), the system was assembled on an optical bench (Melles Griot). A 

solid-state-pumped YVO4 Millenia X lOW/modelocked Tsunami titanium:sapphire pulse 

laser (Spectra Physics) provided the excitation source, which was tunable over a 690 -  1000 

nm range. The laser was tuned to 900 nm to enable two-photon excitation of 450 nm at the 

focal point. A mercury arc lamp mounted on the epi-illumination port of the microscope 

enabled the fluorescent sample to be located prior to image acquisition while an adjustable 

mirror allowed the excitation light source to be alternated between the lamp and the laser. A 

beam splitter positioned in the optical path of the laser launched the excitation light into both 

a photosensitive diode, and a Bio-Rad MRC 1024 scanhead mounted on a side port of the 

microscope. The scanhead controlled the scanned excitation of the sample while the 

photosensitive diode monitored the occurrence o f excitation pulses to enable time-correlated 

photon counting measurements. The scanhead was controlled via an 0S2 Bio-Rad PC. 

Fluorescence emission from the excited sample was collected via a high-magnifrcation, high- 

numerical aperture objective lens (Nikon CF160 x40, NA 1.3, Plan Fluor) and directed onto 

three in-house developed non-descanned detectors and a photomultiplier tube (PMT) 

(Hamamatsu R7401-P). The non-descanned detection of fluorescence and the use of a high 

numerical aperture lens greatly enhanced the fluorescence detection efficiency of the system. 

The PMT enabled single photon events to be monitored by the time-correlation hardware. A 

PMT is a vacuum device consisting of a photocathode, a series of dynodes (amplifying 

stages), and an output anode. Photon impact at the photocathode surface generates an 

electron burst that is amplified exponentially along the length of the tube resulting in a short 

pulse of current at the anode output. The anode output was linked to an SPC700 module 

(Becker-Hickl) that handled the calculation of photon delay times required for fluorescence
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lifetime imaging. The excitation source was attemated so that a single excitation pulse would 

result in photon detection in only 1 in 10 instarces. The ultra-fast timing capability of the 

SPC700 module then monitored the time between photon detection and the next excitation 

pulse. Two constant fraction discriminators (CPD) within the SPC700 module monitored 

excitation and emission pulses, one linked to the PMT and the other to the photosensitive 

diode. Upon detection of an emitted photon the PMT sent a start pulse to the first CFD 

triggering the internal clock, upon detection of Ihe next excitation pulse the photosensitive 

diode sent a stop pulse to the second CFD stopping the clock. A time-to-amplitude converter 

(TAG) measured the delay times between emission and excitation events recorded by the 

CFDs with picosecond accuracy and stored the information in a large histogram memory. 

The system also simultaneously monitored the position of the scanning excitation light so 

that photon delay times were attributed to the appropriate pixel coordinate within the scanned 

image. As the sample was scanned and photon counts accumulated, a three-dimensional 

image of the scanned area was stored in memory consisting of an array of pixels, each 

containing a complete fluorescence decay function. This information was finally off-loaded 

onto a PC for lifetime calculations. The system enabled accurate fluorophore lifetime 

calculations to be made within the 0.5 -  5 ns range. The system set-up is summarized in 

Figure 41, page 19.

Note that for TCSPC measurements, delay times were measured in the reverse order to that 

explained in the introduction; i.e. the time from fluorescence emission to the next excitation 

pulse was measured as supposed to the time from fluorescence emission to the preceding 

excitation pulse as described in the introduction. This is because it is far more logical to
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describe TCSPC in the context of related excitation and emission events. The principle, 

however, remains the same.

Evaluation o f fluorescence lifetimes: The proportion of interacting and non-interacting donor 

fluorophores within each pixel of an image was calculated to provide a fluorescence lifetime 

map of the specimen. The exponential decay kinetics of the interacting and non-interacting 

fluorophore populations are distinct, with the lifetime of the interacting population defined 

by the equation:

"̂ fret —

Where Ro is a constant and represents the Forster radius, % the donor fluorophore lifetime in 

the absence of acceptor, and r the separation distance between the donor and acceptor 

fluorophores within the FRET pair. Since, in reality, a continuous distribution of values for r 

should exist, as the separation distances between donor and acceptor fluorophores are not 

identical from one FRET pair to another, each data set for a given pixel should be composed 

of an ensemble of fluorescent lifetimes. However, the application of a model that considers 

multiple lifetimes and thus multiple exponential decay profiles is impractical, requiring 

complex mathematics and formidable photon data sets in order to achieve reliable results. It 

was therefore assumed that two lifetime components existed, one that represented the 

interacting/FRET population, and one that represented the non-interacting population. 

Therefore, in order to determine the fluorescence lifetimes of the interacting and non­

interacting donor fluorophore populations a bi-exponential decay model was applied to the 

data:
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/  represent the intensity at any given time point t along the fluorescence decay curve. lo 

represents the maximum intensity (highest integrated photon count) for the brightest pixel 

within the three-dimensional image. 77 and represent the lifetimes of the interacting and 

non-interacting populations at each pixel and Aj and A2 their respective fractional 

proportions.

Prior to the calculation of lifetimes image data sets were deconvolved to compensate for the 

instrumental response of the system. The instrumental response is a function of the accuracy 

of the SC700 TCSPC module and the inherent delay of the PMT and was established using a 

well-defined fluorophore of known lifetime. The bi-exponential model was then applied to 

the corrected data sets and the two lifetime components then derived. The method of image 

processing was a follows: initially a 9 x 9 pixel integrating filter was applied across the 

image, pooling photon counts from each 81-pixel matrix in order to create a sufficiently large 

data set for an accurate determination of the average lifetime for both interacting and non­

interacting components at each image pixel while sacrificing image resolution. The bi­

exponential fit was applied to the integrated data set and average lifetimes then determined 

for the interacting and non-interacting populations. To restore image resolution while still
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benefiting from the accuracy of large integrated data sets, the relative fractions of the two 

lifetime components (A/ and A2) were then evaluated on a pixel-by-pixel basis while fixing 

the two lifetime values (t; and %) determined for the associated 9 x 9  integrating filter. 

Normalization of the image data then enabled the relative concentration of FRET species 

(RCFS) within each pixel to be determined:

JiCFS‘’J ^
^max

Where /  is the time integrated photon count at pixel i j  (i.e. the total pixel intensity), Ai, the 

interacting fraction at pixel iJ (i.e. the proportion of all donor fluorophore within the pixel 

undergoing FRET), and I^ax the time integrated photon count for the brightest pixel within 

the image (thus normalising each pixel value across the image). Thus a map illustrating the 

relative abundance of the interacting donor fluorophore population could be constructed for 

each image, revealing regions of Cdc42/N-WASP or N-WASP/Arp2/3 interaction. Both raw 

data lifetime maps and RCFS maps are presented in this study.
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Figure 4L Schematic o f  the multiphoton TCSPC FLIM system setup

(A) The excitation source was provided by a high frequency 100 fs, 82 MHz modelocked 
Ti:sapphire pulse laser fed by a continuous wave YVO4 laser. (B) The excitation light was 
directed via mirrors and beam splitters to a spectrum analyser (B), a photosensitive diode 
(C), and the BioRad MRC 1024 scanhead (D). The scanhead enables the scanned excitation 
o f the sample and was under the control o f a BioRad PC (E). A dichroic mirror enabled the 
separation o f excitation and emission light following sample excitation (F) Fluorescence 
light was directed onto non-descanned detectors and a photomultiplier tube (G). Output 
signals from both the PMT and the photosensitive diode were passed to separate CFD inputs 
in the SPC 700 Becker & Hickl FLIM module (H). The picosecond accurate TAC within the 
module calculated the time delay between input signals from the PMT and photosensitive 
diode respectively. The SPC 700 module was controlled by a separate PC to that o f the 
scanhead (I). Synchronized communication between the SPC 700 module and the scanhead 
enabled photon counts to be attributed to the correct region within the scanned image (J).
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3.2.18 Frequency domain FLIM

Frequency domain FLIM was performed to monitor FRET in both live and fixed cell 

specimines. In live cell specimens frequency domain FLIM was used to monitor the 

activation dynamics of Cdc42 through its interaction with PAKl in a manner analogous to 

that previously used for the analysis of R ad  activation by others (Kraynov et al., 2000). In 

live cell experiments EGFP-Cdc42(wt) provided the donor while Myc-PAKl targeted by 

Cy3-mAb subsequently microinjected into the cell cytoplasm provided the acceptor.

The Frequency Domain FLIM system: A purpose built frequency domain system was used to 

monitor FRET interactions in both live and fixed cell specimens. The system was constructed 

by Anthony Squire and Philippe Bastiaens, Department of Biophysics, Cancer Research UK. 

A comprehensive description of the system design and the mathematical algorithms required 

for the extraction of lifetimes fi*om image data has been described previously (Squire and 

Bastiaens, 1999). However, the principle features of the system are described here.

The system centred around a Zeiss Axiovert TV 135 inverted microscope (Carl Zeiss) housed 

within a Perspex environmental chamber (built in-house) accurately maintained at 37 ®C 

enabling experiments to be performed on live cells. The microscope, optics and laser rested 

on an optical isolation table (Melles Griot). The hi-frequency modulation of the excitation 

light was achieved using a conventional, continuous wave Argon/Krypton laser (Coherent 

Innova 70C Spectrum) in conjunction with a temperature controlled 80 MHz resonance 

acousto-optic modulator (AOM) (Intra-Action Corp.). When a voltage was passed across the 

AOM the internal crystal oscillated at a pre-defined fi-equency. When the excitation beam
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passed through the oscillating crystal dispersions of the same frequency were generated in 

the emitted beam, which were subsequently manifested as intensity oscillations at the image 

plane, thus providing sinusoidally modulated excitation light. The AOMs generated 

excitation light of a constant oscillation frequency of 80.224 MHz and were regulated by two 

high-frequency synthesizers (Marconi, Cat: 2023) that provided a highly stable, phase-locked 

sinusoidal voltage source. A rotating ground glass disc placed in the optical path of the 

excitation beam was used to remove the coherence properties of the laser beam in order to 

remove problems associated with laser speckle at the sample. Donor EGFP excitation was 

achieved using the 488 nm line of the laser, and the resultant fluorescence collected by a high 

numerical aperture lens (Zeiss Plan Apo, NA 1.4, x 100 oil objective). The collected light 

was directed via a 505 long-pass dichroic mirror (Chroma) and a 514/10 nm band-pass 

emission filter (Lys & Optic) onto an image intensifier (Hamamatsu Cat: C5825) consisting 

of a photocathode, multichannel plate, and phosphor screen. Light from the phosphor screen 

was then projected directly onto a CCD camera (Photometrix Quantix) via a telescopic lens. 

The principle purpose of the image intensifier was to enhance the signal of the fluorescence 

emission: as fluorescent light hit the photocathode it generated an electron burst that was 

passed through the multichannel plate for electron amplification. The resulting cascade of 

electrons bombarded a phosphor screen, the light from which was projected onto the CCD 

camera. This process results in the rapid amplification of the fluorescence signal while 

sacrificing image resolution.

The sensitivity of the detector, also under the control of the high-frequency synthesizers, was 

modulated at the same frequency as the excitation light to enable homodyne phase sensitive
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imaging. Modulation of the detector sensitivity was achieved by varying the voltage across 

tie photocathode of the image intensifier. An adjustable mirror enabled the excitation light 

source to alternate between the laser and a 100 W mercury lamp (Zeiss) coupled to the epi- 

iilumination port of the microscope. Use of the mercury lamp facilitated the location of 

fluorescent cells prior to imaging. A 565 nm long-pass dichromatic mirror and 610/75 nm 

long pass emission filter (Omega) also permitted Cy3 fluorescence images to be acquired in 

combination with the mercury lamp, enabling confirmation of the presence of acceptor in 

imaged specimens. Peripheral devices were under the control of a Macintosh 8600 PowerPC 

and image acquisition software (IPLab Spectrum, Signal Analytics Corp.). The system set-up 

is summarized in Figure 42, page 19.

Evaluation o f fluorescence lifetimes: A series of 16 homodyne phase sensitive images were 

taken per lifetime measurement to enable an accurate reconstruction of the sinusoidal curve 

of fuorescence emission. The image acquisition software was also responsible for the on line 

processing of image data for the derivation of and Vm lifetimes. Briefly, data was processed 

as follows: a threshold mask was applied to each image in order to extract cell pixel values 

while discarding background noise. A Fourier series was applied to the data set in order to 

deconstruct the fluorescence emission into its individual sinusoidal components. Phase and 

modulation values could then be calculated from the comparison of excitation and emission 

cures. The and Vm lifetimes for each image pixel could then be derived from phase and 

modulation calculations via the following equations:
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77-̂  ^ —  tan (^)

Where <p and m represent the phase and modulation depth respectively and co represents the 

angular frequency of the modulation (i.e. co=2nx modulation frequency).

The measurement of Tç, and Tm provided independent evaluations of the fluorescence lifetime 

at each image pixel. Lifetime data was displayed either as cell lifetime maps or by plotting all 

Tç pixel values against all corresponding Tm values in order to generate scatter plots of cell 

lifetimes for each image. For lifetime maps each image pixel represented an average of the Tç 

and Tm pixel values.

Cells imaged in the absence of acceptor were used to derive a single control lifetime for the 

donor fluorophore, %>, calculated as the mean lifetime of all image pixels within the cell. 

This control lifetime values was then fixed and used to calculate the efficiency of FRET in 

images of cells where both donor and acceptor fluorophores were present:

Efficiency -  1 -  —

Where td is the fixed lifetime value for the donor fluorophore in the absence of acceptor and 

tda the average fluorescence lifetime of the donor fluorophore in the presence of acceptor at 

image pixel iJ.
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Figure 42. Schematic o f the frequency domain FLIM system setup

(A) The excitation source was provided by the 488 nm emission line o f an Argon/Krypton gas 
laser. (B) The excitation light was passed through an 80 MHz resonating AOM to generate a 
sinusoidally modulated excitation beam. (C) Two frequency synthesizers and a high voltage 
amplifier accurately controlled the frequency o f modulation. The high coherent properties o f 
the excitation light were removed by passing the beam through a rotating ground glass disk 
and reconverging the scattered light with a high NA lens. The excitation light was then 
launched into the epi-illumination port o f the inverted microscope. (G) A dichroic mirror and 
emission fdter separated the excitation and emission light following sample excitation. 
Fluorescence light was subsequently directed onto a multichannel plate (H), the gain o f 
which was modulated enabling homodyne phase sensitive imaging using a CCD camera (I). 
An automated multi-position stage enabled the rapid high magnification imaging o f multiple 
cells during a single experiment (J). Peripheral devices were controlled by a Macintosh 
PowerPC (k). This diagram is based on a simplified version o f that previously published 
(Squire and Bastiaens, 1999).
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3.3 RESULTS

In this study expression constructs encoding EGFP fusions of dominant negative Cdc42, 

TclO, N-WASP, and PAKl were introduced into cells using nuclear microinjection in order 

to investigate the role of their endogenous counterparts in the chemotaxis and motility of XI5 

rat sarcoma cells. Expression constructs encoding EGFP fusions of wild-type proteins were 

also used to determine whether effects seen with inhibitory proteins were the specific 

consequence of the dominant negative properties conferred by their mutations.

Much of our understanding of GTPase function has greatly profited from the identification, 

through mutational analysis, of functional variants that exhibit alterations in guanine 

nucleotide binding and hydrolysing efficiencies (Bishop and Hall, 2000). Single amino acid 

changes in the guanine nucleotide binding pocket of Cdc42, TclO, and other GTPases have 

provided dominant negative and constitutively active mutant variants of these proteins that 

have been of great use in the study of GTPase related signalling. The introduction of the 

single amino acid change T17N in Cdc42 confers a dominant negative function by locking 

the protein in the GDP bound state. In this study this dominant negative variant, 

Cdc42(T17N) along with a similar TclO variant TclO(T31N), were used to elucidate the role 

of the respective endogenous proteins in the chemotaxis of rat sarcoma cells. Truncated 

mutations of WASP family proteins that lack the VGA region within the carboxyl-terminus 

of the molecule have provided an effective means of disrupting WASP-mediated signalling 

to the cytoskeleton (Frischknecht et al., 1999). Deletion of the VGA region prevents the 

recruitment of the Arp2/3 complex following protein activation, thus preventing actin 

nucléation and subsequent filament assembly. The amino-terminus of the protein remains
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intact and thus competes with endogenous protein for activation by upstream regulators. The 

N-WASP truncation mutant N-WASP(AVCA) was used in this study to disrupt the function 

of the endogenous protein. Mutations in PAKl that render the kinase domain inactive and 

PAKl fragments that consist of portions of the autoregulatory sequence have proved 

effective in inhibiting the kinase dependent signalling of this molecule (Kiosses et al., 1999; 

Zhao et al., 1998). In this study two alternative truncation mutants were used in order to 

inhibit endogenous PAKl function. The first consisted of amino acids 83 - 149 of the 

autoregulatory sequence, the region of the protein responsible for masking the kinase domain 

when in the autoinhibited state. The second consisted of amino acids 1 - 1 4 9  and therefore 

contained both the autoinhibitory sequence and the remaining N-terminal portion of the 

protein, enabling additional membrane localization and GTPase binding.

Nuclear microinjection provided the main tool for introducing exogenous expression 

constructs into cells. Dunn chamber chemotaxis assays were performed to evaluate the 

directional response and motility of subconfluent cultures of serum starved T15 rat sarcoma 

cells expressing microinjected constructs. The addition of a mixture of PDGF-BB and IGF-1 

to the outer well of the chemotaxis chamber provided the chemotactic signal. For each 

experiment a suitable field of cells situated directly in the diffusion gap of the chemotaxis 

chamber and containing both expressing and non-expressing cells was selected for low 

magnification (10 x or 20 x) observation via digital time-lapse microscopy. Sequential phase 

contrast and EGFP fluorescence images were acquired at 5 min time-lapse intervals and cells 

were filmed for a duration of 16 hours. The interactive tracking of acquired film sequences 

was used to generate cell trajectories for the subsequent statistical analysis of cell behaviour.
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The trajectories of fluorescent cells from each treatment group were compared to those of 

control cells expressing EGFP vector alone to assess the effects of the various expressed 

proteins on the chemotaxis, speed, and persistence of cell movement.

Please note that while the effects of different treatments are considered and discussed 

separately in this chapter, graphically they are often presented together for ease of 

comparison.

33,1 Characterisation o f  T15 sarcoma cells in stable gradients o f  PDGF-BB/IGF-1

A total of 75 chemotaxis experiments were conducted to assess the role of various polarity 

proteins in the chemotaxis and motility of XI5 rat sarcoma cells. Non-expressing cells were 

included in the observation field of all recordings to provide an internal control for 

chemotaxis. The data acquired from non-expressing cell populations from all 75 chemotaxis 

experiments enabled a detailed analysis of the behavioural characteristics of the T15 rat 

sarcoma cell line in PDGF-BB/IGF-1 gradients. Subconfluent cultures of T15 sarcoma cells 

were previously shown to exhibit chemotaxis in mixed gradients of PDGF-BB (60 ng/ml) 

and IGF-1 (80 ng/ml) as assessed using the Dunn direct viewing chemotaxis chamber (Zicha 

et al., 1991). The analysis of cell trajectories generated from the interactive tracking of 1959 

non-expressing cells from 75 chemotaxis experiments performed in this study reconfirmed 

this finding. T15 sarcoma cells exhibited a strong chemotactic response (Figure 43A, 

page 19) as confirmed by the significant unimodal clustering of cell directions towards the 

source of the chemoattractant (Rayleigh test, p < 0.001). The chemotactic response of cells 

was apparent over the entire course of experiments, and was maximal approximately 5 hours
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following the commencement of filming (Figure 43B). Cell populations also revealed a 

distinctive speed profile over the course of experiments. Cell speed typically increased over 

the initial stages of the time-course, reaching a peak after approximately 5 hours, and then 

finally tailing off after a period of approximately 8 hours (Figure 43C). XI5 sarcoma cells 

exhibited a mean speed of 14.3 pm/h in PDGF-BB/IGF-1 gradients.

Although a consistent tissue culture technique was adopted to achieve reproducible cell 

densities between chemotaxis experiments, some variation between cultures was 

unavoidable. Furthermore, local variations in cell density within a single culture were 

difficult to control. As a consequence, variations in cell number existed between the 

observation fields of different chemotaxis experiments. Density is known to influence the 

speed of motility of a number of different cell types (Abercrombie, 1970). It was therefore 

important to assess whether the range of cell densities observed was sufficiently large to 

significantly alter the behaviour of cell populations between experiments. This was of 

importance as cell speed was one of the aspects of cell behaviour that was under 

investigation. ANOVA revealed that no such significance existed (Figure 43D). 

Consequently the range of cell densities within which chemotaxis experiments were 

conducted was not in its self an influential factor on cell speed.
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Figure 43, The chemotaxis and motility o f  
sarcoma cells
Summary o f the chemotaxis and motility o f T15 
sarcoma cells recorded in gradients o f PDGF- 
BB (80 mg/ml) and IGF-1 (60 ng/ml) using the 
Dunn chemotaxis chamber. The data were 
derived from the analysis o f non-fluorescent cell 
populations from a total o f 75 chemotaxis 
experiments. (A) Circular histogram revealing 
the strong chemotactic response o f the TI5 

sarcoma cells in PDGF-BB/IGF-1 gradients, as demonstrated by the highly significant 
unimodal clustering o f cell directions toward the source o f the chemotactic stimulus. (B) 
Graph illustrating the relative displacement o f the cell population in the chemotactic 
gradient over the course o f experiments. Relative displacement is calculated as AY/horizon 
(see methods 3.2.12, page 19) and is presented at hourly intervals. Positive values indicate 
the preferential migration o f cells towards the source o f the chemotactic stimulus. (C) Graph 
illustrating the speed profile o f sarcoma cells over the course o f the 16-hour filming period. 
(D) Box and whisker chart summarising the speed o f cells from populations o f increasing 
densities. The data set spans the full range o f cell densities observed for all 75 chemotaxis 
experiments performed. Individual experiments were partitioned into groups o f increasing 
cell density and assessed by ANOVA to determine whether significances existed between the 
cell speeds o f the different density groups. No significance difference existed over the range 
o f cell densities observed (n.s., ANOVA). Circles represent median values while boxes span 
50 Vo, and whiskers span 80 % o f the data within each group.
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3.3.2 Effects o f  EGFP expression on sarcoma cell motility

The application of EGFP as a means of fluorescently labelling proteins for use in live cell 

imaging experiments requires that the toxicity of the fluorophore be assessed for the cell line 

in question. Deleterious effects on cell behaviour that result as a consequence of the over­

expression and/or photo-toxicity of the protein may render the fluorophore unsuitable for a 

particular cell system.

XI5 sarcoma cells expressing EGFP were assayed in the Dunn chemotaxis chamber to 

determine any possible effects that expression of the fluorophore alone may have on cell 

behaviour. The speed and directionality of 131 EGFP expressing cells from 10 independent 

chemotaxis experiments were analysed. The non-expressing cells within the same 

experimental group were used as a comparative control. Differences in speed and 

directionality between the expressing and non-expressing cell populations were assessed 

using ANOVA.

EGFP expression was not found to have a significant effect on either the speed or 

directionality of T15 sarcoma cells. Cells from both the expressing and non-expressing 

populations exhibited strong chemotactic responses in PDGF-BB/IGF-1 gradients (Figure 

4 4 A & B ,  page 19). See also the representative filmstrip in Figure 45A, page 19. The 

fluorescent cells can clearly be seen to migrate towards the outer well of the chemotaxis 

chamber. No significant difference existed between the chemotactic response of the 

expressing and non-expressing cell populations as assessed by ANOVA.
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It was hypothesized that any toxic effects associated with EGFP expression would most 

likely be manifested as an impairment of cell motility. However, EGFP expression did not 

have a noticeable effect on the speed of cell motility (see trajectory plots Figure 44 C & D). 

The ANOVA comparison of the speeds of non-expressing and expressing cells confirmed 

that EGFP expression did not confer a significant inhibitory effect on the speed of sarcoma 

cell motility Figure 44E. Observations of individual films also indicated that there was no 

obvious effect of EGFP expression on cell viability although this was not assessed 

statistically.

EGFP fusion provided a useful means of assaying the effects of various proteins on the long­

term motile behaviour of T15 sarcoma cells in live cell imaging experiments. The fluorescent 

protein alone had no effect on cell directionality and speed and thus provided a useful base­

line control when analysing the effects of other EGFP fusion proteins on these aspects of cell 

behaviour.
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Figure 44. Effects o f EGFP 
expression on sarcoma cell motility

Circular histograms, trajectory plots, 
and box and whisker charts 
demonstrating the effects o f EGFP 
expression on the chemotaxis and 
motility o f sarcoma cells. Figures 
summarise data obtained from the 
interactive tracking o f cells from 
10 independent chemotaxis
experiments. (A & B) Circular 
histograms demonstrating the 
directional response o f non­
expressing and EGFP expressing cells 
respectively. Both control and EGFP 
expressing cells exhibited strong 
chemotactic responses in PDGF- 
BB/IGF-1 gradients. EGFP 
expression did not significantly alter 
the chemotaxis o f cells (ANOVA, n.s.). 
(C & D) Trajectory plots for non­
expressing and EGFP expressing cells 
respectively revealing the individual 
paths, shifted to a common origin, o f 
cells over the course o f chemotaxis 
experiments. The paths o f both non­
expressing and EGFP expressing cells 
tended towards the source o f the 
gradient (top o f plot) over the course 
o f experiments. EGFP expression did 
not visibly suppress cell movement. 
Axes units are in microns. Filled 
circles denote the final position o f 
cells. (E) Box and whisker plots 
summarising the mean speeds o f non­
expressing (control) and EGFP 
expressing sarcoma cells over the 
course o f chemotaxis experiments. 
EGFP expression did not significantly 
impair cell speed (ANOVA, n.s.). 
Circles represent median values while 
boxes span 50 %, and whiskers span 
80 % o f the data within each group.
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3,3.3 Cdc42 and Tel0 are implicated in the motility but not the chemotaxis o fT lS  rat 
sarcoma cells

Cdc42 function has previously been shown to be essential for the chemotaxis of certain cells 

of the mammalian immune system including macrophages and T lymphocytes (Allen et al., 

1998; Haddad et al., 2001). It was therefore hypothesized that this protein would be of 

similar importance in the chemotaxis of the T15 rat sarcoma cell line. To determine the role 

of Cdc42 in the chemotaxis of T15 rat sarcoma cells an EGFP fusion of the dominant 

negative variant Cdc42(T17N) was microinjected into cells and cell behaviour subsequently 

assessed using the Dunn chemotaxis chamber. Figure 45B, page 19 is an image sequence 

from a representative film demonstrating the directional response of EGFP-Cdc42(T17N) 

expressing cells recorded in the chamber. The analysis of 57 cells from 7 independent 

cultures revealed that EGFP-Cdc42(T17N) had no significant effect on the chemotaxis of 

T15 sarcoma cells, with cells exhibiting a strong directional response in gradients of PDGF- 

BB/IGF-1 (Figure 47B, page 19). No significant difference existed between the chemotactic 

response of EGFP-Cdc42(T 17N) expressing cell and control cells expressing EGFP alone as 

confirmed by ANOVA (Table 4, page 19). Expression of wild-type protein also had no effect 

on chemotaxis (Figure 48B, page 19). EGFP-Cdc42(wt) expressing cells could clearly be 

seen to migrate towards outer well of the chemotaxis chamber (see representative film 

sequence Figure 46B, page 19) and no significant difference existed between the directional 

response of these cells and controls (Table 4). In all cases the non-expressing cell populations 

provided inbuilt controls for chemotaxis, confirming that effective chemotactic gradients had 

established during individual experiments, see Figure 49, page 19 (dominant negative 

experiments) and Figure 50, page 19 (wild-type experiments).
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The expression of dominant negative Cdc42 did, however, affect the speed of T15 rat 

sarcoma cell motility. EGFP-Cdc42(T17N) expressing cells were capable of detecting and 

translocating towards the source of the chemotactic gradient but they did so more slowly than 

the surrounding, non-expressing cells (this is clear from the image sequence in Figure 45B). 

Cells exhibited a 25 % reduction in speed when compared to EGFP control cells. Trajectory 

plots illustrating the individual paths taken by cells during the course of experiments 

demonstrate effectively the suppressive effects that Cdc42 inhibition had on the speed of cell 

motility (Figure 5IB, page 19). Plots reveal that the paths of EGFP-Cdc42(T17N) expressing 

cells were visibly suppressed compared to those of EGFP control cells (Figure 51, compare B 

with A). The significance of the speed reduction was confirmed by ANOVA (p < 0.01) 

(Figure 53A, page 19 & Table 5, page 19). Expression of the wild-type protein had no 

significant effect on cell speed (Figure 53B & Table 5), confirming that the reduction in 

speed was specific to the dominant negative mutation and not a consequence of toxicity 

associated with an increased presence of Cdc42 protein per se. Note how the trajectories of 

EGFP-Cdc42(wt) expressing cells were similar to those of control cells expressing EGFP 

alone (Figure 52, compare B with A. See also example film sequence. Figure 46B & A).

As Cdc42 was not required for the chemotaxis of T15 rat sarcoma cells it was possible that 

the closely related GTPase TclO was of more importance in regulating chemotactic 

behaviour in this particular cell line. TclO shares many down-stream signalling target with 

Cdc42 and has been shown to induce long filopodia-like formations when over-expressed in
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Figure 45. Figure legend overleaf.



Figure 45, (previous page) Film sequences o f  migrating sarcoma cells expressing 
inhibitory constructs

Image sequences from chemotaxis experiments demonstrating the behaviour o f  Tl 5 sarcoma 
cells in gradients o f PDGF-BB (80 ng/ml)/IGF-l(60 ng/ml) following microinjection and 
expression o f  various inhibitory constructs fused to EGFP. Each image sequence is derived 
from a representative film  fo r  a given treatment group and represent 0, 8 and 16-hour time 
points. Images are composites o f overlaid phase contrast and EGFP fluorescence channels 
allowing the simultaneous observation o f both expressing and non-expressing cells. Cells 
were microinjected with expression constructs encoding either EGFP control (A), EGFP- 
Cdc42(TI7N) (B), EGFP-TcI0(T31N) (C), EGFP-N-WASP(AVCA) (D), EGFP-PAKI(1 -  
149) (E), or EGFP-PAK1(83 -  149) (F). Yellow trajectories illustrate the individual paths o f 
cells expressing fluorescent proteins, while red trajectories represent those o f  the non­
expressing cells. White filled circles illustrate the current position o f each cell fo r  the image 
shown. In all experiments the camera was rotated so that the outer well was positioned at the 
top o f  each image. Consequently the direction o f increasing growth factor concentration runs 
from the bottom to the top o f  each image, as represented by the white arrow in the first image 
o f the first sequence. Scale bar -1 0 0  pm.

Figure 46, (overleaf) Film sequences o f  migrating sarcoma cells expressing wild type 
constructs

Image sequences from chemotaxis experiments demonstrating the behaviour o f  TI 5 sarcoma 
cells in gradients o f  PDGF-BB (80 ng/ml)/IGF-l (60 ng/ml) following microinjection and 
expression o f  various wild-type constructs fused to EGFP. Cells were microinjected with 
expression constructs encoding either EGFP control (A), EGFP-Cdc42(wt) (B), EGFP- 
TclO(wt) (C), EGFP-N-WASP(wt) (D), or EGFP-PAKl(wt) (E). Time intervals, image 
compositions, orientation o f  the chemotactic gradient, and scales are the same as fo r  Figure 
45.
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Figure 46. Figure legend on preceding page.



fibroblast cell lines, a phenotype often associated with Cdc42 expression (Neudauer et al., 

1998). Furthermore, TclO has been implicated in control of axonal outgrowth in neurons 

(Abe et al., 2003), and is therefore an important regulator of cell polarity in other mammalian 

systems.

Expression of an EGFP fusion of the dominant negative TclO variant, TclO(T31N), had no 

effect on the chemotaxis of T15 sarcoma cells. The analysis of 35 cells from 5 independent 

cultures revealed that EGFP-Tc 10(T31N) expressing cells could exhibit a strong chemotactic 

response in PDGF-BB/IGF-1 gradients (see representative film sequence in Figure 45C, 

page 19). A significant chemotactic response was confirmed for cells expressing both 

dominant negative and wild-type proteins (Figure 47C, page 19 & Figure 48C page 19 

respectively). EGFP-Tc 10(T31N) expression did, however, impair cell speed (Figure 53A, 

page 19). Interestingly the degree of speed inhibition was comparable to that associated with 

the inhibition of Cdc42 (25 % reduction). Again, the reduction in speed was specific to the 

dominant negative variant of the protein and was significant compared to the speed of control 

cells (Table 5, page 19). As with cells expressing EGFP-Cdc42(T17N), the trajectories of 

EGFP-Tc 10(T31N) expressing cells appeared suppressed compared to those of control cells 

(Figure 51 compare C & A, page 19). Interestingly, the expression of EGFP-TclO(wt) 

significantly enhanced the speed of cell motility (Figure 53B & Table 5). Endogenous TclO 

expression levels may therefore present a limiting factor in the speed of T15 rat sarcoma cell 

motility.
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3.3,4 N-WASP is implicated in the motility but not chemotaxis o f  T15 rat sarcoma cells

The WASP-family proteins represent key regulators of actin dynamics, providing 

mechanisms for the control of de novo actin polymerisation through their interaction with the 

Arp2/3 complex (Takenawa and Miki, 2001). Hematopoeitic WASP is an essential 

requirement of macrophage and T lymphocyte chemotaxis (Haddad et al., 2001; Zicha et al., 

1998), while N-WASP is essential for axonal outgrowth in hippocampal neurons (Banzai et 

al., 2000). N-WASP presents a target for upstream regulation by both Cdc42 and TclO, and 

induces morphological structures commonly associated with the activation of these regulators 

(Miki et al., 1998; Neudauer et al., 1998). N-WASP is therefore likely to play a significant 

role in the latter stages of GTPase-mediated receptor signalling to the cytoskeleton.

Although dominant negative constructs of Cdc42 and TclO were unable to abolish the 

chemotaxis of T15 rat sarcoma cells this may have reflected a degree of functional 

redundancy between the two proteins. It is conceivable that either could adopt the role of the 

other in transducing signals to the cytoskeleton through interactions with their mutual targets 

including N-WASP and PAKl. If N-WASP represented a point of convergence in Cdc42 and 

TclO signalling pathways it was important to examine whether this protein was implicated in 

the regulation of chemotaxis in sarcoma cells.

In order to assess the role of N-WASP in the chemotaxis of T15 sarcoma cells expression 

constructs encoding an EGFP fusion of either the wild-type protein or the dominant negative 

truncation mutant, N-WASP(AVCA), were microinjected into cells and cell behaviour 

subsequently assessed in the Dunn chemotaxis chamber. Expression of 

EGFP-N-WASP(AVCA) did not abolish the chemotaxis of T15 rat sarcoma cells. The
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analysis of 29 cells from 7 independent cultures revealed that EGFP-N-WASP(AVCA) 

expressing cells could exhibit chemotaxis in PDGF-BB/IGF-1 gradients (Figure 47D, page 

19). No significant difference existed between the chemotactic response of these cells and 

control cell expressing EGFP alone (Table 4, page 19). Expression of the dominant negative 

protein did, however, significantly impair motility resulting in an approximate 40 % 

reduction in cell speed when compared to controls (Figure 53A, page 19 & Table 5, page 19). 

The poor motility of these cells is particularly apparent in the example film sequence shown 

in Figure 45D, page 19.

Although no discernible effects on cell morphology resulted from expression of the dominant 

negative N-WASP truncation mutant, expression of the wild-type protein resulted in cell 

rounding and the extension of long spindle-like lamellipodia (see example film sequence 

Figure 46D). These morphological changes were associated with enhanced motile behaviour 

and cells exhibited significantly higher speeds than controls (Figure 53B & Table 5). This is 

particularly apparent from the EGFP-N-WASP(wt) trajectory plot, which reveals the 

extended cell paths of individual highly motile cells (Figure 52D, page 19, compare with 

EGFP control Figure 52A). It is therefore possible that endogenous levels of N-WASP 

protein may present a limiting factor in the determination of cell speed, as has been suggested 

for TclO. Although expression of EGFP-N-WASP(wt) had profound effects on cell 

morphology and motility, the chemotactic responses of these cells were unaffected (Figure 

48D, page 19). Therefore N-WASP expression constructs induced changes in cell behaviour 

that were not dissimilar to those of its upstream regulator TclO.
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3.3.5 PAKl is essential for both the chemotaxis and efficient motility o f  T15 rat sarcoma 
cells

PAKl is a known regulator of cell morphology and polarity in a number of eukaryotic cells 

systems, coordinating changes through its influence on the actin cytoskeleton. Studies 

conducted using the Boyden chamber have identified PAKl kinase activity as important for 

both the efficient haptotaxis of fibroblasts on immobilized collagen gradients, and the 

chemokine-driven chemotaxis of HEK cells (Sells et al., 1999; Wang et al., 2002). PAKl 

therefore provides an obvious candidate for study in the chemotaxis of the T15 rat sarcoma 

cell line.

Two truncation mutants were generated in order to disrupt PAKl signalling within cells: the 

EGFP-PAK1(83 -  149) fragment which consisted of the kinase domain-binding portion of 

the autoregulatory sequence, and the EGFP-PAK1(1 -  149) fragment which consisted of the 

kinase domain-binding fragment and the amino terminal region required for membrane 

targeting and GTPase binding. Expression of these truncation mutants had a profound effect 

on both the directionality and speed of cell migration. EGFP-PAK1(1 -  149) greatly impaired 

the chemotactic response of cells as demonstrated by the loss of significance in the unimodal 

clustering of cell directions toward the gradient source (Figure 47E, page 19). A significant 

difference existed between the directional responses of EGFP-PAK1(1 -  149) expressing 

cells and control cells expressing EGFP alone, confirming that chemotaxis had been 

abolished (Table 4, page 19). The example film sequence in Figure 45E clearly demonstrates 

the reduced tendency for these cells to move toward the outer well of the chemotaxis 

chamber.
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Expression of PAKl (83 -  149) also seemed to abolish the chemotactic response of T15 

sarcoma cells (Figure 47F). However, a significant difference between the chemotactic 

responses of EGFP-PAK1(83 -  149) expressing cells and controls was not detectable by 

ANOVA (Table 4). It is therefore possible that the effects of the 83 -  149 truncation mutant 

on cell directionality were not as severe as those of the membrane targeted fi*agment. Note 

that the non-expressing cells from both the EGFP-PAK1(1 -149) and EGFP-PAK1(83 - 149) 

treatment groups exhibited strong chemotactic responses during experiments (Figure 

49 E & F, page 19), demonstrating that loss of chemotaxis observed in the fluorescent cell 

population was a specific consequence of the expressed proteins.

The effect of EGFP-PAK1(83 -  149) expression on cell motility was profound leading to a 

40 % reduction in cell speed (Figure 53A, page 19, Table 5 & page 19). Protein expression 

also had a profound effect on cell morphology, resulting in cell spreading and a loss of 

polarity. Note the relatively spread and symmetrical morphology of fluorescent cells in the 

example film sequence in Figure 45F. Note also the poor translocation of these cells over the 

course of the time-lapse recording. The comparison of the trajectories of cells expressing 

EGFP-PAK1(83 - 149) with those of cells expressing EGFP alone demonstrates effectively 

the profound inhibitory effect that this PAKl mutant had on the speed of cell motility 

(compare Figure 5IF with Figure 51 A, page 19).

Expression of EGFP-PAK1(1 - 149) was also found to significantly impair the speed of cell 

motility (Figure 53A), but to a lesser degree than the 83 -  149 truncation mutant (~30 % 

reduction). Loss of cell polarity was also often associated with expression of the 1-149
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mutant although, interestingly, this seemed to result from cell contraction and rounding rather 

than spreading. In many cases cell contraction was only transient and subsequent re­

spreading could be observed after a number of hours.

The intensity of EGFP-PAKl(wt) expression often diminishes over the course of chemotaxis 

experiments (see intensity analysis, section 3.3.7, page 19), suggesting a down regulation in 

protein expression. It was therefore more difficult to discern the effects of the wild-type 

protein on cell behaviour. Notwithstanding, the analysis of cells expressing the wild-type 

protein did not reveal any significant change in the chemotactic response or the speed of 

motility (Figure 48E, page 19 & Figure 53B).

PAKl signalling was, therefore, essential for the efficient PDGF-BB/IGF-1 driven 

chemotaxis of T15 rat sarcoma cells. Although a known target of both Cdc42 and TclO, the 

activities of these proteins were not essential for PAKl mediated chemotaxis. Furthermore, 

although Cdc42, TclO, and N-WASP all contributed to the motile response of T15 rat 

sarcoma cells PAKl was the greatest single contributor to cell motility. PAKl is therefore a 

essential polarity and motility protein in rat sarcoma cells.
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EGFP

cells = 98 
films = 10 
Ü = -10.3 °
p <0.001

EGFP-Cdc42(T17N)

cells = 57 
films = 7 
0 = 7 .6 “
p <0.001

EGFP-Tc10(T31N)

cells = 35 
films = 5 
0 = 24.4 “ 
p < 0.001

D
EGFP-N-WASP(AVCA)

cells = 29 
films = 7 
0 =  - 1 . 2 “ 

p <0.001

EGFP-PAK1(1 .1 4 9 )

cells = 41 
films = 6 
0 = HI A  
n.s.

EGFP-PAK1(83 - 149)

cells = 36 
films = 4 
0 = N/A 
n.s.

Figure 47. Effects o f dominant negative treatments on the directionality o f sarcoma cells

Circular histograms demonstrating the chemotactic responses o f T15 rat sarcoma cells from  
EGFP control and dominant-negative treatment groups towards a combination o f PDGF-BB 
(60 ng/ml) and IGF-I (80 ng/ml). Cells expressing either EGFP control (A) or EGFP fusions 
o f dominant-negative Cdc42 (B), TclO (C), or N-WASP (D) all exhibited strong chemotaxis. 
However, chemotaxis was abolished in cells expressing EGFP fusions o f  PAKl truncation 
mutants (E & F). PAKl was, therefore, necessary fo r  the efficient chemotaxis o f  these cells. 
Cells were considered to have exhibited a chemotactic response upon detection o f  a 
significant unimodal clustering o f cell directions oriented towards the source o f the 
chemotactic stimulus (North with respect to each histogram). Significances were determined 
using the Rayleigh test fo r  the statistical analysis o f  circular data sets (p values shown). 
When significant clustering is observed the mean cell direction (0) is indicated by an arrow. 
A mean cell direction o f 0° is directed exactly at the source o f the gradient. Data fo r  each 
treatment group are pooled from a number offilms as indicated.
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EGFP

cells = 98 
films = 10 
0 = -1 0 .3 “
p <0,001

B
EGFP-Cdc42(wt)

cells = 36 
films = 6 
0 = 34.2°
p < 0.01

EGFP-TclO(wt)

cells = 55 
films = 6 
0 = 9.4 ° 
p < 0 .01

D
EGFP-N-WASP(wt)

cells = 41 
films = 7 
0 =  6.6  °  

p <0.001

EGFP-PAKI(wt)

cells = 38 
films = 7 
0 = 4.0 “
p < 0.001

Figure 48. Effects o f wild-type treatments on the directionality o f sarcoma cells

Circular histograms demonstrating the chemotactic responses ofT15 rat sarcoma cells from  
EGFP control and wild-type treatment groups toward a combination o f  PDGF-BB 
(60 ng/ml) and IGF-1 (80 ng/ml). Cells expressing either EGFP control (A) or EGFP fusions 
o f wild-type Cdc42 (B), TclO (C), N-WASP (D), and PAKl (E) all exhibited strong 
chemotactic responses as determined by the significant unimodal clustering o f  cell directions 
towards the source o f the chemotactic stimulus. Data fo r  each treatment group is pooled 
from a number offilms. An explanation o f  the circular histogram is provided in Figure 47.
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EGFP

cells = 129 
films = 10 
0 =  - 6.6  °  

p < 0.01

EGFP-Cdc42(T17N)

cells = 143 
films = 7 
0 = -0.3 °
p<0.01

EGFP-Tc10(T31N)

cells = 93 
films = 5 
0 = 10.7"
p <0.01

EGFP-N-WASP(AVCA)

cells = 223 
films = 7 
0 = 12.5 “
p <0.01

EGFP-PAK1(1 - 149)

cells = 90 
films = 6 
0 = 4.6 "
p < 0.01

EGFP-PAK1(83- 149)

cells = 55 
films = 4 
0 = -5.4 “
p <0.01

Figure 49. The chemotactic responses of non-expressing cells from dominant negative 
treatment groups
Circular histograms demonstrating the chemotactic responses o f  non-expressing T15 rat 
sarcoma cells from EGFP control and dominant-negative treatment groups. The non­
expressing cell populations within all treatment groups provided a control fo r  chemotaxis. 
Individual circular histograms represent non-expressing cells from EGFP control (A), 
EGFP-Cdc42(Tl7N) (B), EGFP-TclO(T31N) (C), EGFP-N-WASP(AVCA) (D), EGFP- 
PAK1(1 - 149) (E), and EGFP-PAKl (83 -  149) (F) treatment groups. Cells exhibited 
strong chemotactic responses in all cases as determined by the significant unimodal 
clustering o f cell directions towards the source o f  the chemotactic stimulus. Therefore 
effective chemotactic gradients established during experiments. Data fo r  each treatment 
group is pooled from a number offilms. An explanation o f  the circular histogram is provided 
in Figure 4 7.
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EGFP

cells = 129 
films = 10 
0 =  - 6.6 °  

p < 0.01

D
EGFP-N-WASP(wt)

cells = 104 
films = 7 
0 = -5.4 “ 
p <0.01

EGFP-Cdc42(wt)

cells = 85 
films = 6 
0 = 2.9 °
p<0.01

EGFP-PAKl (wt)

EGFP-TclO(wt)

cells = 85 
films = 6 
0 =  2.0  °  

p<0.01

cells = 228 
films = 7 
0 = 3.2 °
p < 0.01

Figure 50. The chemotactic responses o f non-expressing cells from wild type treatment 
groups

Circular histograms demonstrating the chemotactic responses o f  non-expressing T15 rat 
sarcoma cells from EGFP control and wild-type treatment groups. Individual circular 
histograms represent non-expressing cells from EGFP control (A), EGFP-Cdc42(wt) (B), 
EGFP-TclO(wt) (C), EGFP-N-WASP(wt) (D), and EGFP-PAKl (wt) (E) treatment groups. 
Cells from all treatment groups exhibited strong chemotactic responses as determined by the 
significant unimodal clustering o f  cell directions towards the source o f  the chemotactic 
stimulus. Therefore effective chemotactic gradients established during experiments. Data for  
each treatment group is pooled from a number o f films. An explanation o f  the circular 
histogram is provided in Figure 47.
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S u m m a ry  o f n o rm a lis e d  cell d is p la c e m e n t  in t h e  g r a d ie n t

Treatm ent N um ber o f 
films

N um ber of 
cells

Mean n orm alised  
d isp lacem en t

Standard
Error

Sig.
(ANOVA)

EGFP-Cdc42(wt) 6 33 0.41 0.14 n.s.

EGFP-Cdc42{T17N) 7 54 0.56 0.05 n.s.

EGFP-TclO(wt) 6 51 0.36 0.14 n.s.
EGFP-Tc10(T31N) 5 33 0.44 0.17 n.s.

EGFP-N-WASP(wt) 7 36 0.37 0.12 n.s.

EGFP-N-WASP(AVCA) 7 26 0.47 0.10 n.s.

EGFP-PAKl (wt) 7 35 0.45 0.16 n.s.

EGFP-PAKl (1-149) 6 37 0.17 0.07

EGFP-PAKl (83-149) 4 35 0.34 0.09 n.s.

EGFP 10 91 0.56 0.07 n.s.

65 431

Table 4. Numerical summary o f the chemotactic responses o f sarcoma cells
Summary o f effects o f  the expression o f various EGFP-fusion proteins on the chemotaxis o f  
sarcoma cells. In order to apply ANOVA to experimental data chemotaxis was also measured 
as the normalised displacement o f  cells relative to the direction o f the chemotactic gradient, 
AY/horizon (see methods 3.2.12, page 19). The mean normalised displacement represents the 
mean o f all normalised displacement values derived fo r  all cells within a specific treatment 
group. A mean normalised displacement value o f  1 would reflect the migration o f a cell 
population exactly towards the source o f the chemotactic stimulus fo r  the fu ll duration 
observed, while negative values would reflect the tendency o f cells to migrate away from the 
chemotactic stimulus. A value o f  0 would reflect the absolute indifference o f the cell 
population to the presence o f a chemotactic stimulus. The EGFP expressing control cell 
population exhibited a mean normalised displacement value o f  0.56, indicating that 
approximately 50%  o f cell movement was directed towards the source o f the chemotactic 
gradient (i.e. towards the outer well o f  the chemotaxis chamber). Only the EGFP-PAKl (1 -  
149) inhibitory construct had a significant effect (p < 0.01 ANOVA) on the chemotaxis o f  
T15 sarcoma cells when compared to the EGFP control group.
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Figure 51. Trajectories o f sarcoma cells expressing dominant negative constructs

Cell trajectory plots illustrating the individual paths ofT15 rat sarcoma cells over the course 
o f  chemotaxis experiments. Trajectories are shifted to a common origin and represent the 
paths o f  cell expressing either EGFP control (A), EGFP-Cdc42(T17N) (B), EGFP-

149) (F). Trajectories appear suppressed where treatments impaired cell speed. This is most

treatment groups where reductions in speed were highly significant. The source o f the 
gradient is positioned at the top o f each plot. Axes units are in microns. Trajectories fo r  each 
treatment group are pooled from a number offilms.
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Figure 52. Trajectories o f  sarcoma cells expressing wild type constructs

Cell trajectory plots illustrating the individual paths o f I I 5 rat sarcoma cells over the course 
o f chemotaxis experiments. Individual plots represent cells expressing EGFP control (A), 
EGFP-Cdc42(wt) (B), EGFP-TclO(wt) (C), EGFP-N-WASP(wt) (D), and EGFP-PAKl (wt) 
(E). Unlike the dominant negative constructs, expression o f  wild-type constructs had no 
deleterious effect on the speed o f  cell motility. TclO and N-WASP expression significantly 
enhanced the speed o f cell motility (C &D). This is particularly apparent from the elongated 
paths o f cells from the EGFP-N-WASP(wt) treatment group (D). The source o f the gradient 
is positioned at the top o f each plot and axes units are in microns. Trajectories fo r  each 
treatment group are pooled from a number offilms.
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Figure 53. Box and whisker charts summarising the speed o f  sarcoma cell motility

Box and whisker charts summarising the effects o f dominant negative (A) and wild-type (B) 
treatments on the speed o f TJ5 sarcoma cell motility. Expression o f dominant negative 
Cdc42, TclO, N-WASP, and PAKl constructs all resulted in a significant reduction in cell 
speed, indicating that all signalling molecules studied were important for efficient cell 
motility. Speed reductions were not observed following the expression o f wild-type proteins. 
Indeed the expression o f wild-type TclO and N-WASP constructs significantly enhanced cell 
speed (p < 0.01, p < 0.05 respectively). Charts (C & D) summarise the speed o f the non­
expressing cell populations from dominant-negative and wild-type treatment groups 
respectively. Significances were derived from the statistical comparison o f each treatment 
group with the EGFP control group (green) using ANOVA. Likewise, the non-expressing cell 
populations from each treatment group were compared to the non-expressing cells o f the 
EGFP control group. Circles represent median values while boxes span 50 %, and whiskers 
span SO % o f the data within each group.
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Sum m ary o f cell sp eed

Treatment Number of 
films

Number of 
cells

Mean Speed 
(pm/h)

Standard
Error

Sig.
(ANOVA)

EGFP-Cdc42(wt) 6 49 15.6 1.71 n.s.
EGFP-Cdc42(T17N) 7 77 10.6 0.55

EGFP-TclO(wt) 6 74 20.5 1.44 * *
EGFP-TclO(T31N) 5 48 9.6 0.69 % $

EGFP-N-WASP(wt) 7 55 19.0 1.02 *

EGFP-N-WASP(AVCA) 7 40 8.9 0.66

EGFP-PAKl (wt) 7 52 15.0 1.00 n.s.
EGFP-PAKl (1-149) 6 56 9.8 0.57 îjî î|;

EGFP-PAKl (83-149) 4 49 8.7 0.63 ❖ îK*

EGFP 10 131 14.4 0.58 n.s.

65 631

Table 5. Numerical summary o f sarcoma cell speed

Summary o f the effects o f the expression o f various inhibitory constructs on the speed o f 
sarcoma cells motility. All inhibitory constructs significantly impaired the speed o f cell 
motility, with the most dramatic reductions obtained with the expression o f the PAKl kinase 
inhibitory fragment EGFP-PAKl (83 -  149) (p < 0.001, ANOVA). Wild-type constructs did 
not impair cell motility confirming that reductions in speed were the consequence o f specific 
dominant negative mutations or truncations and not the mere consequence o f excessive 
protein overexpression. Indeed, expression o f wild-type N-WASP and TclO actually resulted 
in an increase in the speed o f cell motility (p < 0.05, p  <0.01 ANOVA respectively). The table 
indicates the number o f experiments films) and cells comprising each treatment group, the 
mean and standard error o f cell speed for each group, and the significance o f changes in cell 
speed conferred by protein expression. Significances were obtained from the statistical 
comparison o f each treatment group with the EGFP control group using ANOVA. Red stars 
indicate significant reductions in speed while blue stars indicate significant increases. (1 
star, p < 0.05; 2 stars, p < 0.01; 3 starsp < 0.001)
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3,3,6 PAKl regulates persistence o f cell movement

PAKl kinase activity has previously been implicated in the control of cell persistence (Sells 

et al., 1999). Therefore, it was hypothesized that the loss of directionality associated with 

PAKl inhibition may in part have been a consequence of a fall in the persistence of cell 

movement: any factor that reduces the persistence of a motile cell is also likely to impair the 

cell’s chemotactic ability as frequent turning frustrates the attempts of the cell to reach the 

chemoattractant source. Although PAKl had previously been implicated in the regulation of 

persistence, attempts were not made to quantify or statistically assess the changes observed. 

In this study the trajectories of cells expressing PAKl truncation mutants, as well as the 

various other proteins studied, were analysed to assess the effects of these treatments on the 

persistence of cell movement.

Cells from the control population expressing EGFP vector alone exhibited a wide range of 

persistences, reflecting the high degree of heterogeneity inherent within the normal cell 

population (Figure 54 A -  D, page 19). However, expression of the inhibitory PAKl 

constructs EGFP-PAKl (1 -  149), and EGFP-PAKl (83 -  149) significantly increased the 

frequency of poorly persistent cells within the population (Figure 55 A, page 19). This was 

most notable following expression of the 83 -  149 truncation mutant (see also example 

trajectories of poorly persistent EGFP-PAKl(83 - 149) expressing cells Figure 54 E & F). 

The disruption of cell polarity associated with the expression of either of these inhibitory 

constructs was likely to account for the reduced persistence seen in these cells. Loss of 

persistent cell movement was, in turn, likely to underlie the impaired chemotactic ability of 

these cells. Expression constructs encoding dominant negative Cdc42, TclO, and N-WASP,
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and all wild-type proteins had no significant effect on the persistence of cell movement 

(Figure 55 A & B).

3,3,7 Effects o f  varying levels o f  EGFP-fusion protein expression on cell speed

Intensity analysis was performed to determine the effects of varying levels of protein 

expression on the speed of sarcoma cell motility. It was apparent from chemotaxis 

experiments that the different EGFP-fusion constructs microinjected into cells expressed with 

varying degrees of efficiency; while proteins such as EGFP and EGFP-PAKl(83 -  149) were 

continuously and often highly expressed, others such as EGFP-PAKl (wt) and wild-type and 

dominant negative variants of N-WASP were down regulated over the course of experiments 

(Figure 56, page 19). Figure 57 & Figure 58 (pages 19 & 19) are representative image 

sequences from PAK1(83 -  149) and EGFP-N-WASP(wt) experiments that have been 

processed in order to extract individual cell intensities. Image sequences highlight differences 

in both the efficiency and profile of protein expression that existed between the two 

expression constructs. It was therefore of importance to determine the relationship between 

cell intensity and speed. The primary aim was to determine whether reductions in speed 

associated with certain treatments were observable across a range of expression levels or 

whether they were only detectable in the highest expressing cells within an experimental 

group, a finding that could point towards non-specific protein toxicity accounting for such 

motile changes. Furthermore it was essential to establish whether differences existed between 

the speeds of cells expressing different proteins when compared at similar expression levels. 

This was particularly important in cases where wild-type and dominant negative variants of 

the same protein exhibited different expression efficiencies.
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Figure 54, (Figure legend on following page). 
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Figure 54, Cell trajectories demonstrating the persistence o f  sarcoma cell motility 
(preceding page)

Trajectories and associated persistence calculations for example cells selected from EGFP 
control (A -  D) and EGFP-PAKl (83-149) (E & F) treatment groups. Individual cells from  
the control cell population exhibited a wide variety o f persistences, ranging from highly 
persistent (A & B) to poorly persistent (C &D) movement. However, EGFP-PAKl (83 -149) 
expressing cells consistently exhibited poorly persistent cell movement (E <&, F). Sequentially 
linked black arrows illustrate the path o f a single cell over a 500 min time course. Individual 
arrows indicate both the direction and extent o f  cell displacement over a single 10 min time 
interval. Total cell displacement is derived from the sum o f the lengths o f  all these 10 min 
displacements. Blue lines indicate net cell displacement over the 500 min time-course with 
green and red circles representing initial and final cell positions. Cell persistence is derived 
from net and total cell displacement values via the equation: persistence = net 
displacement/total displacement. Values close to 1 represent highly persistent movement 
while values close to 0 represent only poorly persistent movement. Only cell trajectories 
comprising o f  greater than 50 data points (50 % o f the length o f  the entire film  sequence) 
were selected fo r  subsequent persistence analysis. Trajectories were cropped to equal 
lengths before the calculation o f cell persistences.
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Figure 55. Box and whisker charts summarising the persistence o f sarcoma cell motility

Box and whisker charts summarising the range o f cell persistence values calculated for cells 
expressing dominant negative (A) and wild-type (B) constructs. Significances were derived 
from the ANOVA comparison o f individual treatment groups with the EGFP control group. 
Expression o f EGFP-PAK1(1 -  149) and EGFP-PAK1(83 -  149) resulted in a significant 
reduction in the persistence o f cell movement (p < 0.05, p < 0.01 respectively). Expression of 
EGFP-Cdc42(T17N), EGFP-TclO(TSlN), and EGFP-N-WASP(AVCA) inhibitory constructs, 
and the expression o f all wild-type constructs had no significant effect on the persistence o f 
cell movement. Persistence values did not vary significantly between the non-expressing cells 
o f each treatment groups and the non-expressing cells o f the EGFP control group (C & D, 
dominant negative and wild-type treatment groups respectively).
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Individual cell intensities and corresponding cell speeds were extracted from the fluorescence 

images of multi-channel film sequences using purpose written image-processing algorithms 

developed in Mathematica. Varying levels of protein expression were then compared with 

associated changes in cell speed. For a detailed explanation of the methods used to extracting 

cell intensities from image sequences see methods 3.2.13, page 19. A high degree of 

variation in protein expression was found between the different EGFP fusion proteins 

studied. Highest levels of expression were observed in control cells expressing EGFP alone. 

However, across the broad range of cell intensities observed for this treatment group there 

was no significant correlation between protein expression and speed (Figure 59, page 19). 

Therefore expression of EGFP alone had no deleterious effect on cell motility.

Intensity analysis revealed that at the lowest levels of expression none of the dominant 

negative proteins studied had a significant inhibitory effect on cell speed (Figure 60, page 19, 

comparison of cell speeds within the lowest intensity bin of each treatment group with the 

lowest bin of the EGFP control group). However, low levels of wild-type TclO, N-WASP, 

and PAKl expression did seem to enhance the speed of cell motility (Figure 61, page 19). At 

increasing intensities of expression dominant negative constructs had a dramatic and sudden 

inhibitory effect on speed. This was most noticeable for dominant negative Cdc42, TclO, and 

PAKl (Figure 60). Importantly, this sudden fall in speed was not seen for many of the wild- 

type proteins studied, suggesting that the inhibition of cell speed observed following the 

expression of dominant negative proteins was the consequence of the specific mutations that 

these proteins conferred. However, at higher levels of expression there was the suggestion 

that some wild-type proteins may have conferred an inhibitory effect on cell speed. Indeed,
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higher levels of EGFP-PAKl (wt) expression did significantly impair cell speed. It is 

important to note, however, that the inhibitory effects conferred by the dominant negative 

PAKl truncation mutants were noticeable at far lower expression levels than those associated 

with the wild-type protein. A gradual but persistent decline in speed was also associated with 

increasing levels of BGFP-N-WASP(wt) expression. However, much of this decline was 

likely to be associated with a loss of the enhancing effects that this protein initially had on 

cell speed.

Although not significant, expression of EGFP-Cdc42(wt) did appear to suppress cell speed 

over a range of intensities, and differences between the speed-intensity relationship of wild- 

type and dominant negative Cdc42 expressing cells were less striking than with the other 

proteins studied. It is therefore possible that an inhibition of speed associated with EGFP- 

Cdc42(wt) expression may have been revealed from the assessment of larger data sets. 

However, dominant negative Cdc42 did have a significant effect on cell speed, which was 

apparent across a range of expression levels.

Intensity analysis revealed that, at comparable intensities, dominant negative proteins 

appeared to suppress cell speed far more efficiently than wild-type proteins. Indeed, at low 

levels of expression some wild-type proteins actually seemed to enhance cell speed. It can 

therefore be concluded with confidence that the inhibition of cell speed, seen in chemotaxis 

experiments following the expressing of various dominant negative constructs, occurred as a 

result of the specific inhibitory mutations that these proteins conferred and not as a 

consequence of non-specific toxicity associated with accumulating levels of exogenous 

protein.
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Figure 56. The expression profile o f  EGFP fusion proteins

Plots demonstrating the differing efficiencies with which EGFP fusion constructs were 
expressed over the course o f chemotaxis experiments, as measured by changes in the total 
fluorescence intensity o f expressing cells. Individual cell intensities were extracted from the 
fluorescence images o f multi-channel film sequences using purpose written image-processing 
routines developed within Mathematica. Each plot summarises the mean intensity o f 
expression, calculated at hourly intervals, o f all cells within a single treatment group. The 
different constructs studied exhibited a wide range o f expression efficiencies. Intensity values 
are measured in arbitrary units.
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Figure 57. Extraction o f cell intensities from  
an EGFP-PAKl (83 -  149) film  sequence
Images (A -  D) show EGFP-PAKl (83 - 149) 
expressing cells and their corresponding 
boundaries used for the extraction o f  
intensities. Images represent 5-hour time 
points from the same film  sequence. The total 
intensity o f  a cell was calculated as the sum o f  
all pixel values contained within its associated 
boundary. When cell boundaries overlapped 
intensity values were ignored (orange 
boundaries). White numbers indicate cell 
number, defined by the order within which the 
cell was tracked. Yellow numbers indicate the 
total intensity value fo r a cell at a given time 
point. (E -  H), three-dimensional
representation o f cell 7 from (A - D) (white 
arrow). Cell intensity increased continuously 
over time. Plot I, Total intensity o f  cell 7 over 
the course o f  the entire film  sequence 
(intensities partitioned into hourly bins). 
Images are displayed in pseudocolour.
Scale bar = 100 pm.
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Figure 58. Extraction of cell intensities from 
an EGFP-N-WASP(wt) film sequence
Images demonstrating the extraction o f cell 
intensities from an EGFP-N-WASP(wt) film  
sequence. Images (A -  D) show EGFP-N- 
WASP(wt) expressing cells with their 
associated boundaries, total intensity values, 
and tracking numbers (see Figure 57 fo r  a fu ll 
explanation). Images are derived from the 
same film sequence and represent 5-hour time 
points. (E -  H), three-dimensional
representation o f cell 16 from (A - D) (see 
white arrow). Plot I, Total intensity o f  cell 16 
over the course o f the entire film  sequence 
(data partitioned into hourly bins). In contrast 
to cells expressing EGFP-PAKl (83 -  149), 
the intensity o f EGFP-N-WASP(wt) 
expressing cells diminished with time. Images 
displayed in pseudocolour.
Scale bar = 100 pm.
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Figure 59. Effects o f  increasing EGFP expression on cell speed

Box and whisker charts demonstrating the effects o f increasing levels o f EGFP expression o f 
the speed o f sarcoma cell motility. Individual cell intensities and corresponding cell speeds 
were extracted from the fluorescence images o f  EGFP fdm  sequences at hourly intervals 
using specially developed Mathematica software. In the above charts cell speeds are 
partitioned into data bins o f increasing intensity'. Each intensity bin spans I x  10^ arbitrary 
intensity units. No obvious reduction in speed was associated with increasing levels o f EGFP 
expression. The ANOVA comparison o f the lowest intensity bin (blue) with all other intensity 
bins (red) did not reveal significance, indicating that higher levels o f expression did not 
impair motility. N  = number o f intensity data points. Charts summarises data from  7 films.
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Figure 60.

Figure legend on following page.
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Figure 60. Cell speed and the intensity o f expression o f dominant negative proteins 
(previous page)

Box and whisker charts demonstrating the effects o f increasing levels o f  expression o f  
various dominant-negative proteins on the speed o f  sarcoma cell motility. Individual cell 
intensities and corresponding cell speeds were extracted from the fluorescence images o f  
chemotaxis film  sequences at hourly intervals. Charts represent data from EGFP control, 
EGFP-Cdc42(T17N), EGFP-TclO(T31N), EGFP-N-WASP(AVCA), EGFP-PAK1(1 -  149), 
and EGFP-PAK1(83 -  149) treatment groups (A -  F  respectively). Cell speeds are 
partitioned into data bins o f  increasing intensity and are represented as box and whisker 
plots. The lowest intensity bin for each treatment group is displayed in blue, all other 
intensity bins are in red. Blue significance values are derived from the AN  OVA comparison 
o f the lowest intensity bin o f  each group with the lowest bin o f  the EGFP control group. Red 
significances represent the comparison o f  the lowest intensity bin with all other intensity bins 
within the same group. N  = total number o f  intensity data points representing a given 
treatment group. Charts summarises data from a number o f  films.
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Figure 61. Cell speed and the intensity o f  expression o f wild type proteins
Box and whisker charts demonstrating the effects o f increasing levels o f expression o f 
various wild-type proteins on the speed o f sarcoma cell motility. Charts represent data from 
EGFP-Cdc42(wt), EGFP-TclO(wt), EGFP-N-WASP(wt), and EGFP-PAKl(wt) treatment 
groups (A -  D respectively). Speeds within the lowest intensity bin o f each treatment group 
are compared to those o f the lowest bin o f the EGFP treatment group. For a full description 
o f the method o f data presentation and statistical comparisons see Figure 60. N = total 
number o f intensity data points representing a given treatment group. Charts summarise data 
from a number o f films.
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3.3.8 Cdc42 function in fibroblast chemotaxis and motility

Given the importance of Cdc42 function in the polarity and chemotaxis of a number of 

mammalian cell types it was somewhat surprising to find that it was of little importance in 

the PDGF-BB/IGF-1 driven chemotaxis of T15 rat sarcoma cells. However, sarcoma cells are 

transformed fibroblasts and therefore do not represent true fibroblasts but fibroblast-like 

cells. It was therefore important to establish whether Cdc42 function was in general of no 

importance in the chemotaxis of fibroblasts or whether this was a property unique to the T15 

cell line. Consequently, established fibroblast cell lines were also used to investigate the role 

of Cdc42 function in chemotaxis and motility.

3.3.9 Swiss and NIH3T3 fibroblasts exhibit chemotaxis in PDGF-BB gradients

Dunn chamber chemotaxis assays were performed to assess the long-term chemotactic 

potential of Swiss and NIH 3T3 fibroblasts exposed to gradients of PDGF-BB, an established 

fibroblast chemoattractant (Seppa et al., 1982). Both Swiss and NIH 3T3 fibroblasts 

exhibited chemotaxis in gradients of PDGF-BB (100 ng/ml) as confirmed by the significant 

unimodal clustering of cell directions toward the chemoattractant source (Figure 62, B & F, 

page 19). The directional responses of cells in the absence of growth-factor gradients were 

essentially random (Figure 62, A & E). However, it was clear from the observation of 

individual film sequences that the chemotactic response of the Swiss 3T3 cell line was far 

more dramatic than that of the NIH 3T3 cell line; a noticeable proportion of the NIH cell 

population within each experiment did not seem to respond to the chemotactic stimulus. 

Indeed, although the chemotactic response of NIH 3T3 cells was significant it was less so
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than that of Swiss 3T3 cells (Rayleigh test, p < 0.05 and p < 0.001 respectively). Note also 

the more striking accumulation of cell trajectories in the direction of the gradient in the case 

o f the Swiss 3T3 cell line (Figure 62 compare D with H). Interestingly, PDGF-BB 

stimulation did not appear to enhance the speed of cell motility, possibly a consequence of 

the high serum background in which experiments were conducted (Figure 63, page 19). Due 

to the low throughput nature of Dunn chamber chemotaxis assays, a large number of 

experiments were required to accumulate sufficient data sets for meaningful statistical 

analysis. Therefore it was decided that only the Swiss 3T3 cell line would be used for the 

further investigation of Cdc42 function in fibroblast chemotaxis, as the effects of treatments 

on the chemotaxis of NIH 3T3 cells would be difficult to establish against an intrinsically 

heterogeneous background of cell behaviour.

3,3,10 Swiss 3T3 fibroblasts exhibit Cdc42 independent chemotaxis

Subconfluent cultures of Swiss 3T3 fibroblasts were microinjected with expression 

constructs encoding either EGFP or EGFP-Cdc42(T17N) and assessed in the Dunn 

chemotaxis chamber for their ability to chemotax. Figure 64 A & B, page 19 are 

representative film sequences of Swiss 3T3 cells expressing EGFP and EGFP-Cdc42(T17N) 

respectively. It is apparent from these films that cells expressing either of these constructs 

demonstrated efficient chemotaxis in PDGF-BB gradients. The analysis of cell trajectories 

from four independent experiments confirmed that EGFP-Cdc42(T17N) expressing cells 

exhibited normal chemotaxis (Figure 65A, page 19). This finding was consistent with that of 

the T15 sarcoma cell line suggesting that Cdc42 is of no importance in the chemotaxis of 

fibroblast-like cells. Although EGFP-Cdc42(T17N) expression did appear to reduce cell
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speed and although the paths of expressing cells appeared suppressed compared to those of 

control cells expressing EGFP alone (Figure 65B), these findings were not significant (Figure 

65C).
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Figure 62. The chemotaxis o f  Swiss and NIH  3T3 fibroblasts

Circular histograms and trajectory plots demonstrating the chemotactic responses and 
motile behaviour o f Swiss and NIH 3T3 fibroblasts either in the absence (A, C, E, & G) or in 
the presence (B, D, F, & H) o f a PDGF-BB (100 ng/ml) gradient. Both Swiss and NIH 3T3s 
exhibited significant chemotaxis in PDGF-BB gradients as confrmed by the significant 
unimodal clustering o f cell directions towards the source o f the chemoattractant (B & F 
respectively). No significant directional response was observed when growth factors were 
omitted from the outer well o f the chemotaxis chamber (A & E). Although both cell lines 
demonstrated significant chemotaxis in PDGF-BB gradients. Swiss 3T3 appeared to exhibit 
the strongest response (Rayleigh test p < 0.001). This is especially apparent from the 
trajectory plots: the clustering o f cell paths towards the chemoattractant source was far  
more apparent fo r the Swiss 3T3 cell line (compare D, Swiss with H, NIH). The paths o f 
control cells were not significantly clustered in any one direction (C & G).
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Figure 63. The effects o f PDGF-BB 
on fibroblast motility
Box and whisker plots summarising the 
speed o f Swiss 3T3 and NIH fibroblast 
cells either in the presence or absence 
o f a PDGF-BB gradient (100 ng/ml). 
Plots summarise data pooled from a 
number o f  experiments. No significant 
difference in speed existed between 
control cells and those exposed to 
PDGF-BB gradients fo r  either o f the 
fibroblast cell lines studied 
(n.s. ANOVA).
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Figure 64. Film sequences o f chemotaxing Swiss 3T3 fibroblasts
Representative image sequences from films demonstrating the chemotaxis o f Swiss 3T3 
fibroblasts expressing either EGFP control or EGFP-Nl 7Cdc42(T17N) (A & B respectively). 
Images fo r each sequence represent Oh, 7 h, and 14 h time points. Track colours and image 
compositions are as previously described (see Figure 45, page 197). The direction o f  
increasing growth factor concentration runs from the bottom to the top o f each image, as 
represented by the white arrow in the first image o f the EGFP sequence. Scale = 100 pm.
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Figure 65. Swiss 3T3 fibroblasts 
exhibit Cdc42 independent chemotaxis
Circular histograms (A), trajectory 
plots (B), and box and whisker charts 
(C) summarising the effects o f  EGFP 
and EGFP-Cdc42(T17N) expression on 
the chemotaxis and motility o f  Swiss 
3T3 fibroblasts. Inhibition o f Cdc42 
had no effect on Swiss 3T3 chemotaxis, 
consistent with findings fo r  the T15 
sarcoma cell line. Interestingly a 
significant reduction in cell speed was 
not observed following Cdc42 
inhibition (C) (n.s. ANOVA). However, 
this may refect the relatively small data 
sets analysed. Histograms and plots 
summarise data obtained from four  
separate experiments fo r  each 
treatment group.
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3,3,11 Cdc42 is required for the efficient motility o f  NIH 3T3 fibroblasts

Although the chemotactic response of NIH 3T3s was somewhat less efficient than that of 

Swiss 3T3s, this was not the consequence of poor cell motility per se. Indeed, both NIH and 

Swiss 3T3 fibroblasts were more motile than the previously studied T15 cell line. As Cdc42 

had previously been implicated in the motility of the T15 cell line, and since there was a 

suggestion that it may also be of importance in the motility of Swiss 3T3s, ‘random walk’ 

experiments were conducted to investigate the role of Cdc42 in the motility of NIH 3T3 

fibroblasts. When chemotaxis is not the subject of investigation the random-walk chamber 

provides a far more desirable method of assessing cell motility than the Dunn chemotaxis 

chamber. Technically, the random walk chamber is far simpler to assemble, as the precise 

positioning of fluorescent cells within the chamber is not a requirement. Furthermore, when 

combined with automated multi-field imaging, multiple fields of fluorescent cell can be 

viewed within a single chamber enabling greater sample numbers to be obtained fi*om 

individual cultures. Thus, the random-walk assay permits the accumulation of far larger data 

samples than the Dunn chemotaxis chamber within the same time frame.

NIH 3T3 fibroblasts were microinjected with expression constructs encoding either EGFP 

control, or EGFP fusions of either wild-type or dominant negative Cdc42. Cells were 

permitted 3 hours to express the microinjected constructs before assembly into random walk 

chambers. Low magnification (10 x) multi-field/multi-channel digital time-lapse microscopy 

was then used to assess the behaviour of expressing and non-expressing cells within multiple 

fields of random walk chambers over the course of 16 hours using a single microscope.
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NIH 3T3 cultures were observed to grow at far greater rates than Swiss 3T3 or T15 cultures. 

As a consequence it became difficult to interactively track cells during the latter stages of 

film sequences as Sequent cell collisions obscured the paths of individual cells. Therefore it 

was decided to only track and analyse cell behaviour over the first 8 hours of film sequences. 

Figure 66, page 19 illustrates the paths of expressing cells over the first 8 hours of random 

walk experiments. The trajectories of EGFP-Cdc42(T17N) expressing cells were visibly 

suppressed when compared to those of cells expressing EGFP control or wild-type protein 

(Figure 66 A - C). EGFP-Cdc42(T17N) expression significantly impaired cell speed (Figure 

67, page 19) confirming the importance of the endogenous protein in fibroblast motility, a 

finding that is in agreement with observations made by others (Nobes and Hall, 1999). 

Expression of EGFP-Cdc42(wt) had no significant effect on NIH 3T3 motility.
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Figure 66. Cell trajectories of NIH 3T3s expressing wild type or dominant negative cdc42

Cell trajectory plots illustrating the individual paths o f NIH 3T3 fibroblasts recorded in 
‘random walk ’ experiments. Cells were microinjected with cDNA constructs encoding either 
EGFP control (A), EGFP-Cdc42(wt) (B), or EGFP-Cdc42(T17N) (C). Each plot represents 
data pooled from a number o f films. Trajectories represent the first 8 hours o f 16-hour film 
sequences. Axes units represent distance in microns from the common origin.
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Figure 67. Box and whisker charts summarising the speed o f NIH 3T3 motility

Box and whisker charts summarising the speed o f NIH 3T3 fibroblast motility for EGFP 
control, EGFP-Cdc42(wt), and EGFP-Cdc42(T17N) treatment groups. Summaries o f cell 
speeds for both the expressing (A) and non-expressing (B) cell populations within each 
treatment group are shown. N represents the total number o f cells recorded for each 
treatment group while significances, derived from the ANOVA comparison o f each treatment 
group with the EGFP control group, are displayed at the top o f each chart. Speeds were 
derived from trajectories obtained via the interactive tracking o f cells over the first 8 hours 
o f 16-hour film sequences. Expression o f EGFP-Cdc42(TI7N) resulted in a significant 
reduction in cell speed (ANOVA, p < 0.01).
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3,3,12 FLAP reveals distinct patterns o f actin dynamics in sarcoma cells

FLAP experiments were conducted in order to examine the actin dynamics of metastatic T15 

and non-metastatic K2 sarcoma cells ectopically expressing ECFP and EYFP fusions of 

p-actin. It was immediately apparent from the subcellular localisation of fluorescent p-actin 

that a great deal of heterogeneity could exist between the cytoskeletal organisations of 

different cells within the same tissue culture. However, in general T15 cells were highly 

polarised and typically showed very few high order actin structures (Figure 68A, page 19), 

while K2 cells were generally well spread and often exhibited many stress fibres 

(Figure 70A, page 19). FLAP studies revealed that these two major phenotypes were often 

associated with dramatically different actin dynamics.

Figure 68 shows images taken from an example T15 sarcoma cell FLAP experiment. Images 

(A, C, & E) represent overlays of ECFP-P-actin (red) and EYFP-P-actin (green) fluorescence 

channels. In (A) the images appear yellow due to the perfect co-localisation of the two 

subpopulations of differentially labelled p-actin molecules. A narrow strip of EYFP-P-actin 

was selected across the leading edge of the cell for photobleaching (indicated by the purple 

box) in order to assess the subsequent dynamics of the photolabelled p-actin molecules. (A) 

was acquired prior to bleaching while (C & E) were acquired at increasing time points 

following the bleaching event. Note the loss of the EYFP signal within the defined bleach 

region in image (C), which was acquired immediately after the photobleaching event (the 

image time stamp is defined as 0 s to indicate the first image acquired post-photobleaching). 

Images (B, D, & F) represent FLAP ratio images and are calculated as 1 minus the ratio of 

target (EYFP) to reference fluorophore (ECFP) intensity. Each pixel value within a FLAP
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ratio image represents the relative concentration of bleached EYFP-p-actin molecules, 

expressed as a fraction of total number of expected BYFP-p-actin molecules (bleached and 

unbleached) at that location. (D & F) indicate the subsequent distribution of photolabelled 

actin molecules at increasing time points following the photobleaching event. The FLAP 

ratio images reveal that EYFP-P-actin molecules bleached within the narrow strip rapidly 

accumulate at regions of protrusion at the leading edge of the cell (D, purple arrows). The 

time taken to bleach the strip was 1.8 s and then image (D) was then acquired 2 s later. 

Photolabelled actin had therefore managed to accumulate within the very leading edge of the 

cell within an extremely short period of time. Indeed, the most distant point at which 

photolabelled p-actin accumulation can be observed lies 12 pm from the top of the bleach 

strip. It has been estimated that this actin would be required to translocate at a speed of at 

least 6 pm/s in order to cover this distance within this time interval. As this speed is greater 

than that which could be achieved by the diffusion of actin alone (based on diffusion 

modelling performed by Graham Dunn) this suggests that a mechanism of active transport 

may be involved in delivering actin to sites of active protrusion. It is also interesting to note 

from this image that photolabelled actin within the bleach region tended to persist longest 

within the cell cortex, indicating that a less mobile pool of actin existed within these regions. 

Image F represents an image acquired 60 s following the initial bleaching event and 

demonstrates that the photolabelled actin has almost completely dispersed from the 

photobleached region indicating the highly dynamic nature of actin within this cell.

Figure 69, page 19 shows FLAP ratio images from another T15 sarcoma cell experiment 

where the time-lapse interval between sequential acquisitions was far lower than for
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Figure 68. Again the photolabelled actin rapidly and preferentially accumulated within the 

leading edge of the cell (purple arrows). In contrast relatively little actin was found to 

disperse below the bleach strip. Over time photolabelled P-actin appeared to flow radially 

towards the cell body from the leading edge (white arrows). The persistence of photolabelled 

p-actin within this region suggests that it had become incorporated into filaments and was 

undergoing retrograde flow.

In contrast to the highly polarised morphology of T15 cells, the K2 cells were often well 

spread and dense with stress fibres. In these cells actin appeared to be far less dynamic. 

Figure 70 shows images taken from an example K2 FLAP experiment and the time points 

shown are comparable to those for Figure 68. A thin strip of EYFP-p-actin was bleached 

across the cell, perpendicular to the orientation of the underlying stress fibres. Within this 

region p-actin was found to be highly stable and initially no significant dispersal of the 

photolabelled actin was observed following the bleach event. Even after a minute had elapsed 

the highest relative concentration of photolabelled actin was still confined to the bleach strip 

indicating the relatively un-dynamic nature of P-actin within these structures. The FLAP 

technique therefore revealed some distinct differences in the underlying actin dynamics of 

T15 and K2 sarcoma cells.
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Figure 68. Actin dynamics in the 
leading edge o f a T15 sarcoma ceil
Images taken from an example T15 
FLAP experiment. Images (A,C, & E) 
represent overlays o f  ECFP-P-actin 
and EYFP-P-actin fluorescence. The 
purple box indicates the strip across the 
leading edge o f the cell selected for the 
photobleaching o f EYFP-p-actin. Time 
stamps indicate time relative to the 
acquisition o f the first image post 
photobleaching. Images (B, D, & F) 
represent processed FLAP ratio images 
fo r  (A, C, & E) respectively. Pixel 
values from ratio images represent 1 
minus the ratio o f  target (EYFP) to 
reference fluorophore (ECFP) 
intensity. Purple arrows highlight the 
accumulation o f photolabelled p-actin 
at the tips o f the leading edge o f the 
cell. Scale bar =  20 pm.

240



Figure 69. High temporal resolution imaging of actin dynamics in a T15 sarcoma cell
FLAP ratio images calculated for a T15 FLAP experiment where image acquisition was 
rapid. The purple box indicates the region selected for the selective photobleaching o f EYFP- 
p-actin and time stamps indicate time relative to the acquisition o f  the first image post 
photobleaching. Purple arrows in time frame 0 s highlight the accumulation o f photolabelled 
actin within the tips o f the leading edge immediately after the bleaching event. The relatively 
long duration with which photolabelled actin persisted within the leading edge suggests the 
incorporation o f photolabelled f-actin into filaments. White arrows in time frame 52 s 
indicate the direction o f retrograde flow ofphotolabelled fl-actin. Scale bar = 10 pm.
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Figure 70. Actin dynamics in a K2 sarcoma cell
Images taken from an example K2 FLAP experiment. Images (A,C, & E) represent overlays 
o f ECFP-f-actin and EYFP-/3-actin fluorescence. Images (B, D, & F) represent FLAP ratio 
images for (A, C, & E) respectively. The purple box indicates the strip selected for the 
selective photobleaching o f EYFP-/3-actin. Time stamps indicate time relative to the 
acquisition o f  the first image post photobleaching. Unlike their TI5 counterparts, K2 cells 
were often dense with stress fibres. In this example the bleach strip was oriented 
perpendicular to the underlying stress fibres. Photolabelled fiactin within these structures 
appeared to be highly stable. Scale bar = 20pm.
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3,3,13 Studying Cdc42-related signalling pathways in single cells

Ultimately, an unequivocal confirmation of the precise signalling mechanisms involved in 

the regulation and control of cell polarity and motility must come from biochemical studies 

performed in intact living cells. A clear understanding of how protein interactions orchestrate 

the formation of the complex and highly organized actin ultrastructures that drive changes in 

cell morphology is a formidable challenge and requires that the relevant signalling 

components be studied within the context of their natural subcellular environment.

In an attempt to understand more clearly the spatiotemporal dynamics of Cdc42 signalling 

FLIM/FRET-based studies were conducted to monitor Cdc42/effector interactions in situ. 

Both N-WASP and PAKl represent key effector targets in the Cdc42-dependent remodelling 

of the actin cytoskeleton and therefore these proteins provided the main focus of this study. 

Interactions between N-WASP and the p l6  subunit of the Arp2/3 complex were also 

examined in an attempt to reconstruct a picture of the subcellular localisation of 

Cdc42/N-WASP/Arp2/3 complex formation, and therefore reveal potential sites of 

Cdc42-dependent actin polymerisation in situ. FLIM based on multiphoton TCSPC imaging 

was used to reveal the subcellular localisation of Cdc42/N-WASP and N-WASP/Arp2/3 

complex formation. Single photon excitation TCSPC and frequency domain FLIM, which 

sample the entire thickness of the cell as opposed to single optical sections, were used in 

parallel to provide a more robust, but less spatially informative, analysis of FRET. In all 

cases FRET was monitored between donor EGFP-N-WASP and a Cy3-conjugated anti-Myc 

9E10 monoclonal acceptor antibody (Cy3-mAb) targeted against either Myc-Cdc42 or 

Myc-pl6.
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The frequency-domain system, based on a wide field microscope set-up, enabled relatively 

fast image acquisition in comparison to the time-domain method, which was based on laser 

scanning of the sample. The relatively rapid acquisition times afforded by this system were 

exploited for the development of an assay that enabled the dynamics of Cdc42/PAK1 

interactions to be monitored live cells. The association of Cdc42 with PAKl was largely used 

as an assay to monitor the temporal activation dynamics of Cdc42 in situ as opposed to 

determining the precise localisation of Cdc42/PAK1 complexes within cells, since the system 

traded spatial resolution for rapid acquisition. For live cell experiments nuclear 

microinjection was used to introduce expression constructs encoding EGFP-Cdc42 donor and 

Myc-PAKl into cells while the additional cytoplasmic microinjection of Cy3-mAb enabled 

expressed Myc-PAKl to be subsequently labelled with acceptor. EGF was chosen as the 

stimulus for live cell experiments because it is one of the few proposed physiological 

stimulants of N-WASP activity (Vetterkind et al., 2002). All experiments were conducted 

using the highly motile NIH 3T3 fibroblast cell line.

3.3,14 N-WASP associates constitutively with Cdc42 in NIH 3T3 fibroblasts

Much of our current understanding of N-WASP signalling and activation dynamics has come 

from biochemical analysis involving the in vitro reconstitution of the minimal molecular 

components required for N-WASP activation and subsequent actin polymerisation. Such 

studies have provided valuable insight into the underlying mechanisms of N-WASP 

activation. However, these techniques cannot provide crucial information concerning the 

dynamics of N-WASP signalling in situ. In an attempt to elucidate where and when
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N-WASP/Cdc42 complex formation occurs in cells multiphoton TCSPC-based FLIM was 

used to monitor FRET between ectopically expressed donor EGFP-N-WASP(wt) and Myc- 

Cdc42(wt) labelled with Cy3-mAb acceptor in fixed NIH 3T3 fibroblasts.

EGFP-N-WASP(wt)/Myc-Cdc42(wt) expressing cells were fixed, labelled with Cy3-mAb, 

and imaged on the Multipboton TCSPC system. Imaging revealed that donor fluorescence 

lifetimes were reduced in the presence of acceptor labelling (Figure 71, page 19 compare 

C with D), indicating the occurrence of FRET. Interestingly, this demonstrated that EGFP- 

N-WASP(wt) could associate constitutively with Myc-Cdc42(wt) in unstimulated NIH-3T3 

fibroblasts. The bigb-resolution imaging and optical sectioning afforded by multi-pboton 

microscopy enabled a detailed analysis of the subcellular localisation of 

EGFP-N-WASP(wt)/Myc-Cdc42(wt) complexes. The relative concentration of FRET 

species, derived from the analysis of donor fluorescence lifetimes, was calculated for each 

pixel within an image. RCFS maps revealed that, in the majority of cells imaged, EGFP-N- 

WASP(wt)/Cy3-Myc-Cdc42(wt) complexes were largely confined to a perinuclear region 

(Figure 72A, page 19). Additional confocal analysis indicated that this region was likely to 

be either the Golgi apparatus or a compartment associated with this organelle as partial co­

localisation was observed between EGFP-N-WASP(wt) and the Golgi marker giantin (Figure 

72B). Rarely FRET could also be observed at the cell periphery, and in cases where 

expressing cells made contact FRET was also observed at cell junctions (Figure 73, page 19). 

The lifetime of EGFP in the absence of acceptor was typically around 2.2 ns (Figure 731, 

page 249) which is similar to the lifetime measurements obtained by others (2.4 ns - 

Pepperkok et al., 1999).
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3,3,15 N-WASP/Cdc42 association is dependent on the nucleotide state o f  Cdc42

Since N-WASP and Cdc42 were found to associate constitutively in unstimulated cells it was 

important to determine whether this process was dependent upon the nucleotide state, and 

therefore activity, of Cdc42. Consequently, additional FLIM/FRET experiments using the 

frequency domain system were performed to assess the capacity of N-WASP to associate 

with both wild type and dominant negative forms of Cdc42. Although the frequency domain 

technique could not afford the same degree of spatial resolution provided by the multiphoton 

TCSPC technique, wide field imaging enabled lifetime values to be derived from the whole 

thickness of the cell as opposed to a singe optical section. As the aim of the study was to 

compare and contrast the relative efficiencies with which N-WASP could associate with wild 

type and dominant negative forms of Cdc42, the calculation of lifetime values from a greater 

cell volume was more desirable as it provided a more robust FRET analysis.

Unstimulated NIH 3T3 fibroblasts expressing either EGFP-N-WASP(wt)/Myc-Cdc42(wt) or 

N-WASP(wt)/Myc-Cdc42(T17N) were fixed and either labelled with Cy3-mAb acceptor or 

left unlabelled as a control for donor lifetime before subsequent imaging. In agreement with 

previous findings based on multiphoton TCSPC analysis, the frequency domain technique 

also revealed a constitutive association between EGFP-N-WASP(wt) and Myc-Cdc42(wt) in 

unstimulated cells (Figure 74, page 19). Scatter plots of pixel lifetime values pooled from a 

number of images revealed a clear reduction in both the and Vm lifetimes of EGFP-N- 

WASP(wt) when in the presence of Myc-Cdc42(wt) acceptor labelling (Figure 75, page 19). 

However, FRET was not detected between EGFP-N-WASP(wt) and the dominant negative

246



variant of Cdc42, Myc-Cdc42(T17N), indicating that these proteins could not interact in cells 

(Figure 76, page 19). This was further confirmed from the analysis of t(p and Zm donor 

lifetime pixel values which did not vary for EGFP-N-WASP when either in the presence or 

absence of Myc-Cdc42(T17N) acceptor labelling (Figure 77, page 19). Interestingly, in the 

absence of Cdc42 association N-WASP was found to reside largely within the nucleus 

(compare Figure 74 A & C with Figure 76 A & C). This demonstrated that Cdc42 activation 

was required for the recruitment of N-WASP to the perinuclear environment.

3.3.16 N-WASP associates with Arp2/3 in the presence o f  Cdc42

Additional studies were performed in order to examine the effects of Cdc42 expression on 

the interaction of N-WASP with the Arp2/3 complex. NIH 3T3 fibroblasts were co­

microinjected with expression constructs encoding EGFP-N-WASP(wt) and Myc-pl6 and 

either with or without HA-Cdc42(wt). Cells were then fixed and either labelled with 

Cy3-mAb acceptor or left unlabelled as controls for donor lifetime before imaging using 

single photon TCSPC.

Analysis of donor fluorescence lifetimes revealed that EGFP-N-WASP(wt)/Myc-p 16 

association could only occur in the presence of HA-Cdc42 (Figure 78, page 19 compare 

C with G). Furthermore, co-expression of the GTPase binding deficient N-WASP mutant 

EGFP-N-WASP(H21 ID) with p i6 did not result in a reduction in the donor lifetime even in 

the presence of HA-Cdc42 (Figure 78K), confirming that N-WASP/pl6 association was 

Cdc42 dependent. Again, EGFP-N-WASP was largely confined to the nucleus in the absence 

of Cdc42 binding (Figure 78 compare A, B, I & J with E & F). As previous experiments

247



showed that N-WASP could only associate with the GTP-loaded, active form of Cdc42 these 

findings collectively suggest that a GTP-Cdc42/N-WASP/Aip2/3 complex could form in 

situ.

Additional multiphoton TCSPC imaging revealed that the highest relative concentration of 

FRET species for EGFP-N-WASP(wt) when co-expressed with Myc-pl6 and HA-Cdc42(wt) 

was largely confined to the same perinuclear compartment observed for EGFP-N-WASP 

when co-expressed with Myc-Cdc42 (Figure 79, page 19). Again, confocal analysis revealed 

that this region often exhibited partial co-localisation with the Golgi apparatus, as determined 

fi'om the Cy5-labelling of the Golgi marker giantin (Figure 79 D & G, F & I). FRET was 

rarely observed at the cell periphery (1 out of 8 fields imaged) and in cases where 

microinjected cells made contact FRET could also be observed at cell junctions. Therefore 

the subcellular localisation of EGFP-N-WASP/Arp2/3 complexes mirrored that found for 

N-WASP/Cdc42.
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Figure 71. N-WASP/Cdc42 
association in situ
Images o f  fixed NIH 3T3 fibroblasts 
acquired using the multiphoton, 
TCSPC system. Images represent 
donor fluorescence intensity (A & B) 
and associated lifetime maps (C & D) 
fo r  cells expressing EGFP-N- 
WASP (wt) iSc Myc-Cdc42(wt), either 
in the presence (A & C) or absence 
(B & D) o f Cy3-mAb acceptor 
labelling. Lifetime images are 
presented in pseudocolour, defined by 
the associated scale. The occurrence 
o f FRET results in an overall 
shortening o f  pixel lifetimes. Images 
processed by Tony Ng.
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Figure 72. The localisation of 
N- WASP/Cdc42 association in situ
RCFS map and confocal image o f the 
cells displayed in Figure 71, (A & C). 
The RCFS map reveals the relative 
concentration o f donor fluorophore 
undergoing FRET within each image 
pixel (A). (B) represents a confocal 
section taken through the equatorial 
plane o f  the cells and demonstrates 
the partial co-localization o f EGFP- 
N-WASP (wt) with the Golgi marker 
Giantin, labelled with a Cy5-mAb 

(yellow arrows). For the majority o f  cells images (7 o f  10 fields o f  view), EGFP-N- 
WASP (wt)/Myc-Cdc4 2 (wt) interaction was predominantly confined to this region (A & B 
yellow arrows). Images processed by Tony Ng.
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EGFP-N-WASP(wt) 

CyS-Anti giantin
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Figure 73. Differing patterns of N-WASP/ Cdc42 localisation in situ
Multiphoton donor fluorescence images (A -  C) and associated RCFS maps (D -  F) 
demonstrating the various subcellular regions in which EGFP-N-WASP/Myc-Cdc42 
complexes were detected in fixed NIH 3T3 fibroblasts. Images represent single optical 
sections taken through the equatorial plane o f the cell. FRET was most commonly observed 
in the perinuclear region (D). More rarely FRET was also observed at the cell periphery (E) 
and, in cases where microinjected cell made contact, also at cell junctions (F). Images 
represent 3 o f  10 fields o f  view acquired. Arrows highlight regions where the relative 
concentration o f FRET species was greatest. Images processed by Tony Ng.
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Figure 74. N-WASP/Cdc42 association measured by frequency domain FLIM

Cy3-lgG Cy3-lgG
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Images o f  fixed NIH 
3T3 fibroblasts
acquired using the 
frequency domain 
FLIM system. Images 
represent cells
expressing EGFP-N- 
WASP(wt) and Myc- 
Cdc42(wt) either in the 
presence (A, B, D & E) 
or absence (C & F) o f  
Cy3-niA b acceptor 
labelling. A and B are 
wide-field images and 
show EGFP-N-

and
mAb labelled Myc- 

Cdc42(wt)
fluorescence respectively indicating the presence o f  both donor and acceptor fiuorophores 
within the cells. D is the associated lifetime map o f donor fluorescence where each pixel 
value is an average, t, o f  independently derived and Zm lifetimes. E is a map o f FRET 
efficiency indicating the extent to which FRET occurred within the cell. C and F are control 
images o f  a group o f EGFP-N-WASP(wt)/Myc-Cdc42(wt) expressing cells where acceptor 
labelling had been omitted. C is a wide-field image showing EGFP-N-WASP(wt) 
fluorescence and F, the associated donor lifetime map. Average donor pixel lifetime values 
were reduced when Cy3-mAb acceptor labelling was present compare (D with F). 
Pseudocoulred images are defined by their accompanying scales. Images processed by Tony 
Ng.
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Figure 75. Lifetime scatter plots for N-WASP in the presence 
of Cdc42(wt) acceptor

Scatter plots o f z^ and Zm donor lifetime pixel values from  
images o f  cells expressing EGFP-N-WASP(wt)/Myc-Cdc42(wt) 
either in the presence ( zda)  or absence ( zd)  o f Cy3-mAb 
acceptor labelling. Associated z^ and Zm lifetime valued 
calculated fo r each pixel within an image are plotted against 
one another. Each cluster o f values represents lifetime plots 
pooled from a number o f  images (N  = 16 and N = 9 fo r Zd and 
Zda respectively). FRET results in a fall in both and Zm 
lifetime values and is therefore seen as a relative downward 
diagonal shift in the Zda values compared to that o f  zd-
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Figure 76. N-WASP/Cdc42(T17N) association measured by frequency domain FLIM

f.

+ Cy3-lgG - Cy3-lgG
Images o f fixed NIH 3T3 
fibroblasts acquired
using the frequency 
domain FLIM system. 
Images represent cells 
expressing EGFP-N- 
WASP(wt) and Myc- 
Cdc42(T17N) either in 
the presence (A, B, D & 
E) or absence (C & F) 
o f Cy3-mAb acceptor 
labelling. Images A, B, 
D & E represent the 
same group o f  
EGFP-N- WASP (wt)/My

expressing cells in the 
presence o f  acceptor 

labelling, while images C and F  are o f  EGFP-N-WASP(wt)/Myc-Cdc42(T17N) expressing 
cells where acceptor labelling has been omitted. Image panels are as described for Figure 
74. The lifetime o f the donor fluorophore remains unchanged when either in the presence (C) 
or absence (F) o f  acceptor labelling, therefore demonstrating the inability o f N-WASP to 
interact with the dominant negative form o f Cdc42. Images processed by Tony Ng.
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Figure 77. Lifetime scatter plots for N-WASP in the presence 
of Cdc42(T17N) acceptor

Scatter plots o f and Xm donor lifetime pixel values from  
images o f  cells expressing EGFP-N-WASP (wt)/Myc- 
Cdc42(T17N) either in the presence ( tda)  or absence ( td)  o f  
Cy3-mAb acceptor labelling. Individual x^ and Xm pixel 
lifetime values are plotted against one another and each 
scatter represents pixel from a number o f images ( N  = 16 and 
N = 9 fo r xd and xda respectively). No discernable diagonal 
shift is seen between xda and xq values, indicating an absence 
o f FRET between donor EGFP-N-WASP(wt) and acceptor 
Cy3-mAb-Myc-Cdc42(Tl 7N).
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Figure 78. N-WASP/Arp2/3 association 
requires Cdc42
Images o f  fixed NIH 3T3 fibroblasts acquired 
using single-photon excitation, TCSPC. 
Panels A, B, E, F, I  & J  represent images o f  
EGFP-N-WASP donor fluorescence while 
panels C, D, G, H, K & L represent their 
respective fluorescence lifetime maps. Cells 
were co-microinjected with constructs 
encoding either EGFP-N-WASP(wt) and Myc- 
p l6  (A - D), EGFP-N-WASP(wt), Myc-pl6 
and HA-Cdc42(wt) (E - H), or EGFP-N- 
WASP(H2llD), Myc-pI6 and Cdc42-HA(wt) 
(I -  L). Following fixation, cells were either 
labelled with Cy3-mAb targeted against the 
expressed p i 6 (left hand column) or left 
unlabelled as controls for donor fluorescence 
lifetime in the absence o f acceptor (right hand 
column). All cells were also labelled with anti- 
HA Cy5-IgG in order to confirm Cdc42 
expression. TCSPC was conduct using single 
photon excitation in order to acquire 
information from the entire thickness o f the 
cell, therefore providing a more robust FRET 
analysis while sacrificing spatial resolution. A 
reduction in the lifetime o f the donor when in 
the presence o f Cy3-mAb acceptor is 
indicative o f  FRET (compare lifetime maps in 
the left column with those in the right). FRET 
between EGFP-N-WASP donor and Cy3-mAb- 
Myc-pl6 acceptor was only observed when 
co-expressed with Cdc42 (G). Lifetime maps 
are in pseudocolour defined by the 
accompanying scale. Images processed by 
Tony Ng.
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Figure 79. Localisation o f N-WASP/Arp2/3 association in situ
Multiphoton donor fluorescence images (A -  C), associated RCFS maps (D -  F), and 
confocal sections (G — J) demonstrating the various subcellular regions in which EGFP-N- 
WASP/Arp2/3 complexes were detected in fixed NIH 3T3 fibroblasts. In addition to EGFP-N- 
WASP localisation (green) confocal images also show the location o f the Golgi compartment 
as determined using a Cy5-anti giantin antibody (red). All images represent single optical 
sections taken through the equatorial plane o f the cell. The subcellular localisation o f N~ 
WASP/Arp2/3 association mirrored that seen for N-WASP/Cdc42. FRET was most 
commonly observed in the perinuclear region (D), which showed partial co-localisation with 
the Golgi marker giantin (G). More rarely FRET was also observed at the cell periphery (E) 
and at cell junctions (F). Images represent 3 o f 8 fields o f view acquired. Arrows highlight 
regions where the relative concentration o f  FRET species was greatest. Images processed by 
Tony Ng.
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3,3,17 EGF stimulates Cdc42 activation and association with PAKl

It was important to establish whether Cdc42 activation could be detected following the 

administration of physiological stimulants to NIH 3T3 cultures using FLIM/FRET analysis. 

Given that Cdc42 could interact constitutively with N-WASP in unstimulated NIH 3T3 

fibroblasts, the activation dynamics of Cdc42 was studied through its ability to associate with 

PAKl. Live cell FLIM/FRET experiments were designed to investigate whether growth- 

factor stimulation could induce Cdc42/PAK1 association in situ.

A duel microinj ection-frequency domain FLIM/FRET assay was developed for detecting the 

active OTP-bound form of EGFP-Cdc42(wt) in living cells. NIH 3T3 fibroblasts were 

microinjected in the nucleus with expression constructs encoding EGFP-Cdc42(wt) and Myc- 

PAKI(wt), and following detection of EGFP fluorescence were then re-microinjected in the 

cytoplasm with Cy3-mAb before subsequent imaging on the frequency domain system. Cells 

were then stimulated with 100 ng/ml EGF and then imaged at increasing time points over a 

45 min period. The technique was similar in principle to that previously used for the 

intensity-based FRET analysis of EGFP-Racl activation (Kraynov et al., 2000).

The stimulation of cells with 100 ng/ml EGF rapidly induced EGFP-Cdc42(wt)/Cy3-Myc- 

PAKl(wt) associated as determined by a reduction in the lifetime of the donor fluorophore 

(measured as an average of independently derived and tm lifetime values). Figure 80, 

page 19 shows the time-course of Cdc42/PAK1 association in a single NIH 3T3 fibroblasts 

(N = 1 of 4 separate experiments). Although Cdc42 was found to associate constitutively 

with N-WASP in situ this was not generally the case for PAKl. Although basal levels of 

Cdc42/PAK1 association did vary to a degree between cells, EGF stimulation could enhance
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this association. Increased FRET was detectable as soon as six minutes following cell 

stimulation and remained detectable for the entire period observed. No significant change in 

donor lifetime was seen for control cells during the course of experiments.

3,3,18 Cdc42/PAK1 association is dependent on the nucleotide state o f  Cdc42

Parallel FLIM/FRET assays using fixed cell specimens were conducted to establish whether 

EGF-induced Cdc42/PAK1 association was dependent on the nucleotide state of the GTPase. 

NIH 3T3 fibroblasts co-expressing either EGFP-Cdc42(wt)/Myc-PAK1 (wt) or EGFP- 

Cdc42(T17N)/Myc-PAKl(wt) were stimulated with 100 ng/ml EGF for 16 min, fixed, and 

then either labelled with Cy3-mAb or left unlabelled as a control before subsequent FLIM 

analysis using the fi-equency domain system. The analysis of donor lifetimes revealed that 

only the wild-type form of Cdc42 could associate with PAKl following growth factor 

stimulation (Figure 81 D & J, page 19). There was no apparent change in the lifetime of 

EGFP-Cdc42(T17N) in the presence of Myc-PAKl acceptor labelling when compared to the 

unlabelled controls (Figure 81 compare F with R) following EGF stimulation. These findings 

provide evidence that Cdc42/PAK1 association depends on both EGF stimulation and the 

nucleotide state of Cdc42.
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Figure 80. Imaging Cdc42 activation in living cells (previous page)

Wide field  images, fiuorescence lifetime maps and scatter plots from an example live cell 
FLIM/FRET experiment demonstrating the EGF dependent association o f  EGFP-Cdc42(wt) 
with Myc-PAKl (wt) in NIH 3T3 fibroblasts. EGFP-Cdc42(wt)/Myc-PAK1 (wt) expressing 
cells were either microinjected in the cytoplasm with a Cy3-mAb against the Myc epitope o f 
PAKl or left uninjected to provide donor lifetime controls. (A & M ) are wide field images o f 
EGFP-Cdc42(wt) and Cy3-mAb fiuorescence respectively, indicating the presence o f both 
donor and acceptor fiuorophores within the same cell. (G) is a wide field  image o f EGFP- 
Cdc42(wt) fiuorescence taken from a control cell that was not microinjected with acceptor 
antibody. Image sequences (B -  F) and (H -  L) represent pseudocoloured lifetime maps o f 
donor EGFP-Cdc42(wt) fiuorescence for the Cy3-mAb microinjected cell and control cell 
respectively. Images were acquired at increasing time points following stimulation with 
100 ng/ml EGF. Images (N -  R) are the corresponding scatter plots o f  x(p and xm pixel 
lifetime values fo r  ( B - F )  ( Xd a )  and (H -  L) ( X d )  respectively. The two cells shown were 
from the same experimental culture. Pseudocoloured lifetime and maps are defined by the 
lower scale. Images processed by Tony Ng.

Figure 81. The nucleotide state o f  Cdc42 is critical for PAKl association (following page)

Wide field images, fiuorescence lifetime maps and efficiency maps from fixed cell 
FLIM/FRET experiment demonstrating the dependency o f  EGF induced PAKl targeting on 
the wild type form o f Cdc42. (A, G, B & H) represent donor EGFP-Cdc42(wt) and acceptor 
Cy3-mAb/Myc-PAKl (wt) fiuorescence images, and the donor fiuorescence lifetime map, and 
FRET efficiency map for a representative EGFP-Cdc42(wt)/Myc-PAK1 expressing cell in the 
absence o f  EGF stimulation (0 min). (M Sc N) represent the donor EGFP-Cdc42(wt) 
fiuorescence and lifetime map o f a control cell at the same time point where acceptor 
labelling has been omitted. (C, I, D Sc J) as fo r  (A, G, B Sc H) and (O Sc P) as fo r  (M Sc N) 
but following 16 min stimulation with 100 ng/ml EGF. (E, K, F  Sc L) represent donor EGFP- 
Cdc42(T17N) and acceptor Cy3-Myc-PAK1 (wt) fiuorescence images, and the donor lifetime 
map, and FRET efficiency map fo r  an EGFP-Cdc42(Tl 7N)/Myc-PAK1 (wt) expressing cell 
following 16 min EGF stimulation. (Q  Sc R) represent the donor fiuorescence and lifetime 
map o f the associated control. FRET is only noticeable between the wild-type form o f EGFP- 
Cdc42 and Cy3-mAb-Myc-PAKl, and is dependent upon EGF stimulation. Pseudocoloured 
lifetime and efficiency maps are defined by the scales found below each relevant column. 
Images are o f  example cells taken from 1 o f  5 independent measurements fo r  each time point. 
Images processed by Tony Ng.
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3.4 DISCUSSION

Chemotaxis is a basic but essential form of cell behaviour that is known to contribute to the 

development of numerous diseases including cancer metastasis. Tumour cells are known to 

preferentially chemotax towards growth factors and tissue extracts derived from organs that 

commonly represent their in vivo targets of metastasis (Hujanen and Terranova, 1985; Jacob 

et al., 1999), while growth factors associated with the vasculature are believed to guide 

tumour cells towards local blood vessels or lymphatics during the initial stages of 

intravasation (Wyckoff et al., 2000a; Wyckoff et al., 2000b). As the blood burden of 

trafficking tumour cells has been reported to correlate strongly with the frequency of 

métastasés in target organs (Wyckoff et al., 2000a), intravasation is likely to provide a 

limiting step in the metastatic spread of certain cancers. Given the importance of chemotaxis 

in intravasation, elucidation of the molecular components responsible for regulating this 

behaviour is of significant interest to the cancer field. The identification of the key molecules 

that control the chemotaxis of cancer cells could prove useful in the development of 

therapeutic strategies for the treatment of metastatic disease. The rational development of 

drugs that block the ability of tumour cells to infiltrate the vasculature and lymphatics during 

intravasation, or the surrounding tissue of capillary beds within target organs during 

extravasation could significantly impair the process of cancer spread.

In this study the T15 rat sarcoma cell line, which exhibits high metastatic potential in vivo 

(Vesely et al., 1987), was used as a model for the study of metastatic cancer cell chemotaxis. 

PDGF-BB and IGF-1, two growth factors commonly associated with the vasculature and 

which are likely to be present in the tumour microenvironment in vivo, provided the
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chemotactic stimulus. Cells were exposed to growth factor gradients using the direct viewing 

Dunn chemotaxis chamber and their resulting behaviour recorded using time-lapse 

microscopy. Microinjection was used to deliver expression constructs encoding EGFP 

fusions of wild type or dominant negative forms of the various proteins under investigation 

into cell nuclei in order to assess the effects of protein expression on both the chemotactic 

and motile behaviour of cells. The interactive tracking and subsequent statistical analysis of 

film data enabled changes in the directional response of cells to be assessed independently 

from changes in cell speed. Variations in both the efficiency and the profile of expression 

that existed between some of the different EGFP fusion proteins studied required the 

application of further analytical techniques to assess whether their differential effects on 

motility were still apparent at comparable levels of expression.

The proteins Cdc42, TclO, N-WASP, and PAKl provided the main focus of this study as 

previous reports have implicated them in the control of a range of polarity events in other 

mammalian cell models. However, the role of these proteins in the chemotaxis of cancer cells 

has previously not been assessed. A total of 75 individual chemotaxis experiments were 

conducted to analyse the role of these proteins in the chemotaxis of sarcoma cells. Findings 

from this study demonstrated that while Cdc42, TclO, N-WASP, and PAKl were all required 

for efficient cell motility only PAKl was required for the chemotaxis of sarcoma cells in 

gradients of PDGF-BB and IGF-1. Inhibition of motility and/or chemotaxis was only 

associated with the dominant negative forms of the various proteins studied indicating that 

their inhibitory effects were a specific consequence of the mutations that these proteins

261



conferred. Wild type proteins did not inhibit motility or chemotaxis but in certain cases 

actually enhanced cell speed.

3,4.1 Cdc42y TclO and N-WASP regulate sarcoma cell motility but not directionality

That Cdc42 was not required for the chemotaxis of sarcoma cells was somewhat surprising as 

a number of independent reports have identified this protein as an essential mediator of 

chemotaxis in other cell systems. Cdc42 appears to be a common mediator of chemotaxis in 

cells of haematopoietic origin. Hadad and co-workers have shown that the SDF-1 driven 

chemotaxis of T lymphocytes is dependent upon Cdc42 function and that this process 

specifically requires the interaction of Cdc42 with its downstream effector WASP (Haddad et 

al., 2001). In agreement with these findings Allen and co-workers have shown that the CSF-1 

induced chemotaxis of the Bac-1 macrophage cell line can be blocked following 

microinjection of the dominant negative Cdc42 variant, Cdc42(T17N) (Allen et al., 1998). 

The chemotaxis of primary macrophages towards CSF-1 is abolished in patients suffering 

from WAS, an immunodeficiency disorder associated with germline mutations in the WASP 

gene (Zicha et al., 1998). Independent studies have also shown that monocytes isolated from 

WAS patients fail to polarise and chemotax in response to gradients of either monocyte 

chemoattractant protein-1 (MCP-1) or macrophage inflammatory protein-la (MIP-la), two 

potent leukocyte chemoattractants (Badolato et al., 1998). Taken together these findings 

strongly implicate Cdc42AVASP dependent signalling in the chemotaxis of haematopoietic 

cells. Furthermore, while CSF-1 targets tyrosine kinase receptors, SDF-1, MCP-1 and 

M lP-la bind serpentine receptors indicating that Cdc42/WASP pathways have the potential 

to integrate chemotactic signals originating from a variety of receptor types.
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The Cdc42 independent chemotaxis of sarcoma cells in gradients of PDGF-BB/IGF-1 is a 

finding that may highlight a fundamental difference in the underlying mechanisms that 

regulate the chemotaxis of immune cells and certain tumour cells. In order to explore 

whether Cdc42 independent chemotaxis was a unique property of the T15 sarcoma cell line 

or whether it was a property shared by other cells of mesenchymal origin, the role of this 

protein was also assessed in the chemotaxis of untransformed fibroblasts. PDGF-BB alone 

was found to be a potent chemoattractant for the Swiss 3T3 fibroblast cell line when used in 

the Dunn chemotaxis chamber. Interestingly, the chemotactic response of the NIH 3T3 cell 

line, although significant, was far less pronounced. The Swiss 3T3 cell line was therefore 

selected in order to further assess the function of Cdc42 in the chemotaxis of untransformed 

fibroblasts. It was found that the expression of EGFP-Cdc42(T17N) had no significant effect 

on the chemotactic response of Swiss 3T3s suggesting that Cdc42 was of no importance in 

the growth factor mediated chemotaxis of fibroblasts and fibroblast-like cells.

Interestingly, Banyard and co-workers have previously reported that Cdc42 function is 

required for the Rat-1 fibroblast invasion of three-dimensional collagen gels containing 

PDGF-BB but not for the PDGF-BB induced chemotaxis of these cells as assessed using the 

Boyden chamber (Banyard et al., 2000). The latter finding would seem to be in agreement 

with observations made in this study. The authors’ findings are important as they reveal how 

the significance of specific proteins implicated in the control of cell motility can dramatically 

alter with changes in the cellular environment. Three-dimensional collagen gels represent 

environments of far greater complexity than simple polycarbonate filters or planar surfaces
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such as coverslips. As a consequence the molecular machinery employed by the cell in 

regulating movement in these markedly differing environments is likely to differ to some 

extent. Moreover, efficient matrix degradation and the dynamic regulation of adhesions to a 

three-dimensional extracellular environment are far more likely to be of significance in 

determining the success of cell migration through collagen gels when compared to cell 

migration on planar substrates. Although collagen gels are likely to provide a more 

physiologically relevant environment for the assessment of cell migration their complexity 

can prove problematic when attempting to dissect the role of various signalling molecules in 

only a single aspect of this behaviour.

Although Cdc42 function was not found to be of importance in the chemotaxis of sarcoma 

cells it was, however, necessary for efficient motility. While EGFP-Cdc42(T17N) expressing 

cells could detect, polarise and migrate towards the source of the chemoattractant they did so 

more slowly than control cells expressing EGFP alone. Similarly, the assessment of the 

random motility of NIH 3T3 fibroblasts also demonstrated that Cdc42 function was required 

for efficient motility in these cells. The observation that Cdc42 inhibition impairs the speed 

of fibroblast motility is in agreement with findings made by others. Nobes and co-workers 

have reported an approximate two-fold reduction in the rate at which rat embryonic 

fibroblasts can infiltrate the underlying substratum in wound healing assays following the 

ectopic expression of Cdc42(T17N) (Nobes and Hall, 1999). However, in keeping with 

observations made from chemotaxis experiments, the effects of Cdc42 fimction on fibroblast 

motility were in contrast to those that have been reported for macrophages. It is interesting to 

note that while in this study Cdc42 fimction was required for efficient sarcoma cell motility
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and not chemotaxis, Cdc42 has been reported to be of no importance in macrophage motility 

despite the essential role of this protein in the chemotaxis of these cells (Allen et al., 1998). 

Fundamental differences are therefore likely to exist in the way in which cells of 

mesenchymal origin and cell of haematopoietic origin regulate their motile and chemotactic 

behaviour.

It was hypothesised that the related Rho GTPase TclO may have been of more importance 

than Cdc42 in the directionality of sarcoma cells given the many similarities that exist 

between these proteins and given that Cdc42 itself was not implicated in this process in this 

cell type. Although Cdc42 and TclO share many features in common including a high degree 

of sequence homology (Murphy et al., 1999), shared downstream targets (Abe et al., 2003; 

Neudauer et al., 1998), and their ability to remodel the actin cytoskeleton and generate 

similar morphological structures (Neudauer et al., 1998), the role of TclO in cell motility had 

previously not been assessed. Although predominantly expressed in skeletal muscle and 

adipose tissue where its primary function is in the regulation of insulin-induced glucose 

uptake (Chiang et al., 2001), TclO expression has also been detected in other cell types 

including fibroblasts and neurons (Drivas et al., 1990). Constitutively active variants of TclO 

can induce cytoskeletal changes similar to those associated with Cdc42 function (Neudauer et 

al., 1998) and inhibition of the endogenous protein has been reported to block axonal 

outgrowth in neuronal cells (Abe et al., 2003). Given the importance of TclO in the 

regulation of cytoskeleton and morphogenesis in other cell systems, it provided a logical 

candidate for study in the chemotaxis of sarcoma cells.
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This study revealed that TclO was of no importance in the chemotaxis of sarcoma cells. 

However, TclO was required for efficient cell motility. Although findings were similar to 

those found for Cdc42 they were not identical. While dominant negative variants of TclO and 

Cdc42 both had inhibitory effects on sarcoma cell motility, the overexpression of wild-type 

TclO significantly enhanced cell speed, a finding that was not associated with the 

overexpression wild type Cdc42. This suggests that the availability of endogenous TclO 

could be a limiting factor in determining the speed of cell motility: while inhibition of the 

endogenous protein impairs cell motility, an increase in the availability of the protein 

enhances this process. This study therefore ascribes, for the first time, a role for TclO in the 

regulation of cell motility.

The inability of dominant negative mutants of either Cdc42 or TclO to inhibit the chemotaxis 

of sarcoma cells suggested that a GTPaseAVASP-like pathway was unlikely to be responsible 

for regulating the growth factor-induced chemotaxis of fibroblast like cells. Therefore 

Cdc42AVASP signalling may form part of a specialised pathway that has specifically evolved 

to regulate the chemotactic behaviour of cells that exhibit significant motile and chemotactic 

behaviour in vivo. Cells of the immune system are required to respond rapidly and regularly 

to chemotactic signals that are generated as a result of infection and tissue trauma. The 

degree to which fibroblasts exhibit chemotaxis in vivo is less clear but is likely to be largely 

confined to times of wound repair and development. Although WASP expression is confined 

to cells of haematopoietic origin, the related protein N-WASP is ubiquitously expressed, 

regulating cytoskeletal rearrangement in a wide variety of cell types through its interaction 

with the Arp2/3 actin-nucleating complex (Takenawa and Miki, 2001). Although N-WASP
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function has been the focus of a great deal of study over recent years this has largely been in 

the context of vesicular transport, morphogenesis, neurite outgrowth, and the intracellular 

motility of viral and bacterial pathogens. Conversely, little attention has been paid to the role 

of N-WASP in cell migration. However, recent reports by Yamaguchi and co-workers 

suggest that N-WASP may be implicated in the directional migration of at least certain cell 

types of non-haematopoietic origin (Yamaguchi et al., 2002). Of all the WASP-family 

members identified to data WASP and N-WASP are believed to be unique in their ability to 

be regulated by Cdc42. However, recent reports also indicate that N-WASP can be activated 

via phosphorylation events, possibly highlighting the existence of multiple modes of protein 

activation (Suetsugu et al., 2002). Consequently, findings from Cdc42/Tcl0 experiments 

cannot alone preclude the involvement of an N-WASP signalling pathway in the chemotaxis 

of sarcoma cells.

Additional studies were performed in order to assess the role of N-WASP function in the 

chemotaxis of rat sarcoma cells. The inhibition or overexpression of N-WASP produced 

similar findings to those observed with TclO. The ectopic expression of the dominant 

negative N-WASP truncation mutant EGFP-N-WASP(AVCA) impaired cell motility but had 

no effect on chemotaxis. Expression of the wild type protein, however, significantly 

enhanced the speed of cell motility. It is therefore possible that the changes in cell motility 

observed following the inhibition or overexpression of TclO may have reflected the 

downstream effects that this protein conferred on N-WASP function. However, the increased 

motility associated with the ectopic expression of wild type N-WASP was also associated
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with an altered phenotype characterised by the formation of long thin lamellipodia-like 

extensions, a phenotype that was not observed following TclO overexpression.

Taken together the above findings rule out the involvement of a GTPase/N-WASP dependent 

signalling pathway in the PDGF-BB/IGF-1 chemotaxis of sarcoma cells. The extent to which 

these findings are specific to the chemoattractants and/or cell line used is unclear. However, 

findings from the Swiss 3T3s studies suggest that this may be a common feature of fibroblast 

chemotaxis, although such conclusions cannot be drawn without performing additional 

studies in these cells. Interestingly, recent reports implicate a role for N-WASP in the 

directed migration of epithelial cells (Yamaguchi et al., 2002). The authors report a mild but 

significant inhibition in the response of Madin-Darby canine kidney epithelial cells (MDCK) 

to gradients of hepatocyte growth factor (HGF) upon expression of a dominant negative 

N-WASP construct. It is possible therefore that N-WASP adopts a role in epithelial cell 

chemotaxis that is similar to that for WASP in cells of haematopoietic origin. Data from this 

study demonstrates that sarcoma cells require N-WASP for efficient cell motility but not 

chemotaxis. It is conceivable that a reduction in the speed of cell motility could equally 

account for the impaired response observed for MDCK cells in HGF gradients: the authors 

did not apply checkerboard analysis to their trans-well experiments and consequently cannot 

preclude changes in migration speeds accounting for the observations made. HGF is a potent 

motogen inducing cell scattering when applied to epithelial cell cultures in vitro (Ridley et 

al., 1995). Although the authors did not report a significant difference between the HGF 

induced scattering of cells over expressing either dominant negative or wild type forms of 

N-WASP, no attempt was made to evaluate the observations made or to assess the effects of
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the different proteins on the speed of cell motility. An unequivocal confirmation that 

N-WASP regulates epithelial cell chemotaxis will therefore require additional studies.

Observations of film recordings and independent intensity analysis revealed that both EGFP- 

N-WASP(AVCA) and EGFP-N-WASP(wt) expression declined over the course of 

chemotaxis experiments. This suggested that protein expression was either being down 

regulated or that proteins were actively being degraded by the cell over time. It is interesting 

to note that Suetsugu and co-workers have recently reported that tyrosine phosphorylation of 

N-WASP results in both the activation and subsequent ubiquitin-mediated degradation of the 

protein in neurones (Suetsugu et al., 2002). However, the authors also found that when 

N-WASP was involved in the promotion of neurite outgrowth protein degradation was 

inhibited, resulting in an accumulation of the phosphorylated form of the protein. This 

suggests that when actively involved in actin assembly N-WASP is protected fi"om 

degradation. As the initiation of actin assembly requires a fimctional VGA domain within the 

C-terminus of the molecule, the phosphorylation dependent activation of EGFP-N- 

WASP(AVCA) would not result in recruitment of Arp2/3 and therefore this truncation 

variant may be more prone to degradation than the full-length, wild type protein.

3,4,2 PAKl regulates chemotaxis and motility in sarcoma cells

This study demonstrated unequivocally the dependence of sarcoma cell chemotaxis on the 

fimction of the serine/threonine kinase PAKl. PAKl was found to regulate chemotaxis via a 

Cdc42 independent pathway that was also essential for efficient cell polarity and motility. 

Two separate PAKl inhibitory mutants were developed in order to assess different aspects of
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PAKl signalling. The 1 - 1 4 9  fragment, which included the autoregulatory domain, the 

CRIB domain, and an upstream proline rich domain responsible for binding the adaptor 

proteins Nek and paxillin, was most effective at inhibiting the chemotactic response. Some 

loss of chemotaxis was also observed following expression of the autoregulatory fragment 

83 -  149, although the potent inhibitory effects that this construct conferred on cell speed 

made an accurate assessment of directionality more difficult. A significant but less striking 

inhibition of motility was also associated with the expression of the 1 - 1 4 9  truncation 

mutant. While expression of the 1 - 1 4 9  fragment often resulted in cell contraction and 

rounding expression of the 83 -  149 fragment resulted in cell spreading and ruffling. Both 

constructs resulted in a significant reduction in the persistence of cell movement, which was 

likely to account, in part, for the loss of chemotaxis observed. The expression of full length, 

wild type PAKl had no significant effect on cell behaviour confirming that loss of 

chemotaxis and impaired cell motility were specific for the mutant proteins used.

Findings from this study are in partial agreement with those made by others. Wang and 

coworkers report a role for PAKl in the CXCL-1 dependent chemotaxis of human 

endothelial kidney cells (HEK-293) (Wang et al., 2002). However, the authors also report 

that PAKl mediates HEK-293 chemotaxis in a Cdc42 independent manner, while in this 

study it was found that sarcoma cells exhibited Cdc42-independent chemotaxis. Therefore, 

although PAKl may regulate chemotaxis in a variety of cell types the mode of its activation 

may exhibit a significant degree of cell-type specificity. The degree to which the findings 

reported by the authors specifically reflect the loss of HEK-293 chemotaxis as opposed to 

changes in the speed of cell motility is unclear. The authors used trans-well assays in order to
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assess chemotactic behaviour without applying Zigmond-Hirsch checkerboard analysis in 

their study. As it is clear from findings in this study and others (Kiosses et al., 1999) that 

PAKl can also significantly influence the speed of cell motility, the authors cannot preclude 

changes in cell speed alone accounting for the observations made in their study.

An indication that PAKl may be of importance in the chemotaxis of fibroblasts is provided 

by Sells and co-workers who reported that the overexpression of a PAKl construct deficient 

in kinase activity resulted in reduced persistence and impaired haptotaxis in NIH 3T3s (Sells 

et al., 1999). The reduction in persistence, characterised by an increased frequency in cell 

turning, was specific for the kinase deficient protein, while, in contrast, a constitutively 

active variant greatly enhanced the persistence of cell movement. The authors’ findings are in 

agreement with those made in this study. Expression of both the 83 -  149 and the 1 - 1 4 9  

PAKl truncation mutants resulted in a significant reduction in the persistence of sarcoma cell 

motility. Loss of persistent movement provides one possible explanation for the loss of 

chemotaxis observed in sarcoma cells following PAKl inhibition, as an increase in the 

frequency of turning will function to impede the progress of cells toward the source of a 

chemoattractant. In agreement with this Sells and co-workers also found that inhibition of 

PAKl kinase activity impaired the haptotactic response of NIH 3T3s to immobilised collagen 

gradients, while constitutively active PAKl enhanced this process.

Loss of persistence, and therefore the ability to chemotax efficiently, is likely to result from a 

loss of cell polarity control in the absence of PAKl function. Expression of the 83 -  149 and 

the 1 - 1 4 9  PAKl truncation mutants resulted in a dramatic loss of sarcoma cell polarity
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resulting in cell spreading and cell contraction respectively. Sells and co-workers also 

identified abnormalities in cell morphology associated with PAKl inhibition or activation, 

although their observations were notably different to those found in this study. The authors 

found that kinase-deficient PAKl resulted in poor polarity control as cells often adopted a 

multi-lobed appearance, with many lamellapodia emanating from the cell surface 

simultaneously. In contrast, however, they found that expression of constitutively active 

PAKl resulted in highly polarised cells with single broad leading-edge lamellapodia.

Although significant similarities exist between findings reported by Sells and co-workers and 

those made in this study, notable differences are also apparent. While PAKl inhibitory 

constructs were found to significantly impair the speed of sarcoma cell motility in this study. 

Sells and co-workers found that overexpression of PAKl in NIH 3T3 fibroblasts resulted in 

enhanced cell motility, irrespective of kinase activity. Consequently, the authors conclude 

that PAKl regulates directionality and motility via separate kinase-dependent and kinase- 

independent mechanisms. However, this study strongly implicates a role for PAKl kinase 

activity in sarcoma cell motility. Kiosses and co-workers have previously demonstrated a 

role for PAKl kinase activity in the motility of human microvascular endothelial cells 

(HMEC-1) (Kiosses et al., 1999). The authors report an approximate 60 % reduction in cell 

speed following the inhibition of endogenous PAKl with a kinase deficient/GTPase binding 

deficient PAKl mutant. The reduction in cell speed was also associated with dramatic 

morphological changes including cell spreading and a loss of polarity. These finding are in 

complete agreement with those found in sarcoma cells following expression of the PAKl 

83 -  149 truncation mutant. Furthermore, the authors also reported that the expression of a
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GTPase binding deficient PAKl mutant that was not deficient in its kinase activity had no 

significant effect on speed, therefore demonstrating that PAKl kinase activity is required for 

efficient cell motility. Interestingly, Kiosses and co-workers also found that overexpression 

of a constitutively active PAKl mutant also inhibited cell motility suggesting that, above all, 

proper regulation of PAKl activity is required for efficient cell motility. As in this study, 

however, the authors did not report any effects on cell speed following overexpression of the 

wild type protein.

Kiosses and co-workers have mapped the region of PAKl responsible for cell motility to the 

first 74 amino acids of the protein indicating that recruitment of PAKl by adaptor molecules 

such as Nek and paxillin is essential for efficient cell motility. However, studies in sarcoma 

cells revealed that ultimately, kinase activity was required for efficient motility as the 

83 - 149 fragment could also dramatically impair speed. An explanation that accommodates 

both these observations is that adaptor proteins are required to localise PAKl appropriately 

to regions within the cell where kinase activity is then necessary to initiate further 

downstream signalling events. As the authors did not assess the role of PAKl kinase activity 

independently of its capacity to be localised by adaptor proteins they cannot preclude the 

additional importance of kinase function in PAKl dependent cell motility.

It is possible that the discrepancies in the findings made by Sells and co-workers and those 

found in this study and by Kiosses and co-workers may reflect differences in the 

experimental techniques employed. While microinjection was used to induce the transient 

expression of PAKl constructs in both this study and those performed by Kiosses and co­
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workers, permanent cell lines were used in studies performed by Sells and co-workers. Both 

techniques carry their advantages and disadvantages, which could have contributed to the 

conflicting observations made. If not carefully controlled, microinjection can result in 

excessive protein expression that can potentially have non-specific and often toxic effects on 

the cell. In turn, permanent cell lines can potentially suffer from alterations in gene 

expression that result from the long-term presence of the exogenous protein. However, it 

does seems likely that the inconsistencies reported are the product of the different cell types 

used as supposed to the differing techniques applied in their study. Firstly, Kiosses and co­

workers also conducted microinjection studies in NIH 3T3s where no significant inhibition of 

cell motility was observed. Secondly, although microinjection did often result in high levels 

of protein expression in sarcoma cells in this study, additional intensity analysis revealed that 

dominant negative constructs could still confer their inhibitory effects at very low levels of 

expression. Although wild-type PAKl did appear to have a slight inhibitory effect on cell 

speed at higher levels of expression this was far less striking than the effects associated with 

the dominant negative constructs at far lower levels of expression. Indeed, wild type PAKl 

actually enhanced motility when expressed at low levels. Finally, across a broad range of 

intensities observed, EGFP expression alone was never found to have a significant inhibitory 

effect on sarcoma cell motility, indicating that non-specific deleterious effects associated 

with expression of the fluorophore were not a concern in this study.

The differences in morphology associated with the two separate PAKl truncation mutants 

used in this study were likely to reflect the differential ways in which they conferred their 

effects on PAKl signalling. The 83 -  149 truncation mutant, which specifically targets the
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kinase domain of PAKl, dramatically impaired cell motility and induced cell spreading and 

loss of polarity. This finding clearly reflects the importance of PAKl kinase activity in cell 

motility and polarity. While the 1 - 1 4 9  truncation mutant also impaired cell motility, it did 

so to a lesser degree. Furthermore, the loss of polarity conferred by this mutant was 

associated with cell rounding; possibly reflecting increased contractility or loss of adhesion. 

A number of possible explanations could account for these apparent discrepancies: PAKl has 

been reported to phosphorylate and inactivate Myosin Light Chain Kinase (MLCK) upon 

activation, resulting in a down regulation of myosin activity (Sanders et al., 1999). Therefore 

inhibition of PAKl could result in increased cell contractility as levels of phosphorylated 

myosin increase within the cell. However, this is unlikely to explain the phenotype associated 

with the expression of the 1 -  149 mutant as the 83 -  149 mutant would have also been 

expected to inhibit PAKl-dependent MLCK phosphorylation. Furthermore, in contrasting 

reports others have noted an increase in myosin phosphorylation following the expression of 

a constitutively active PAKl variant, suggesting that in certain circumstances PAKl 

activation can in fact promote myosin activity (Sells et al., 1999).

A more plausible explanation for the different morphologies observed is likely to stem from 

the additional capacity of the 1 - 1 4 9  mutant to bind adaptor proteins such as Nek and 

paxillin. As paxillin has been reported to localise PAKl to focal adhesion in a manner that is 

independent of PAKl kinase activity, it is possible that PAKl, independent of kinase 

function, is required for efficient adhesion. If an inability to efficiently localise endogenous 

PAKl to sites of focal adhesion formation results in reduced adhesion to the substrate then 

such changes would only be associated with the expression of the 1 - 1 4 9  mutant. Loss of
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adhesion could account for the cell rounding often associated with the expression of the 

1-149 mutant in sarcoma cells.

The capacity of the 1 - 1 4 9  mutant to bind Nek could also provide an explanation for the loss 

of chemotaxis observed in sarcoma cells expressing this truncation mutant. Nek is recruited 

to activated tyrosine kinase receptors following growth factor stimulation where it functions 

as an adaptor molecule, localising other signalling proteins to sites of receptor activation. 

Nek is likely to play an important role in PAKl related signalling during PDGF-BB/IGF-1 

driven chemotaxis as this proteins has been shown to associate constitutively with PAKl and 

also with the activated PDGF receptor (Lu et al., 1997). If sites of receptor activation 

provide the primary spatial information concerning the source of a chemoattractant, then the 

inhibition of Nck-dependent PAKl receptor recruitment could result in a failure to transmit 

external spatial cues to the cytoskeleton in order to bring about appropriate morphological 

responses. This would effectively ‘blind’ the cell, rendering it incapable of responding to 

signalling gradients. Indeed, the Dosophila Nek homolog DOCKS has been directly 

implicated in the axonal pathfinding of photoreceptor neurones, thus already providing a link 

for Nek in the control of directionality in other cell systems (Garrity et al., 1996). Therefore, 

the role of a Nck-PAKl pathway in the PDGF-BB/IGF-1 driven chemotaxis of sarcoma cells 

is favoured here. It should be noted that if Nek is important in relaying such spatial 

information from the extracellular environment into the cell then the capacity for the 1 - 1 4 9  

fragment to inhibit the ability of Nek to associate with other putative targets cannot be ruled 

out as important for the chemotactic response of sarcoma cells. However, since the 8 3 - 1 4 9
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mutant also had a noticeable, although, less dramatic inhibitory effect on the directional 

response of sarcoma cells it is likely that PAKl is directly implicated in chemotaxis.

It is clear that an attempt to develop a global model that defines in general terms the role of 

PAKl in the regulation of cell motility and polarity is unwise, as considerable inconsistencies 

exist in the literature that are likely to reflect the various cell types used. Findings from this 

study define a new role for PAKl in the Cdc42 independent regulation of chemotaxis in 

sarcoma cells. PAKl was also found to be essential for the efficient motility of sarcoma cells 

indicating the importance of this molecule in both directionality and speed. Additional 

studies will now be required to try and delinearise the signalling events downstream of PAKl 

in an attempt to isolate, if  possible, targets of PAKl signalling that control motility and 

directionality respectively.

3,4.3 Analysis o f  fluorescence intensity in studying the effects o f  varying levels o f  protein 
expression on cell motility

One of the major shortcomings associated with transient expression techniques such as 

microinjection arid transfection is their inability to effectively regulate protein expression. 

Non-specific and/or cytotoxic effects that can arise from excessive protein expression are of 

particular concern when protein expression is under the control of powerful viral promoters, 

which are often incorporated into modem expression cassettes. Moreover, when EGFP fusion 

is used as a means of detecting and studying the localisation of proteins, potential photo-toxic 

effects associated with the expression of the fluorophore present an additional hazard. As 

microinjection and transfection are used routinely as a means of assessing the effects of
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various proteins on cell behaviour, it is essential that the physiologically relevant effects 

conferred by the expression of a protein are not confused with non-specific cytotoxic and/or 

phototoxic effects that are often associated with excessive expression. Furthermore, when the 

effects of a number of different expression constructs are assessed it is important to ensure 

that observations associated with individual treatments are not merely the consequence of 

their varying expression efficiencies. In an attempt to address these issues purpose written 

intensity analysis programs were written that enabled changes in the speed of cell motility to 

be correlated with changes in the intensity of expressed proteins fused to EGFP.

The various expression constructs used in this study exhibited a range of expression 

efficiencies. Although all dominant negative proteins conferred an inhibitory effect on cell 

speed while wild type proteins had no such effect, certain dominant. negative proteins were 

also found to exhibit far greater efficiencies of expression when compared with their wild 

type counterparts. It was therefore important to assess whether the inhibitory effects that 

dominant negative proteins conferred on cell speed were the consequence of their specific 

mutations or whether these effects were artefacts of excessive protein expression. 

Furthermore, it was important to determine whether differences conferred on the speed of 

cell motility could still be detected between dominant negative and wild type treatments 

when assessed at comparable levels of expression.

Intensity analysis revealed that phototoxicity associated with EGFP expression was not an 

issue in this study. Of all the expression constructs microinjected into cells, EGFP vector 

alone exhibited the greatest levels of expression. However, over the entire range of EGFP
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expression levels observed no significant impairment of cell speed was detectable. Intensity 

analysis was also used successfully to determine the effects that PAKl constructs conferred 

on cell speed at comparable levels of expression. This was of particular importance as 

dominant negative variants exhibited a far greater range of expression efficiencies than the 

wild type protein. However, intensity analysis revealed that dominant negative proteins 

conferred their inhibitory effects at all but the very lowest levels of expression, while the 

wild type protein only appeared to have an inhibitory effect at far higher levels. Furthermore, 

at lower levels of expression the wild type protein actually enhanced the speed of cell 

motility. Therefore intensity analysis permitted original observations and conclusions made 

from chemotaxis experiments regarding changes in cell motility to be viewed with 

confidence.

3.4,4 Imaging actin dynamics in metastatic and non-metastatic cells

The newly developed FLAP technique (Dunn et al., 2002) was applied in a comparative 

study of actin dynamics in the related T15 metastatic and K2 non-metastatic sarcoma cell 

lines. Others have previously reported significant differences in both the cytoskeletal 

architecture and motile behaviour between these two cell lines (Pokoma et al., 1994): it has 

been shown that T15 cells generally exhibit relatively few high order actin structures, are 

polarised and highly motile, while K2 cells are often well spread, dense with stress fibres, 

and only poorly motile in comparison. The development of the FLAP technique enabled the 

dynamics of differing actin structures to be explored within these cells.

279



FLAP studies revealed additional differences between these cells. Actin within XI5 cells 

was often highly dynamic. In many cases ratiometric imaging revealed the rapid 

incorporation of photolabelled actin molecules into the leading edge of lamellapodia, 

indicating that actin was highly mobile in these motile cells. In contrast actin structures in 

K2 cells were often static as reflected by the poor mobility of photolabelled actin molecules 

within these cells.

3,4,5 Imaging Cdc42/N-WASP/Arp2/3 interactions in single cells

The development of microscopy techniques that enable the interactions of proteins to be 

monitored in single cells has been a valuable addition to the field of cell biology. FRET 

permits the non-invasive imaging of protein interactions in situ, providing valuable 

information regarding the spatiotemporal dynamics of signalling processes that otherwise 

cannot be discerned through more conventional biochemical techniques. In this study the 

application of multiphoton TCSPC and frequency domain FLIM techniques to the analysis of 

FRET has enabled the direct visualisation of protein interactions in single cells. Both 

techniques were applied successfully in the analysis of Cdc42 signalling in the NIH 3T3 

fibroblast cell line. The high degree of spatial resolution afforded by multiphoton imaging 

enabled a detailed study of the subcellular localisation of Cdc42/N-WASP and N- 

WASP/Arp2/3 complexes in single fixed cells, while the relatively rapid acquisition times 

associated with frequency domain FLIM enabled the dynamics of Cdc42/PAK1 signalling to 

be assessed in living cells in response to growth factor stimulation.
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This study revealed for the first time the subcellular localisation of Cdc42/N-WASP 

complexes in cultured mammalian cells. Cdc42 was found to associate constitutively with 

N-WASP in NIH 3T3 fibroblasts and complexes were observed to localise predominantly to 

a perinuclear region that partially co-localised with the Golgi apparatus. Interestingly, 

Cdc42/N-WASP complexes were rarely observed at the cell periphery. In the few cases 

where microinjected cells made contact, complexes were also found to localise to cell 

junctions. The localisation of N-WASP/Arp2/3 complexes was found to largely mirror that of 

Cdc42/N-WASP suggesting the formation of Cdc42/N-WASP/Arp2/3 ternary complexes at 

these sites. That Cdc42/N-WASP/Arp2/3 complexes were rarely observed at the cell 

periphery is of interest because it questions the importance of this pathway in peripheral actin 

assembly. Indeed these observations suggest that Cdc42/N-WASP/Arp2/3-regulated actin 

assembly is largely confined to a perinuclear/Golgi region in NIH 3T3 fibroblasts. This is 

consistent with findings by Luna and co-workers who have reported that Cdc42 regulates 

vesicular transport between the Golgi and Endoplasmic Reticulum in an N-WASP dependent 

manner (Luna et al., 2002). In vitro studies have revealed that Cdc42-dependent N-WASP 

activation requires the synergistic co-operation of PI(4,5)P2 (Prehoda et al., 2000). The 

subcellular distribution and availability of PI(4,5)P2 should therefore determine the capacity 

of Cdc42 to effectively activate N-WASP and initiate Arp2/3 recruitment. Given the 

importance of phosphoinositides in membrane trafficking (De Camilli et al., 1996) and given 

that various lipid kinases responsible for PI(4,5)P2 synthesis are known to be present within 

the Golgi compartment (Jones et al., 2000), the appropriate conditions are likely to exist in 

situ that permit Cdc42/PI(4,5)P2/N-WASP/Arp2/3 interaction at the Golgi membrane and/or 

at the membrane of Golgi related vesicles.
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The absence of significant FRET at the cell periphery suggests that other WASP family 

members may be of more importance in regulating Arp2/3-dependent peripheral actin 

assembly in fibroblasts. These findings may seem to be inconsistent with those reported by 

Miki and co-workers who have demonstrated that N-WASP function is required for the 

Cdc42-dependent formation of filopodia, and therefore the formation of peripheral actin 

structures (Miki et ah, 1998a). However, more recent reports indicate that, although 

N-WASP is capable of mediating Cdc42-dependent filopodia formation, it is also dispensable 

in this role since fibroblasts defective in N-WASP function are still capable of producing 

these structures (Lommel et ah, 2001). The degree to which Cdc42/N-WASP/Arp2/3 

signalling contributes to peripheral actin assembly may therefore depend upon on the cell 

type in question.

The abundance of Arp2/3 in the leading edge lamellapodia of motile cells suggests that this 

actin-nucleating protein is essential for peripheral cytoskeletal rearrangements and 

lamellapodia formation. The formation of lamellapodia and membrane ruffles has long been 

associated with the activation of the Rho GTPase Racl (Ridley et ah, 1992). The recently 

identified WAVE proteins (Miki et ah, 1998b), WASP family members that lie downstream 

of Rac and not Cdc42, therefore provide likely candidates for the regulation of Arp2/3- 

dependent actin assembly in the lamellapodia and cell periphery. It would therefore be of 

great interest to conduct additional studies in NIH 3T3s in order to elucidate, via 

FLIM/FRET analysis, the subcellular distribution of WAVE/Arp2/3 complexes and compare 

and contrast these findings with those already made for N-WASP/Arp2/3.
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3,4,6 Imaging Cdc42 activation in single living cells

A live cell assay was developed that enabled FRET to be monitored in living cells allowing 

the dynamics of protein interactions to be observed over time. By microinjecting cells with 

expression constructs encoding EGFP-Cdc42 and Myc-PAKl and then re-microinjecting the 

same cells with an antibody conjugated to an acceptor fluorophore which specifically 

targeted the Myc epitope of PAKl, FRET could be monitored between the donor and 

acceptor fluorophores in living cells. The presence of excess, unbound acceptor antibody 

could be ignored because only the fluorescence emission of the donor fluorophore was 

required for FRET analysis. This assay proved effective in the study of Cdc42/PAK1 

interactions in living cells and is analogous in principle to that previously used by others to 

monitor the activation of Racl in living cells (Kraynov et al., 2000).

Although Cdc42/N-WASP association was largely constitutive in NIH 3T3 fibroblasts, 

Cdc42/PAK1 association could be induced following the administration of the physiological 

stimulant EGF to cell cultures. Live cell experiments revealed that EGF receptor activation 

resulted in a rapid association between Cdc42 and PAKl. This association occurred within 

6 min of growth factor stimulation and was detectable for the full duration that cells were 

observed. The extent to which Cdc42 and PAKl associated in unstimulated cells varied, 

possibly reflecting the differing degrees to which cells were stimulated by cytoplasmic 

microinjection. However, this study demonstrated that frequency domain FLIM could 

successfully be used to detect Cdc42 activation in single living cells following the 

administration of a physiological stimulus.
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The ability to develop and apply techniques that enable specific protein interactions to be 

monitored over time in living cells is essential for a thorough understanding of the dynamic 

cellular processes that regulate cell morphology and motility. Although in vitro biochemical 

studies have proved instrumental in our understanding of the minimal essential components 

requires for actin assembly and disassembly, the precise way in which these components 

organise themselves within the cell is still unclear. An understanding of the spatiotemporal 

organisation of signalling events within the cell is likely to be the key to understanding how 

simple protein interactions can ultimately orchestrate the assembly of complex cytoskeletal 

structures that dictate cell morphology. By adopting techniques that permit the non-invasive 

study of protein interactions in situ, these questions can finally be addressed.

FLIM is likely to play an increasing role in the field of cell biology as the technology 

becomes more affordable. FLIM will continue to benefit from advances in both physics and 

bioengineering. Faster image acquisition times, greater detector sensitivities, and higher 

image resolution capabilities will all help to increase the amount of information that can be 

extracted from live cell imaging experiments while minimising exposure times and therefore 

photo-damage to the sample. The development of new biofluorescent probes with different 

spectral properties will increase the availability of suitable fluorophore pairs for FRET 

experiments, increasing the number of molecular interactions that can be studied 

simultaneously within a single cell. If such techniques can be coupled with methods that 

enable the expression of exogenous proteins to be tightly controlled then FLIM/FRET 

technology has the potential to revolutionise our understanding of the cell.
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3.5 CONCLUSION

This study found that the polarity protein PAKl was essential for both the efficient 

chemotaxis and motility of T15 rat sarcoma cells. While Cdc42, TclO, and N-WASP were all 

necessary for efficient motility they were not required for the chemotaxis of these cells. The 

additional application of intensity analysis to experimental data permitted the different 

fluorescent fusion proteins studied to be assessed at comparable levels o f expression. This 

minimised the likelihood that conclusions were drawn from significances that arose merely 

as a consequence of expression inconsistencies between the different proteins studied.

The fact that PAKl regulated sarcoma cell chemotaxis via a Cdc42 independent pathway 

suggests that the mechanisms involved in the control of sarcoma cell chemotaxis are distinct 

from those employed by cells of haematopoietic origin, which depend upon both Cdc42 and 

WASP signalling. The possibility that distinct signalling pathways exist in the control of 

tumour cell and immune cell chemotaxis raises the prospect of establishing treatments that 

permit this behaviour to be inhibited in a cell-specific manner. The potential to develop 

therapies that could specifically impair the chemotactic ability of tumour cells without further 

compromising the immunity of the patient would be of great significance in the treatment of 

metastatic disease.

The newly developed FLAP technique was also successfully applied to the comparative 

study of actin dynamics in metastatic and non-metastatic sarcoma cells. Studies revealed that 

the actin cytoskeleton of metastatic T15 sarcoma cells was highly dynamic, with actin 

molecules rapidly translocating to the leading edge of protruding motile cells. In contrast the

285



cytoskeleton of the poorly motile and non-metastatic K2 cells was often largely static in 

comparison.

This study also demonstrated the successful application of both multiphoton TCSPC FLIM 

and frequency domain FLIM to fixed cell and live cell FRET imaging, respectively. While 

the multiphoton technique enabled the detailed high resolution analysis of the distribution of 

the FRET population within a single optical section of the sample, the faster acquisition 

times associated with the wide-field frequency domain technique enabled FRET to be 

monitored in living cells. Multiphoton TCSPC FLIM/FRET studies provided, for the first 

time, information concerning the subcellular localisation of Cdc42/N-WASP and N- 

WASP/Arp2/3 complex formation in situ, revealing that these associations primarily 

occurred within a perinuclear compartment. Wide field frequency domain FLIM/FRET 

studies demonstrated that the activation kinetics of Cdc42 could be monitored in single living 

cells following the administration of a physiological stimulus.
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4 CONCLUDING REMARKS

The importance of light microscopy in the biomedical sciences has increased dramatically 

over the past decade. The development of digital time-lapse recording techniques allowing 

the flexible acquisition of fluorescence images in multiple channels and computer aided 

techniques that enable the post.acquisition processing and analysis of image data have all 

functioned to greatly increase the range of biological questions that can be answered through 

the use light microscopy techniques. Thus a transition has occurred which has seen light 

microscopy evolve from a technique simply enabling the high magnification observation of 

the biological sample into an effective tool for the quantitative analysis of specific aspects of 

cellular behaviour and subcellular molecular dynamics. The field is likely to continue to 

evolve at an ever-increasing rate; the next few years are likely to see a significant increase in 

the application of FLIM/FRET techniques as commercially available modules have now been 

developed that can be incorporated into conventional confocal microscope systems. In 

parallel to the technological advances that have greatly aided the light microscopy field novel 

ways of applying the technology are continuously being developed; for example, the 

development of single molecule speckle fluorescence on wide field systems and the 

development of FRAP, FLIP, and FLAP photobleaching technique on confocal microscope 

systems have all further widened the possible application of these technologies.

In this study microinjection in conjunction with multi-channel digital time-lapse microscopy 

and quantitative analysis of processed image data were successfully applied to the study of 

two markedly different aspects of cellular behaviour; gap junction mediated intercellular 

communication, and sarcoma cell motility and chemotaxis. When assessing the effects of
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particular treatments on specific aspects of cell behaviour large data sets were required in 

order to accommodate for the inherent heterogeneity found within the cell population. 

Automated time-lapse acquisition greatly facilitated this process. The accumulation of large 

data sets and the subsequent application of appropriate statistical tests to the processed image 

data allowed a robust analysis to be performed, enabling significances to be derived that 

indicated the degree to which various treatments effected the different aspects of cell 

behaviour under investigation. When applying microscopy techniques to the study of cell 

behaviour care should be taken to ensure that the appropriate techniques for the 

quantification and statistical analysis of the acquired data are chosen. For instance a two 

tailed t-test could be used to evaluate the effects of different Cx31 mutations on the ability of 

cells to transfer dye as each culture represented an independent experiment and each 

experiment yielded a single value that defined the mean rate of dye transfer. On the other 

hand the analysis of the effects of different treatments of the motility and chemotaxis of 

sarcoma cells required the use of ANOVA for significance testing as cell trajectories 

generated from the interactive tracking of film sequences produced hierarchical data 

structures. This study, therefore, clearly demonstrates that quantitative light microscopy 

techniques can be applied successfully in the study of a diverse range of cell behaviour.
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5 APPENDICES

5.1 MATHEMATICA ROUTINES FOR THE QUANTITATION OF 
DYE TRANSFER

M A IN  PR O G R A M  B O D Y

I n s t a l l  [ " p a th W B I N A R Y 3 0 .e x e " ]  ;
<< " p a th W R ead T I F F p ac k a g eL S M .m "  ;
N e e d s [ " S t a t i s t i c s ' D a t a M a n i p u l a t i o n " "]

d i r p a t h  = " I m a g e P a t h "
i m a g e F i l e s  = F i l e N a m e s [ " * . t i f " ,  d i r p a t h ]  
c e l F i l e s  = F i l e N a m e s [ " * . c e l " ,  d i r p a t h ]

Do [
C l e a r [ d a t a ] ;
C l e a r [ f r a m e V a l u e s ] ; 
f r a m e V a l u e s  = {};
P r i n t [ " F I L E  -> " <> i m a g e F i l e s [ [ f i l e s P r o g r e s s ] ] ] ;

Do [

//Load Image File

C l e a r [ i m a g e D a t a ] /
C l e a r [ d i s p l a c e m e n t s ]  /
C l e a r [ t o t a l ] ;
C l e a r [ p i x e l V a l u e ]  / 
im a g e D a t a  =

F l a t t e n [ { R e a d T I F F g [ i m a g e F i l e s [ [ f i l e s P r o g r e s s ] ] ,  r e p o r t  -> F a l s e ,  
i g n o r e N o n B a s e l i n e  -> F a l s e ,  pageNumber  -> p r o g r e s s ] } ,  1 ] ;

//Bin image 4 x 4

Do[
Do[

i m a g e D a t a [ [ l i n e N u m b e r ] ] =
F l a t t e n [ P a r t i t i o n [ i m a g e D a t a [ [ l i n e N u m b e r ] ] , 4 ]  / .

{w_, x _ ,  y _ ,  z _ } ; > ( w  + X + y  + z ) / 4  / /  N, 1 ] ;
, { l i n e N u m b e r ,  L e n g t h [ i m a g e D a t a ] } ] ;

i m a g e D a t a  = T r a n s p o s e [ i m a g e D a t a ]  ;
, ( t w i c e ,  2 } ] ;

// Threshold image

i m a g e T h r e s h o l d  = e x t r a c t T h r e s h o l d [ i m a g e D a t a ]  ; 
im a g e D a t a  = i m a g e D a t a  / .  g v _ R e a l  :>
I f [ g v  < i m a g e T h r e s h o l d ,  0,  I f [ g v  < 4 095 ,  g v  - i m a g e T h r e s h o l d ,  4 0 9 5 ] ] ;
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//Calculate pixel displacements

c e l l x  = Round [ c e l l s  [ [ f i l e s P r o g r e s s ,  l ] ] / 4 ] ;  
c e l l y  = Round [ c e l l s [ [ f i l e s P r o g r e s s ,  2 ] ] / 4 ] ;  
c e l l y  = L e n g t h [ i m a g e D a t a ]  - c e l l y ;

d i s p l a c e m e n t s  = T r a n s p o s e [ T a b l e [
S q r t [ ( c e l l x  - p i x e l X ) ^ 2  + ( c e l l y  - p i x e l Y ) ^ 2 ]  / /  N, { p i x e l X ,
L e n g t h [ i m a g e D a t a  [ [ ! ] ] ] } ,  { p i x e l Y ,  L e n g t h [ i m a g e D a t a ] } ] ] ;

//Calculate N M D

p i x e l V a l u e  = ( F l a t t e n [ d i s p l a c e m e n t s ] * F l a t t e n [ i m a g e D a t a  ] ) ;  
t o t a l  = ( P l u s  @® p i x e l V a l u e ) / ( P l u s  ®@ F l a t t e n [ i m a g e D a t a ] ) ;
P r i n t [ " n o w  p r o c e s s i n g  -> s e q u n e c e  " <> T o S t r i n g [ f i l e s P r o g r e s s ]  <> " f r a m e  
" <> T o S t r i n g  [ p r o g r e s s ]  <> " v a l u e  -> " <> T o S t r i n g [ t o t a l ] ] ;
A p p e n d T o [ f r a m e V a l u e s ,  t o t a l ] ;

, { p r o g r e s s ,  3,  300 ,  3 } ] ;

// Plot N M D  values and save to file

L i s t P l o t [ f r a m e V a l u e s ,  P l o t J o i n e d  -> T r u e ,  P l o t S t y l e  -> R G B C o lo r [ 0 , 1 , 0 ] ] ;  

o u t p u t F i l e N a m e 2  = d i r p a t h  <>
S t r i n g D r o p [ S t r i n g D r o p [ i m a g e F i l e s [ [ f i l e s P r o g r e s s ]  ] ,
S t r i n g L e n g t h  [ d i r p a t h ] ] ,  -4]  <> " . d y e " ;

o u t p u t F i l e 2  = O p e n W r i t e  [ o u t p u t F i l e N a m e 2 ] ;
W r i t e [ o u t p u t F i l e 2 , f r a m e V a l u e s ]  ;
C l o s e  [ o u t p u t F i l e 2 ]  ;

, ( f i l e s P r o g r e s s ,  L e n g t h [ i m a g e F i l e s ]  }] ;

P r i n t [ " d o n e . " ] ;

// END
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PROGRAM FUNCTIONS

FUNCTION: AUTOMATIC THRESHOLD

C l e a r [ e x t r a c t T h r e s h o l d ] ; 
e x t r a c t T h r e s h o l d [ i m a g e D a t a _ ]  :=
Module  [ { h i s t o D a t a ,  d a t a ,  q u a d r u p l e s } ,

h i s t o D a t a  = h i s t o g r a m [ F l a t t e n [ i m a g e D a t a ]  ] / /  N; 
d a t a  = Drop  [ h i s t o D a t a ,

P o s i t i o n [ h i s t o D a t a , M a x [ T r a n s p o s e [ h i s t o D a t a ]  [ [ 2 ] ] ] ]  [ [ 1 ,  1 ] ] ] ;

q u a d r u p l e s  = P a r t i t i o n [
P a r t i t i o n [ T r a n s p o s e [ d a t a ]  [ [ 2 ] ] ,  2,  1] / .  ( x l _ ,  y l _ }
:> x l  - y l ,  7,  1 ] /

q u a d r u p l e s  = S o r t  /® q u a d r u p l e s ;  
d a t a  [ [ P o s i t i o n [ q u a d r u p l e s ,

C a s e s [ q u a d r u p l e s ,  ( a _ ,  b _ ,  ____} / ;
a  < 0 && b < 0] [ [ ! ] ] ]  [ [ 1 ,  1 ] ]  + 2 ,  1 ] ]

] ;

N o t e :  t h i s  f u n c t i o n  a d d i t i o n a l l y  c a l l s  t h e  h i s t o g r a m  f u n c t i o n  t h a t  i s  
d e f i n e d  i n  s e c t i o n  5 . 2 .
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5.2 MATHEMATICA ROUTINES FOR THE EXTRACTION OF CELL 
INTENSITIES

MAIN PROGRAM BODY

I n s t a l l  ["pathWBINARY3 0 . e x e " ]  ;
<< " p a th W R e ad T IF F p ac k ag e L S M .m "  ;
N e e d s [ " S t a t i s t i c s " D a t a M a n i p u l a t i o n ' "]

d i r p a t h  = " I m a g e P a t h "
i m a g e F i l e s  = F i l e N a m e s [ " * . t i f " ,  d i r p a t h ]  
c e l F i l e s  = F i l e N a m e s [ " * . c e l " ,  d i r p a t h ]

b o u n d r y R a d i u s  = 3 0;
Do [
imageNamel  = S t r i n g D r o p [ S t r i n g D r o p [ i m a g e F i l e s [ [ c u r r e n t F i l e ] ] ,  
T a k e [ S t r i n g P o s i t i o n [ i m a g e F i l e s [ [ c u r r e n t F i l e ] ] ,  " \ \ " ] , -1]
[ [1,  2 ] ] ] ,  -4 
] ;

// Prepare output file

c u r r e n t F i l e N a m e  = " d a t a  o u t p u t  p a t h \ \ "  <> imageNamel  <> " . i n t ";  
o u t p u t F i l e  = O p e n W r i t e  [ c u r r e n t F i l e N a m e ] ;
W r i t e  [
o u t p u t F i l e ,  {f r a m e , CELL, ( x ,  y } ,  MODE, TOTAL_INTENSITY, 
INTENSITY_AREA}];
C l o s e [ o u t p u t F i l e ] ;

f i l m L e n g t h  = Max [ R e a d L i s t [ c e l F i l e s [ [ c u r r e n t F i l e ] ] ]  / .
{ c _ I n t e g e r ,  f _ ,  ( x _ ,  y _ ,  p_}} -> f ] ;
P r i n t [ " F i l m  L e n g t h  - > " ,  f i l m L e n g t h ] ;

o l d D a t a  = {};

Do[
P r i n t [ " R o u n d  -> " ,  r o u n d ] ;

// Load image file

i m a g e D a t a  = g e t I m a g e [ c u r r e n t F i l e ,  r o u n d ] ;  
h i s D a t a  = h i s t o g r a m [ F l a t t e n [ i m a g e D a t a ] , 
n u m b e r O fB in s  -> 4 0 9 6 ] ;
m o d a l V a l u e  = h i s D a t a  [ [ P o s i t i o n [ h i s D a t a ,  M a x [ h i s D a t a  / .
( x _ ,  y_} - > y ] ] [ [ l ,  1 ] ] ] ] [ [ 1 ] ] ;

/ /  T h r e s h o l d  im age

i m a g e D a t a  = im a g e D a t a  - m o d a l V a l u e ;
i m a g e D a t a  = i m a g e D a t a  / .  g v _ R e a l  :> I f [ g v  < 0 ,  0,  g v ] ; 
c u r r e n t F r a m e  = g e t C e l l P o s i t i o n s [ c u r r e n t F i l e , r o u n d ] ;  
P r i n t  [ " C e l l s  i n  f r a m e  -> " ,  L e n g t h [ c u r r e n t F r a m e ] ] ;
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I f  [ r o u n d  > 1,
l a s t F r a m e  = g e t C e l l P o s i t i o n s [ c u r r e n t F i l e ,  r o u n d  - 1 ] ; ] ;  
f r a m e D a t a  = {};  c e l l D a t a  = {};  n e x t O l d D a t a  = {};

Do [
im ag e  = i m a g e D a t a ;  
i n t e n s i t y V a l u e s  = {};

/ /  G e n e r a t e  c e l l  b o u n d a r i e s

b o u n d r y  = c e l I B o u n d r y [ t u r n ,  b o u n d r y R a d i u s ,  c u r r e n t F r a m e ] ;
D o [ i m a g e [ [ b o u n d r y [ [ i ] ] [ [ 1 ] ] ,  b o u n d r y [ [ i ] ] [  [ 2 ] ] ] ]  = 4096 
, { i , L e n g t h [ b o u n d r y ] } ] ;

/ /  e x t r a c t  c e l l  i n t e n s i t i e s

Do [
p i x e l l n t e n s i t i e s  = g e t R o w V a l u e s [ i m a g e ,  i ] ;
A p p e n d T o [ i n t e n s i t y V a l u e s , p i x e l l n t e n s i t i e s ] ;

, { i .  D i m e n s i o n s [ i m a g e ]  [ [ 1 ] ] } ] ;  
i n t e n s i t y V a l u e s  = F l a t t e n [ i n t e n s i t y V a l u e s ]  ;
i n t e n s i t y V a l u e s  = D e l e t e [ i n t e n s i t y V a l u e s , P o s i t i o n [ i n t e n s i t y V a l u e s , 0 ] ] ;  
t o t a l l n t e n s i t y  = Round [ P l u s  @® F l a t t e n [ i n t e n s i t y V a l u e s ]  / /  N ] ;

/ /  R e j e c t  v a l u e s  w h e r e  c e l l  b o u n d a r i e s  o v e r l a p

r e j e c t C e l l  = r e j e c t i o n T e s t [ c u r r e n t F r a m e ,  t u r n ] ;
P r i n t [ r e j e c t C e l l ] ;
A p p e n d T o [ n e x t O l d D a t a ,  { c u r r e n t F r a m e [ [ t u r n ] ] [ [ 2 ] ] ,  t o t a l l n t e n s i t y } ] ; 
c e l l D a t a  = ( c u r r e n t F r a m e [ [ t u r n ] ] [ [ ! ] ] ,  c u r r e n t F r a m e [ [ t u r n ] ] [ [ 2 ] ] ,

( c u r r e n t F r a m e [ [ t u r n ] ] [ [ 3 ] ] ,  c u r r e n t F r a m e [ [ t u r n ] ] [ [ 4 ] ] } ,  
m o d a l V a l u e ,  t o t a l l n t e n s i t y .  L e n g t h [ i n t e n s i t y V a l u e s ] };

I f [ r e j e c t C e l l  != T r u e ,  A p p e n d T o [ f r a m e D a t a ,  c e l l D a t a ] ] ;
P r i n t [ m o d a l V a l u e ,  " ” , t o t a l l n t e n s i t y ] ;
, ( t u r n .  L e n g t h [ c u r r e n t F r a m e ] }
] ;

/ /  Save d a t a  t o  f i l e

o u t p u t F i l e  = O p e n A p p e n d [ c u r r e n t F i l e N a m e ] ;
W r i t e [ o u t p u t F i l e ,  f r a m e D a t a ] ; C l o s e  [ o u t p u t F i l e ] ; 
o l d D a t a  = n e x t O l d D a t a ;
P r i n t [ " l a s t  a n a l y s e s ;  r o u n d  = ",  r o u n d ,  " c u r r e n t F i l e  = ",  
c u r r e n t F i l e ] ;
, ( r o u n d ,  f i l m L e n g t h } ] ,

( c u r r e n t F i l e ,  1,  L e n g t h [ i m a g e F i l e s ]  }
] ;
P r i n t [ " d o n e . " ] ;

// END
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PROGRAM FUNCTIONS

FUNCTION: LOAD IMAGE

C l e a r [ g e t l m a g e ] ;
g e t l m a g e [ l o c a l F i l e _ ,  l o c a l R o u n d _ ]  :=
M o d u l e [{ l o c a l I m a g e D a t a },

l o c a l l m a g e D a t a  = F l a t t e n [ { R e a d T I F F l s m [ i m a g e F i l e s [ [ l o c a l F i l e ] ] ,  
r e p o r t  -> F a l s e ,  i g n o r e N o n B a s e l i n e  -> F a l s e ,  s u b i m a g e  -> 0, 
pag eN um ber  -> l o c a l R o u n d ] }, 1] ; 
l o c a l l m a g e D a t a  
] ;

FUNCTION: GENERATE IMAGE HISTOGRAM

C l e a r [ h i s t o g r a m ] /
h i s t o g r a m [ d a t a _ L i s t ,  o p t s  ] :=
M o d u l e [ {ymin,  ymax,  d y ,  d a t f r e q ,  x p ,  k = 0,  d a t ,  x p o s ,  p l o t F r e q ,  x f a c t ,  

n b i n s , n u m b e r O f B i n s },

n b i n s  = n u m b e rO fB in s  / .  { o p t s }  / .  n u m b e r O f B in s  -> 70 0 ;  
y m in  = Min [ d a t a ] ; ymax = M a x [ d a t a ] ;
d y  = ( (ymax - ymin)  + (ymax - y m i n ) * 1 . / ( 1 0 0 * n b i n s ) ) / n b i n s ;  
y m in  = ymax - n b i n s * d y ;
F r e q u e n c i e s [ d a t a  / .  y _  :> C e i l i n g [ ( y  - y m i n ) / d y ] ] / .  { x _ ,y _ }  :>

{ymin + d y * y  - d y / 2 ,  x}
] ;

FUNCTION: EXTRACT CELL POSITIONS 

C l e a r [ g e t C e l l P o s i t i o n s N e w ] ;
g e t C e l l P o s i t i o n s N e w [ l o c a l F i l e _ ,  l o c a l R o u n d _ ]  :=
M o d u l e [ { l o c a l C u r r e n t F r a m e ,  c e l l s ) ,

c e l l s  = R e a d L i s t [ c e l F i l e s [ [ l o c a l F i l e ]  ] ] ;
p a t h C e l l s  = C a s e s [ c e l l s ,  {c_,  f _ ,  {x_,  y_,  p _ ) } / ;  p  >= 16 -> c ] ; 
p a t h C e l l s  = C a s e s  [ c e l l s ,  {c_,  f _ ,  {x_,  y_ ,  p _ } } / ;

MemberQ [ p a t h C e l l s , c ] ] ;

l o c a l C u r r e n t F r a m e  = p a t h C e l l s  / .
{c_,  f _ ,  {x_, y_ ,  p_}} / ;  f  == l o c a l R o u n d  -> { f ,  c ,  x .

D i m e n s i o n s [ i m a g e D a t a ]  [ [1] ]  - y ) ;

l o c a l C u r r e n t F r a m e  = C a s e s  [ l o c a l C u r r e n t F r a m e ,  {f_ ,  c _ ,  x _ ,  y _ } ] ; 
l o c a l C u r r e n t F r a m e  = C a s e s  [ l o c a l C u r r e n t F r a m e , {f_ ,  c _ ,  x _ ,  y_)  / ;

X  - 35 > 0 && X  + 35 < D i m e n s i o n s [ i m a g e D a t a ]  [ [ 2 ] ]  && y  - 35 > 0 && 
y + 35 < D i m e n s i o n s [ i m a g e D a t a ] [ [ 1 ] ] ] ;

l o c a l C u r r e n t F r a m e  
] ;
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FUNCTION: GENERATE CELL BOUNDARYS
C l e a r [ c e l l B o u n d r y ] ;
c e l l B o u n d r y [ c e l l N u m b e r _ I n t e g e r , b o u n d r y R a d i u s _ I n t e g e r , l o c a l C u r r e n t F r a m e _ ]  

M o d u l e [ { d r a w C i r c l e ,  l o c a l ! } ,

d r a w C i r c l e  = T a b l e [ {Round [ l o c a l C u r r e n t F r a m e [ [ c e l l N u m b e r ] ] [  [4] ]  + 
b o u n d r y R a d i u s * C o s  [ t h e t a ] ] ,
R o u n d [ l o c a l C u r r e n t F r a m e [ [ c e l l N u m b e r ] ] [ [3] ]  + 
b o u n d r y R a d i u s * S i n [ t h e t a ] ] } ,  ( t h e t a ,  0,  2 * P i ,  . 0 1 } ] ;

d r a w C i r c l e  
] ;

FUNCTION: EXTRACT CELL INTENSITIES

C l e a r [ g e t R o w V a l u e s ] ;
g e t R o w V a l u e s [ l o c a l I m a g e _ ,  i t e r a t o r _ ]  :=
M o d u l e [ ( c i r c l e P o s i t i o n s , c i r c l e P o s i t i o n s T e m p ,  

l o c a l l n t e n s i t y V a l u e s , l o c a l ! },

c i r c l e P o s i t i o n s  = P o s i t i o n [ l o c a l l m a g e [ [ i t e r a t o r ] ] ,  4 0 9 6 ] ;  
c i r c l e P o s i t i o n s T e m p  = P a r t i t i o n  [ F l a t t e n [ c i r c l e P o s i t i o n s ] , 2 ,  1 ] ;  
c i r c l e P o s i t i o n s T e m p  =

T a b l e [ S u b t r a c t  ®@ R e v e r s e [ c i r c l e P o s i t i o n s T e m p [ [ l o c a l ! ] ] ] ,  ( l o c a l ! .  
L e n g t h  [ c i r c l e P o s i t i o n s T e m p ] } ] ;

I f  [ M a x [ c i r c l e P o s i t i o n s T e m p ]  > 2,  
c i r c l e P o s i t i o n s T e m p  =
F l a t t e n [ P o s i t i o n  [ c i r c l e P o s i t i o n s T e m p ,  x  / ;  x  > 1 ] ] ;  
c i r c l e P o s i t i o n s T e m p  =
F l a t t e n [ ( T a k e [ c i r c l e P o s i t i o n s , c i r c l e P o s i t i o n s T e m p ] ,
T a k e [ c i r c l e P o s i t i o n s ,  c i r c l e P o s i t i o n s T e m p  + 1 ] } ] ;  
l o c a l l n t e n s i t y V a l u e s  =
Drop  [Drop [ T a k e [
l o c a l l m a g e [ [ i t e r a t o r ] ] ,  c i r c l e P o s i t i o n s T e m p ] , 1 ] ,  - 1 ] ; ,  
l o c a l l n t e n s i t y V a l u e s  = ( o } ;  l o c a l l n t e n s i t y V a l u e s

] ;

l o c a l l n t e n s i t y V a l u e s  
] ;
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FUNCTION: REJECT CELLS WITH OVERLAPPING BOUNDARYS

C l e a r [ r e j e c t i o n T e s t ] ;
r e j e c t i o n T e s t [ c u r r e n t F r a m e L o c a l _ ,  t u r n L o c a l _ ]  := M o d u l e [ { r e j e c t i o n V a l u e s ,  

t e m p C u r r e n t F r a m e ,  l o c a l i ,  l o c a l j , a l l C e l l s , p i x e l l n t e n s i t i e s L o c a l , 
r e j e c t C e l l L o c a l } ,

r e j e c t i o n l m a g e  = im a g e ;  
r e j e c t i o n V a l u e s  = {};
t e m p C u r r e n t F r a m e  = D r o p [ c u r r e n t F r a m e L o c a l , ( t u r n L o c a l ,  t u r n L o c a l } ] ;

Do[
a l l C e l l s  = c e l l B o u n d r y [ l o c a l j , 
b o u n d r y R a d i u s ,  t e m p C u r r e n t F r a m e ] ;
Do [

r e j e c t i o n l m a g e [ [ a l l C e l l s [ [ l o c a l i ]  ] [ [ ! ] ] ,  
a l l C e l l s [ [ l o c a l i ] ] [ [ 2 ] ] ] ]  = 5 0 00 .

, ( l o c a l i .  L e n g t h [ a l l C e l l s ] } ] ;
, { l o c a l j , L e n g t h  [ t e m p C u r r e n t F r a m e ] } ] ;

a l l C e l l s  = c e l l B o u n d r y [ t u r n L o c a l ,  b o u n d r y R a d i u s ,  c u r r e n t F r a m e L o c a l ] ;

Do [
r e j e c t i o n l m a g e [ [ a l l C e l l s  [ [ l o c a l i ] ] [ [ ! ] ] ,  
a l l C e l l s [ [ l o c a l i ] ] [ [ 2 ] ] ] ]  = 4096 

, ( l o c a l i .  L e n g t h  [ a l l C e l l s ] } ] ;

Do [
p i x e l l n t e n s i t i e s L o c a l  = g e t R o w V a l u e s [ r e j e c t i o n l m a g e ,  l o c a l i ] ;  
A p p e n d T o [ r e j e c t i o n V a l u e s , p i x e l l n t e n s i t i e s L o c a l ] ;

, ( l o c a l i .  D i m e n s i o n s [ r e j e c t i o n l m a g e ]  [ [ 1 ] ] } ] ;

r e j e c t i o n V a l u e s  = F l a t t e n [ r e j e c t i o n V a l u e s ] ;
r e j e c t i o n V a l u e s  = D e l e t e [ r e j e c t i o n V a l u e s , P o s i t i o n [ r e j e c t i o n V a l u e s ,  0 ] ] ;  
P r i n t [ " c e l l  -> " ,  t u r n L o c a l ] ;

I f  [ L e n g t h [ C a s e s [ r e j e c t i o n V a l u e s , l o c a l x _ R e a l  / ;  l o c a l x  == 5 0 0 0 . ] ]  > 0,  
P r i n t [ " R e j e c t e d  -> Y e s " ] ; 
r e j e c t C e l l L o c a l  = T r u e ;

P r i n t [ " R e j e c t e d  -> N o " ] ; 
r e j e c t C e l l L o c a l  = F a l s e

] ;
r e j  e c t C e l l L o c a l  
];
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R e p o r t s

Rapid Actin Transport During 
Cell Protrusion

Daniel Z ich a / Ian M. D obb ie / Mark R. H o lt/
Jam es M onypenny/ Daniel Y. H. S oo n g / Colin G ray / 

Graham A. Dunn^*

T ran s fo rm ed  ra t  f ib ro b la s ts  ex p re ss in g  tw o  v a ria n ts  of g reen  f lu o re s c e n t p ro ­
te in ,  e ach  fu sed  to  p -a c tin , w e re  u sed  to  s tu d y  ac tin  d y n am ics  d u rin g  cell 
p ro tru s io n . T he re c e n t ly  d ev e lo p ed  FLAP (flu o re sce n ce  lo ca liza tion  a f te r  p h o ­
to b le a c h in g )  m e th o d  p e rm its  th e  tra c k in g  o f o n e  flu o ro p h o re  a f te r  localized  
p h o to b le a c h in g  by u s ing  th e  o th e r  as a co localized  re fe re n c e . H ere, by v isu ­
aliz ing  th e  ra tio  o f b le a ch e d  to  to ta l  m o lecu les , w e  fo u n d  th a t  a c tin  w as 
d e liv e red  to  p ro tru d in g  zo n es  o f th e  lea d in g  ed g e  of th e  cell a t  s p e e d s  th a t  
e x c e e d e d  5 m ic ro m e te rs  p e r sec o n d . M o n te  C arlo  m o d e lin g  c o n firm ed  th a t  th is  
f lo w  c a n n o t be  ex p la in ed  by d iffu sion  and  m ay  invo lve a c tiv e  tra n s p o r t .

Understanding actin dynamics in the leading 
lamellae of cultured fibroblasts has long been 
considered the key to understanding cell lo­
comotion. Recent studies have unraveled an 
intricate underlying biochemistry, including 
the role of the Arp2/3 complex in actin po­
lymerization and the role of cofilin in depo­

lymerization (/, 2). They have provided 
mechanistic explanations for the polymeriza­
tion of actin during the protrusion of thin 
veil-like lamellipodia (ruffles) at the leading 
margin of the cell and for the constant rear­
ward flow of polymerized actin (F-actin) at a 
rate of I to 2 p,m/min away from the margin

(/, i). Advances in single-molecule speckle 
fluorescence have allowed the lifetimes of 
actin molecules in filaments to be studied and 
have revealed that, although the rate of actin 
polymerization is promoted within I p,m of 
the leading edge, both polymerization and 
depolymerization occur at a high rate during 
the rearward flow of F-actin (J).

In contrast, the equally crucial question of 
how actin monomer (G-actin) returns to the 
leading edge has received little attention be­
yond the assumption that it happens by dif­
fusion (I). We report an extension of the 
fluorescence localization after photobleach­
ing (FLAP) method that may shed light on 
the mechanism of this process. Highly malig­
nant transformed rat fibroblasts of the TI5 
line were chosen for this study because they 
show very active lamellipodial protrusion but

’ Light M icroscopy, C ancer R esearch UK, Lincoln's inn 
Fields Laboratories, London W C2A 3PX, UK. ^G enom e 
Stability  Laboratory, D e p a rtm en t of Biochem istry, 
N atio n a l U niversity  of Ireland, Galway, Ireland. ^The 
Randall C en tre , N ew  H u n t's  H ouse, G uy's C am pus, 
King's College London, London SE1 1UL, UK.

*To w hom  co rresp o n d en ce  should  be addressed . E- 
mail: g raham .a.dunn@ kcl.ac.uk

30 pm 30 pm 30 pm

F i g .  1 .  ( A  to  H )  Eight scanning confocal images of the leading lamella of a 
115 cell scanned from top to  bottom  immediately after a strip (white box) 
was photobleached for 4 s (A to  D) and scanned again 20 s later (E to  H). (A) 
and (E), CFP fluorescence images; (B) and (F), phase contrast images; (C) and 
(G), absolute FLAP images; (D) and (H), FLAP ratio images. (I  and J )  Traces of 
CFP- and YFP-actin (cyan and yellow, respectively) and the FLAP ratio signal 
(red) integrated across a narrow central band [gray lines in (D) and (H)] 
immediately after bleaching (I) and 20 s later (J). Vertical parallel lines

indicate the b leach zone, and  th e  h o rizon ta l axis is calib ra ted  for bo th  
d is ta n ce  and tim e of scan  p rogress a f te r  th e  end of bleaching. (K and 
L) Diffusion of G -ac tin  a long  t h e y  axis of th e  cell im m ed ia te ly  a fte r 
bleaching  (K) and 20  s la te r  (L) is m odeled  w ith  a diffusion coeffic ient 
o f 6 p.m2/s, an F -ac tin /G -ac tin  ra tio  of 0.1, and a half-life  of F-actin 
o f 20 s. C om posite  im ages s im u la te  th e  p rogress of scanning. D etails 
o f laser scanning m icroscopy  w ith  a Zeiss LSM 510  and  of th e  cDNA 
c o n stru c ts  used for nuc lear m icro in jec tion  a re  as given in (4, 5).
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Fig. 2. Six im ages of th e  sam e I I  5 cell as in Fig. 1, scanned from top  to  bo ttom  im m ediately after 
a s trip  (w h ite  brackets) w as p h o to b leach ed  for 4 s, show ing (A) CFP-actin, (B) YFP-actin, (C) 
phase  co n tra s t , (D) ab so lu te  FLAP, (E) FLAP ratio , and (F) a diagram  of p ro trusion  (green) and 
re trac tio n  (red) of th e  cell m argin c o n stru c ted  from  tw o  th resho lded  CFP im ages acqu ired  
im m ed ia te ly  before  and a fte r bleaching . The CFP and YFP im ages are show n in gray scale for 
com parison  w ith each  o th e r. W hite  arrow s in th e  FLAP ra tio  im age (E) ind icate  reg ions of 
s trong ly  labeled  actin  a t th e  leading  edge.

few high-order actin structures such as stress 
fibers (Fig. 1, B and F). The yellow fluores­
cent protein (YFP) target fluorophore was 
photobleached in a narrow strip across the 
leading lamella of a T15 cell and analyzed 
with both absolute and ratio FLAP methods 
(Fig. 1). Absolute FLAP images (Fig. 1, C 
and G) were derived from the difference be­
tween the images of the target fluorophore 
and the reference fluorophore, cyan fluores­
cent protein (CFP) (4). FLAP ratio images 
(Fig. 1, D and H) were calculated as 1 minus 
the ratio of target to reference fluorophore 
intensity (5). Although the absolute FLAP 
images give the expected number of bleach- 
labeled YFP-actin molecules at each pixel 
location, the FLAP ratio images express this 
number as a fraction of the total YFP-actin 
molecules at that location. Thus, the FLAP 
ratio signal enabled us to track the dispersal 
of the bleach-labeled actin through regions of 
differing actin density (Fig. 1, C and D).

In images scanned immediately after the
4-s bleach period, the central region of the 
bleach strip showed a rapid dispersal of the
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Fig. 3. Images of tw o T15 cells scanned immediately after a strip (white box) 
was photobleached for 1.8 s (A to  D) or 1.7 s (H to  J) and of the last cell 
scanned again 10.8 s later (K), showing CFP-actin (A and H), phase contrast 
(B and I), protrusion and retraction (C), and FLAP ratio (D, J, and K). W hite 
arrows indicate coincidence between regions of profusion (C) and regions of 
highly labled actin (D). (E) Signal traces as in Fig. 1 are integrated between

the gray lines in (D) immediately after bleaching. (F) Diffusion of G-actin 
along th e y  axis of the  cell is modeled with a diffusion coefficient of 5.65 
p,m^/s, an F-actin/G -actin  ratio  of 0.8, and an F-actin half-life of 4 s 
toge ther w ith  protrusion and trapping  of G -actin a t th e  leading edge. (G) 
The final m odel further incorporates a forward drift a t 6 p.m/s of 6% of 
to ta l G-actin; all o th e r param eters  are as in (F).
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FLAP ratio signal into the surrounding lamel­
la, whereas the lateral regions showed a much 
more persistent signal (Fig. ID). We used a 
Monte Carlo model of diffusion during pho­
tobleaching (Fig. I, K and L) to estimate that 
the bleach-labeled G-actin in the central re­
gion (Fig. I, I and J) had a diffusion coeffi­
cient of 5.65 p,m^/s (supporting online text). 
This is consistent with a published estimate 
of 5.8 p,m^/s for G-actin in cytoplasm derived 
from fluorescence recovery after photo­
bleaching (FRAP) measurements (6). Our 
best-fit model incorporated nondiffusible F- 
actin with an F-actin/G-actin ratio of 0.1. An 
F-actin half-life of less than 20 s was required 
to mimic the dispersal of the signal (Fig. I, J 
and L), which is comparable with an estimate 
of 30 s for the half-life of actin filaments in 
the broad leading lamellipodium of Xenopus 
fibroblasts (J). When the same cell was 
bleached closer to the leading edge a few 
minutes later (Fig. 2), the dispersal of the 
FLAP ratio signal was slow (Fig. 2E) and

comparable to that in the lateral regions of the 
bleach zone in Fig. 1. This indicates that a 
continuous band of relatively stable actin, 
about 5 to 7 p.m wide, extended around the 
peripheral zone of the leading lamella.

The most noticeable feature, however, 
was the sudden appearance of strongly la­
beled actin at discrete regions of the leading 
edge (Fig. 2E, arrows). The maximum time 
available for these YFP-actin molecules to 
become photobleached and then to migrate to 
the leading edge was 5 s. The high signal also 
indicates that these molecules probably poly­
merized at the leading edge. A diagram of 
protrusion and retraction of the leading mar­
gin during a 15-s interval (Fig. 2F) revealed 
that the discrete zones of highly labeled actin 
were confined to a region in which the mar­
gin was actively protruding.

To analyze whether this rapid translocation 
of actin to the leading edge during protrusion 
could be due solely to molecular diffusion, we 
assumed that the diffusion coefficient of G-

Fig. 4 . CFP-actin (left), phase co n trast (center), and FLAP ratio im ages (right) under d ifferent 
tre a tm en ts  w ith m etabolic inhibitors: (A to  C) 5 p.1  ̂ jasplakinolide; (D to  F) 6 mM 2-deoxyglucose 
and 1 p,!^ antim ycin; (C to  I) 1 p f^ f4L-7; (J to  L) 10 pf4 Y-27632; and (M to  O) 500 nf^ nocodazole. 
Each FLAP ratio  im age is m arked w ith the  tim e after the  end of bleaching th a t scanning was started .

actin was again 5.65 pm^/s, although there is 
much more F-actin obstructing diffusion in the 
frontal zone. However, the effect of obstruction 
is probably slight: It has been estimated that a 
reticular network must occlude 90 to 97% of 
diffusion space in order to reduce diffusion by 
39 to 60% (7).

In an example of the furthest distance over 
which we have observed rapid translocation, 
highly labeled actin (Fig. 30, arrows) reached 
the edge 2 s after bleaching a strip 12 pm away 
for 1.8 s, giving an estimated speed of translo­
cation of around 6 pm/s. Again, the protrusion- 
retraction diagram (Fig. 3C, arrows) showed a 
good correlation between the appearance of actin 
at the edge and active protrusion. A diffusion 
model required an F-actin/G-actin ratio of 0.8 
and a half-life of F-actin of 4 s in order to model 
the dispersion of actin within the lamella, al­
though this model showed no elevated FLAP 
ratio signal at the leading edge (supporting on­
line text). We obtained a slightly elevated signal 
at the leading edge (Fig. 3F), although not nearly 
as high as in the real cell (Fig. 3E), by incorpo­
rating protrusion into the model and by simulat­
ing the conversion of G-actin to F-actin within 
0.4 pm of the edge. Only 15.9% of the YFP 
molecules in the whole cell were bleached, and 
in the model the edge signal never rose much 
above 20%, no matter how long it was run, 
indicating that molecular diffusion could not ac­
count for the observed signal of 40% at the 
leading edge regardless of diffusion coefficient. 
In order to obtain an adequate fit to observed 
data, we incorporated active transport of actin 
into the model (Fig. 3G). This was done by 
biasing the diffusion of a subpopulation of G- 
actin (6% of total G-actin) to give a forward drift 
velocity of 6 pm/s superimposed on diffusion 
(supporting online text). A further experiment 
showed that the labeled actin newly incorporated 
into the leading edge migrated rearward (Fig. 3, 
J and K). The fact that this actin did not disperse 
rapidly indicates that it was polymerized.

A biochemical analysis revealed that the rap­
id recruitment of actin to the leading edge was 
abolished by treatment with 5 pM of the actin 
filament-stabilizing drug jasplakinolide for 20 
min before bleaching (Fig. 4, A to C). After 
treatment, the bleach zone showed a highly per­
sistent FLAP ratio signal with little decay after 
nearly 12 min (Fig. 4C), whereas normally the 
signal was uniformly dispersed throughout the 
cell after 2 to 3 min. Depletion of adenosine 
triphosphate with 6 mM 2- deoxyglucose plus I 
pM antimycin for 20 to 40 min suppressed 
ruffling activity and also abolished the rapid 
actin recruitment (Fig. 4, D to F). In contrast, 
treatment with the myosin light chain kinase 
(MLCK) inhibitor ML-7 (1 pM) (Fig. 4, G to I) 
or with the Rho-associated kinase (ROCK) in­
hibitor Y-27632 (10 pM) for I to 2 hours (Fig. 
4, J to L) did not inhibit ruffling. Even so, there 
was no sign of rapid actin translocation to the 
leading edge in either case (Fig. 4 ,1 and L). The
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ML-7 treatment but not the Y-27632 treatment 
significantly suppressed the speed of cell motil­
ity, measured as 5-min displacements, in analy­
sis of variance tests versus the control [control: 
1.32 ±  0.08 |xm (mean ± SEM), « = 41 cells; 
ML-7 treatment; 1.11 ± 0.07 p,m, « = 42 cells, 
P  < 0.05; Y-27632 treatment: 1.49 ± 0.07 p,m, 
« = 41 cells, not significant] (5). Finally, treat­
ment with 500 nM nocodazole for 30 min (Fig. 
4, M to O) led to the complete disruption of 
cytoplasmic microtubules an^ although ruffling 
activity was changed in character (Fig. 4N), 
there were indications that labeled actin was still 
rapidly recruited to the leading edge (Fig. 40).

In summary, we found that actin polymer­
ized during protrusion of the leading edge can 
be recruited within 2 to 3 s from a region that 
extends iq) to 15 p,m behind the edge. This 
process is too rapid to be explained by diffusion 
of G-actin and must involve some form of active 
transport. It requires G-actin, adenosine triphos­
phate, and active protrusion but not intact mi­
crotubules. The effects of MLCK inhibition in­
dicate that myosin function is required for rapid 
actin transport, although not for ruffling. The 
similar effects of ROCK inhibition further sug­
gest that the required myosin is activated by Rho 
and is probably nonmuscle myosin II.

We conclude that G-actin is not carried rap­
idly to the leading edge by microtubule-based 
motors or by motor proteins of the myosin su­
perfamily. Myosin II is unlikely to transport 
actin directly, but it is needed for contraction of 
the cell body. This could generate a pressure 
gradient leading to a hydrodynamic flow that 
carries G-actin with it. The flow would be di­
rected toward sites of reduced pressure that may 
occur where the cell margin is expanding rapid­
ly. Such rapid expansion might occur passively 
at sites of cortical weakness or actively where 
polymerizing actin is pushing the membrane out­
ward (7). Pressure-driven flow through gels can 
result in channeling, and there is some evidence 
for this in the figures. Retraction of the cell 
margin may occur by Rho-dependent contrac­
tion (5), in which case the mechanism we pro­
pose could account for a reported positive cor­
relation between rates of protrusion and retrac­
tion (9). Rapid actin transport is not required for 
cell locomotion or for ruffling, which is thought 
to be regulated by Rac (70), but it may determine 
sites of protrusion and thus participate in sig­
nal-mediated cell polarity and directed loco­
motion. Our view is that hydrodynamic flow 
supplies actin from sites of high depolymer­
ization to sites of rapid protrusion where dif­
fusion alone is inadequate.
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Forces for Morphogenesis Investigated 
with Laser Microsurgery and 

Quantitative Modeling
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We investigated the forces that connect the genetic program of development 
to morphogenesis in Drosophila. We focused on dorsal closure, a powerful 
model system for development and wound healing. We found that the bulk of 
progress toward closure is driven by contractility in supracellular "purse strings" 
and in the amnioserosa, whereas adhesion-mediated zipping coordinates the 
forces produced by the purse strings and is essential only for the end stages. 
We applied quantitative modeling to show that these forces, generated in 
distinct cells, are coordinated in space and synchronized in time. Modeling of 
wild-type and mutant phenotypes is predictive; although closure in myo- 
spherold mutants ultimately fails when the cell sheets rip themselves apart, our 
analysis indicates that ppj integrin has an earlier, important role in zipping.

Dorsal closure, an essential stage of Drosophila 
embryogenesis, has been extensively studied 
(7-7). However, an understanding of the cellu­
lar and molecular mechanisms that generate 
force and drive tissue dynamics in this process 
has been elusive. The quantitative and predic­
tive capabilities of physical modeling {8-11) 
now offer a powerful set of tools to address this 
problem. The dynamics of dorsal closure can be 
visualized in living embryos with the use of 
green fluorescent protein (GFP) transgenes that 
label the actin cytoskeleton (Fig. lA) {12-14). 
In the early stages of closure, the dorsal surface 
of the embryo is covered by large, flat polygo­
nal cells of the amnioserosa. The rest of the 
embryo is covered by cells of the lateral and 
ventral epidermis which are smaller and cuboi- 
dal to columnar in shape. The visible area of the
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amnioserosa is shaped roughly like a human 
eye, with a wide central section that tapers to 
canthi, the comers of the eye (Fig. 1 A). A single 
row of amnioserosa cells is tucked under the 
lateral epidermis throughout closure (72). 
Where these cell sheets overlap, the most dorsal 
row of lateral epidermis cells comprises a third 
distinct tissue known as the leading edge of the 
lateral epidermis (72, 75, 16). The cells of the 
leading edge on each flank of the embryo con­
tain an actin-rich supracellular “purse string” 
{4, 6, 12). In addition, these cells extend dy­
namic fingerlike filopodia, ~10 p,m in length 
(75). At the canthi, pairs of these filopodia can 
span the gap between opposing leading edges. 
As dorsal closure progresses, each structure 
changes (6, 72): Cells of the lateral epidermis 
stretch toward the dorsal midline, the supracel­
lular purse strings contract along their length, 
and the cells of the amnioserosa actively and 
asymmetrically change shape as their apical 
surfaces contract. Concomitant with these 
movements, the two flanks of the lateral epider­
mis are zipped together as filopodia and lamel­
lipodia from opposing leading edges interdigi- 
tate to form a seam (75, 77, 18). The bulk of 
closure requires ~2 to 3 hours.

Dorsal closure has previously been exam­
ined through mechanical, laser, and genetic 
perturbations. Laser-ablation experiments
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Defective trafficking and celi death is characteristic 
of skin disease-associated connexin 31 mutations
Wei-Li Di^'\ Jam es  Monypenny^’̂ , John  E.A. C om m on\ Cam eron T.C. Kennedy^,
Katalin A. H olland^ Irene M. L e ig h \ Elizabeth L. R u g g \ Daniei Zicha^ and  David P. Kelseli^ *

’Centre for Cutaneous Research, Barts and the London School of Medicine and Dentistry, Queen Mary, University of 
London, Whitechapel, London E1 2AT, UK, ^Light Microscopy, Cancer Research UK, London Research Institute, 
Lincoln’s Inn Fields Laboratories, London WC2A 3PX, UK and ^Bristol Dermatology Centre, Bristol Royal Infirmary, 
Bristol BS2 8HW, UK

Received April 16, 2002; Revised June 20, 2002; Accepted June 22, 2002

Distinct germiine mutations in the gene (GJB3) encoding connexin 31 (0x31) underlie the skin disease 
erythrokeratoderma variabiiis (EKV) or sensorineural hearing loss with/without peripheral neuropathy. Here 
we describe a number of functional analyses to investigate the effect of these different disease-associated 
0x31 mutants on connexon trafficking and interceiiuiar communication. Immunostaining of a biopsy taken 
from an EKV patient harbouring the R42P mutation revealed sparse epidermal staining of 0x31, and, when 
present, it had a perinuclear localization. Transfection and microinjection studies in both kératinocytes and 
fibroblast celi lines also demonstrated that R42P and four other EKV-associated mutant 0x31 proteins 
displayed defective trafficking to the plasma membrane. The deafness/neuropathy only mutant 66deiD had 
primarily a cytoplasmic localization, but some protein was visualized at the plasma membrane in a few 
transfected ceils. Both 66deiD- and R32W-Ox31/EGFP proteins had significantly impaired dye transfer rates 
compared to wiid-type 0x31/EGFP protein. A striking characteristic feature observed with the dominant skin 
disease 0x31 mutations was a high incidence of ceil death. This was not observed with wild-type, R32W 
66deiD 0x31 proteins, in conclusion, we have identified some key cellular phenotypic differences with 
respect to disease-associated 0x31 mutations.

INTRODUOTION process o f terminal differentiation resulting in a stratum
comeum, the critical component for barrier function. There 

Gap junctions provide a mechanism o f synchronized cellular are abundant gap junctions and connexin proteins in the
response to a variety o f intercellular signals by regulating the epidermis (5). We have recently shown that at least 10 connexin
diffusion o f  small molecules (<1 kDa) such as metabolites and proteins are expressed in the human epidermis, with the
ions between the cytoplasm o f  adjacent cells (1). Connexins are junctional composition and cellular localization changing
the major proteins o f gap junctions and are encoded by a large during keratinocyte differentiation (6). Compelling evidence
gene family (2). All connexins have four transmembrane for a key role for connexins in epidermal biology has come
domains and two extracellular loops with the N- and C-termini from the association o f  mutations in four connexins with
located in the cytoplasm. Each connexin assembles into hyperproliferative skin disorders (7-10). These genetic studies
hexameric hemichannels (termed connexons) in the endoplas- demonstrate that intercellular communication via gap junctions
mic reticulum and are then transported into the lipid bilayer o f is an important mechanism by which the normal epidermis
the plasm a membrane. A connexon then docks with a develops and differentiates.
connexon o f an adjacent cell to form a dodecameric aqueous One such skin disease is erythrokeratoderma variabiiis (EKV),
channel. These intercellular channels, cluster in the cell to form in which a number o f mutations in the gene encoding C x31 have
the gap junctions. Connexons can form either homotypic or been demonstrated (7,11,12). EKV presents as a diffuse
heterotypic channels, with various channel types having thickening o f the palm oplantar epiderm is, sym metrically
distinct molecular permeabilities (3,4). distributed fixed hyperkeratotic plaques and transient erythema-

The epidermis is a stratified squamous epithelium comprising tous areas (13). Both the hyperkeratosis and erythematous
predominantly kératinocytes. The keratinocyte undergoes a patches can be triggered by trauma to the skin, temperature
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changes, UV exposure and emotional stress. Like Cx26 and 
Cx30 (reviewed in 14), dominant C x31 mutations have also been 
described associated with hearing loss with no epidermal 
manifestations (15). Adding further complexity to the biology 
o f C x31 and its role in disease is the recent identification o f 
another dominant GJB3 mutation, 66delD, segregating in a 
family with peripheral neuropathy and sensorineural hearing 
loss (16). Though recessive GJB3 m utations have been 
associated with hearing loss (17), more recently the L34P 
mutation in GJB3 has been shown to underlie a recessive form of 
the skin disease EKV (18). Thus the spectrum o f  GJB3 
mutations described to date results in a variety o f genetic 
disorders.

Human genetic disease studies suggest that different GJB3 
mutations have distinct effects on the C x31 protein in terms o f 
epidermal differentiation, auditory transduction and peripheral 
neuronal function. Here, we demonstrate genotype-phenotype 
differences at the cellular level and identify cell death as a 
comm on m echanism  linked w ith EKV-associated Cx31 
mutations.

RESULTS

Perinuclear localization of Cx31 in EKV-affected epidermis

Cx31 is expressed in late keratinocyte differentiation, localiz­
ing at gap junctions in the stratum granulosum o f epidermis 
(Fig. lA ) (6). To look at the effect o f an EKV-associated 
mutation on Cx31 localization, immunocytochemistry using a 
polyclonal Cx31 antibody was performed on frozen tissue 
sections taken from an EKV patient heterozygous for the R42P 
mutation in GJB3 (11). The majority o f Cx31 staining in the 
patient’s epidermis was perinuclear, with little punctate staining 
observed (Fig. 1C). These in vivo data indicate that R42P 
effects the trafficking o f Cx31 to the plasma membrane and 
also possibly reduces the expression level o f  Cx31 in 
kératinocytes. These two observations also indicate that R42P 
can dominantly disrupt the trafficking o f wild-type Cx31, 
which is in agreement with its autosomal dominant mode o f 
inheritance. From the antibodies available, the R42P in Cx31 
does not appear to effect the expression and localization o f 
other epidermally expressed connexins, including Cx26, Cx30, 
Cx30.3 and Cx43 (data not shown).

Localization of mutant Cx31-EGFP

To investigate the localization o f  other mutant forms o f C x31, we 
examined the cellular localization o f wild-type (WT) Cx31/ 
EGFP and various mutant Cx31/EGFP 24 hours post-transfec­
tion (Table 1). Cells expressing WT-Cx31/EGFP showed 
punctate staining and aggregation at the plasma membrane, 
especially in regions o f cell-cell contact (Fig. 2A, B and I). In 
contrast, none o f  the m utant clones formed membrane- 
associated aggregates. As with the kératinocytes endogenously 
heterozygous for R42P, the R42P-Cx31 /EGFP was cytoplasmic 
and had a perinuclear protein localization in expressing 
cells (Fig. 2C and J). Similar to R42P-Cx31/EGFR the other 
mutant Cx31 proteins associated with EKV— C86S-Cx31/ 
EGFP, G12R-Cx31/EGFP and G12D-Cx31/EGFP— also had a

c y to p l a s m ic  l o c a l i z a t i o n  ( F ig .  2 D , E a n d  F ) . 
Immunocytochemistry for the keratin and actin filaments in 
transfected NEB I cells using keratin LP34 antibody and a 
p-actin antibody confirmed a cytoplasmic location for these 
mutant proteins and also revealed an intact keratin and actin 
filament network among those cells expressing either wild-type 
or mutant Cx31/EGFP. Another intriguing phenotype was 
observed for all o f  the EKV-associated Cx31/EGFP mutants: 
many o f  the transfected cells became rounded, detached and 
died. This suggested that these skin disease-associated mutant 
C x31 proteins were inducing cell death.

A slightly different cellular distribution was observed for the 
mutant C x31 associated with peripheral neuropathy and hearing 
impairment. Though the majority o f  66delD-Cx31/EGFP was 
cytoplasmic (Fig. 2G), some punctate staining at the plasma 
membrane was observed. Another distinct localization was 
observed for R32W-Cx3I/EGFP, a rare polymorphic variant of 
GJB3 with no identified disease association, which showed a 
punctate staining pattern, but with no detectable aggregation at 
the plasma membrane between R32W-Cx31/EGFP-expressing 
cells (Fig. 2H). In contrast to the EKV-associated Cx31/EGFP 
mutants, cells transfected with these mutant constructs exhibited 
the normal wild-type cell culture phenotype with no increased 
levels o f  cell death.

Dye transfer studies of WT-Cx31/EGFP, 
R32W-Cx31/EGFP and 66deID-Cx31/EGFP

Prior to performing the microinjection dye transfer studies, 
immunocytochemistry using a panel o f connexins— Cx26, 30, 
31, 32, 40, 43 and 45— was performed on both human N EBl 
keratinocyte-derived cells and the murine NIH 3T3 fibroblast 
cells. Immunostaining analysis in NEB 1 cells showed low levels 
o f Cx26, 30, 32, 40, 43 and 45, but abundant C x31 expression 
with an irregular distribution. NIH 3T3 cells have previously 
been shown to express Cx43 (19), and, in addition, we found the 
expression o f a number o f other connexins, including C x31 (data 
not shown). This indicates that both cell lines used in this study 
express a number o f connexins endogenously.

W T -C x31/E G FP-expressing N E B l cells exhibited  an 
enhanced rate o f  dye transfer compared with non-transfected 
cells. Dye transferred most rapidly through adjoining fluor­
escent cells when compared to their non-fluorescent neighbours 
(Figs 3A -D  and 6). However, the extent to which dye 
transferred between adjoining fluorescent cells varied widely 
between experiments, possibly reflecting a difference in 
expression levels o f endogenous protein or channel activity 
states between cells in the local population. Indeed, a similar 
variation in dye transfer efficiency could also be seen in the 
uninjected cell population, with some cells exhibiting a 
significant ability to transfer dye while others showed only 
poor transfer rates. These experiments were also performed in 
NIH 3T3 fibroblasts. Though these cells express endogenous 
C x31 and other connexins, basal dye transfer levels were poor, 
with dye rarely propagating further than those cells directly in 
contact with the injected cell. In dramatic contrast, however, 
dye rapidly propagated through the W T-Cx31/EGFP-expres- 
sing population (Fig. 6). The steady rate at which dye 
transferred through C x 3 1-expressing cells suggests that 
channels exhibited similar activity states and that endogenous
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F igu re  1. Cx31 localization in normal and EKV epidermis. (A) Palm epiderm is from an individual with wild-type GJB3. N ote the evenly distributed punctate 
m em branous pattern o f  Cx31 in the stratum  granulosum . (B) Control im m unostaining o f  normal palm  epiderm is w ithout specific prim ary Cx31 antibody. 
Non-specific staining is seen in the stratum com eum . (C ) Lesional epiderm is from an individual w ith EKV heterozygous for R42P in GJB3. N ote the sparse 
and perinuclear C x 3 1 im m unostaining in the stratum  granulosum . (D ) Haem atoxylin and eosin staining o f  lesional epiderm is from the sam e EKV patient as in (C).

protein levels were sufficiently low not to influence the effects 
o f the exogenous protein.

Unlike WT-Cx31/EGFP, the expression o f 66delD-Cx31/ 
EGFP did not significantly enhance the rate o f dye transfer in 
either NEBl cells (Figs 3I-L and 6) or NIH 3T3 fibroblasts 
(Fig. 6), indicating that the mutant form cannot form functional 
channels. In addition, R32W-Cx31/EGFP also did not form 
functional channels. Expression ofR32W-Cx31/EGFP in NEBl

cells did not elevate dye transfer rates above basal levels (Figs 
3E-H and 6), and little or no dye transfer was observed in 
fibroblasts (Fig. 6). R32W in GJB3 has been reported as a 
polymorphism with no proven disease association (20,21). 
However, we have hypothesized that it may have a modifying 
effect with respect to epidermal disease severity or hearing loss 
when associated with other connexin mutations. This has been 
debated further (22). Our data show that R32W does not form
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functional intercellular channels and has impaired dye transfer, 
suggesting that it is a non-fiinctional variant o f  GJB3.

Microinjection studies of R42P-Cx31/EGFP- and 
C86S-Cx31/EGFP-induced cell death

From our transfection studies, expression o f  R42P-, C86S-, 
G12R- and G 12D-Cx31/EGFP in N EB l cells resulted in 
increased cell death. This phenomenon did not appear in cells 
transfected or microinjected with WT-, 66delD- and R32W- 
C x31/EG FP constructs. U sing a com bination o f  micro- 
injection and digital time-lapse microscopy, we investigated 
further the cellular phenotypes for two o f the skin disease- 
associated Cx31 mutants, R42P-Cx31/EGFP and C86S-Cx31/ 
EGFP. Interestingly, R42P-Cx31/EGFP exhibited two distinctive 
cellular phenotypes. The first was an immediate change in cell 
morphology, including extensive cell blebbing and nuclear 
shrinkage, phenotypes associated with cell death (Fig 4A and B). 
Cells poorly adhered to the substrate and were difficult to 
microinject. In cases where microinjection was successful, dye 
did not transfer to neighbouring cells but merely leaked out from 
the cell. Cells also showed positive nuclear labeling with 
propidium iodide, suggesting a disrupted plasma membrane 
(Fig. 4C and D). As with the other localization studies described 
previously, R42P-Cx31/EGFP had a perinuclear localization. 
The second phenotype was similar to that o f uninjected cells, 
with some protein present at the plasma membrane, and no 
cell death (Fig. 6). As with R42P-Cx31/EGFP, C86S-Cx31/ 
EGFP-expressing N EB l cells also exhibited two major pheno­
types; those that showed profound blebbing and nuclear 
shrinkage, and those that were similar to the un injected cell 
population. The blebbing phenotype corresponded with positive 
nuclear labelling with propidium iodide (Fig. 4E and F). Initially, 
dye transfer was occurring through fluorescent cells, but as the 
cells changed morphology, the dye leaked out o f the cell, as for 
R42P-Cx31/EGFP. In the phenotype where membrane integrity 
remained intact throughout, the protein showed both vesicular 
localization and, to some degree, punctate membrane localiza­
tion, although not as striking as is seen with the wild-type protein. 
Indeed, dye transfer did seem to propagate preferentially through 
the C86S-Cx31/EGFP-expressing cells associated with this 
second phenotype when compared to the surrounding non-

T ab le  1. G enotype and phenotype o f  m utated Cx31

M utation Phenotype Prim ers for SD M “ References

R42P EKV Used genom ic 
D NA  from patient

11

G 12R EK V G G C C C T A C T G A G C C G T G T G A
A CAA G TA CTC

7

G 12D EKV G G CCCTA CTG A G CG A TG T
GA A CA A G TA CTC

7

C86S EKV C TC A TC T TC G TC A C A A G C C
C C TC G C TG C TG

7

66delD N europathy
and hearing  loss

G CA CC A A C G TC TG C TA C  
(codon deleted) ACTA 
CTTCCCCA TC

16

R32W O f unknow n disease 
significance

G G T G T T C G T C T T C T G G G T G C
TGGTATACG

20,21

“The m utated site is bold and m utated o r deleted codon underlined.

fluorescent cell population (Fig. 6). This ‘norm al’ phenotype was 
not observed in NIH 3T3 cells for either R42P-Cx31/EGFP or 
C86S-Cx31/EGFP (Fig. 6).

DISCUSSION
From immunocytochemical analysis o f affected epidermis from 
an EKV patient harbouring the R42P mutation in Cx31 and 
studies using a R42P-Cx31/EGFP construct, a cytoplasmic 
localization o f the mutant protein was revealed. Previously, we 
had described no obvious structural abnormalities in the skin 
biopsy from this patient (11). In particular, gap junctions were 
still present in different epidermal layers, with no observable 
gross abnormalities by light microscopy and electron micro­
scopy. We speculated that one possible mechanistic effect o f  the 
R42P mutation in GJB3 on connexin 31 would be to alter gating 
polarity, resulting in defective channel formation and regulation. 
Another hypothesis was that the substitution o f arginine 42 by 
proline would have a wider structural destabilization effect on 
connexon formation. The functional data described in this study 
would support the latter mechanism, due to a cytoplasmic 
localization o f the protein with undetectable Cx31 protein at the 
plasma membrane. Surprisingly, all the other EKV-associated 
C x31 mutant proteins assayed also displayed trafficking defects 
with retention in the cytoplasm, suggesting that this is a common 
cellular phenotype. It is possible that these particular Cx31 
mutant proteins may also disrupt the assembly o f other connexon 
types in the Golgi and endoplasmic reticulum (ER). From 
immunocytochemistry o f  epidermis from an EKV patient 
harbouring the R42P mutation in Cx31, no obvious alterations 
in the localization and distribution o f other connexins were 
observable.

All the other EKV-associated C x31 mutants also displayed the 
same trafficking defects as R42P and had a cytoplasmic 
localization. Previously, specific mutations in Cx32 have also 
been shown to have trafficking defects accumulating in the 
cytoplasm and also within the Golgi apparatus (23,24). 
Interestingly, one o f these Cx32 mutations is G12S. This is the 
same conserved residue mutated in C x31 (G 12R and G 12D), and 
these Cx31 mutants also display similar trafficking defects. 
These data suggest that this residue in the N-terminus of 
connexins is important for the correct folding o f  the connexin 
and/or its assembly into connexons. A disruptive conformational 
change for the EKV mutations R42P and C86S in Cx3I that lie 
adjacent to or within transmembrane domains, respectively, may 
also lead to retention in the cytoplasm and possibly the Golgi 
apparatus/ER.

The other characteristic feature associated with the EKV 
C x31 mutants was increased cell death, particularly striking in 
the NIH 3T3 cells. Although the mechanism o f  cell death is not 
known, it could possibly relate to increased intracellular Ca '̂*’ 
and/or plasm a membrane disruption. Evidence from the 
microinjection experiments indicated that the plasma mem­
brane was very ‘leaky’ in the two EKV-associated Cx31 
mutants investigated. From the microinjection studies for 
R42P- and C86S-Cx31/EGFP in the keratinocyte cell line, 
two cellular phenotypes were observed. Predominantly, these 
mutants induced blebbing and cell death. However, some 
microinjected cells did not die. This difference in the cellular 
processing o f  the microinjected mutant Cx31 constructs could
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F igu re  2. Localization studies in N E B l kératinocytes transfected with (A and B) WT-Cx31/EGFP, (C ) R42P-Cx31/EGFP, (D ) C86S-Cx31/EG FP, (E ) G 12R -C x31/ 
EGFP, (F ) G 12D-Cx31/EGFP, (G ) 66delD-Cx31/EG FP, (H ) R32W -Cx31/EGFP, (I) W T-Cx31/EGFP and (J) R42P-Cx31/EGFP. G reen fluorescence indicates the 
EGFP fusion connexin protein. Red fluorescence shows (3-actin (A -Fl) and keratin filaments 1, J). Note the conspicuous aggregation o f  w ild-type Cx31 at the 
plasm a m em brane between the cells. In contrast, the majority o f  the mutant C x31/E G FP proteins, e.g. R42P-Cx31/EGFP, w ere cytoplasm ic, with less apparent 
m em brane localization. N ote the appearance o f  an intact keratin filament network.

be related to the inherent variability in different cell popula­
tions. For example, in the NEBl kératinocytes, it could relate to 
the variable expression of endogenous connexins and/or the 
differentiation status o f different cell populations. Further 
studies are in progress to understand why these two different 
in vitro cell phenotypes occur and if  this variable processing is 
dependent on the cellular background. These studies may help 
to explain further the genotype-phenotype correlation o f C x31 
and other connexin mutations.

The 66delD mutation is associated with a dominant 
syndrome o f hearing loss and peripheral neuropathy (16). 
The localization studies and dye transfer experiments support 
the deleterious nature o f this mutation with respect to Cx31 
channel formation (Fig. 2G and 6). Interestingly, 66delD in 
Cx31 affects the same residue mutated in Cx26, D66H, which 
associates with Vohwinkel’s syndrome: palmoplantar kerato- 
derma and mild-moderate hearing loss (8,20). Like 66delD- 
Cx31/EGFP, D66H-Cx26 has defective trafficking with 
primarily a cytoplasmic localization (25).

Though R32W-Cx31/EGFP could traffic to the plasma 
membrane, it never formed large aggregates o f protein that are 
indicative o f connexon channels, and was unable to transfer dye 
efficiently. Previously, it has been shown that, for Cx43, the 
formation o f plaques is a requirement for intercellular commu­
nication as measured by dye-coupling experiments (26). R32W 
in GJB3 results in a substitution o f a highly conserved arginine 
residue in the first transmembrane domain o f the C x31 protein 
and appears to be a relatively rare coding polymorphism (22). 
We have investigated further its prevalence in a number of ethnic 
control populations. R32W was found in a heterozygous form in 
3% o f Irish, 0.7% of Affo-Caribbeans and 2.5% o f Asians. In all 
control samples tested {n =  364), the overall allele frequency was 
1.9%. As no R32W homozygotes were detected, it is still 
plausible that it is a recessive GJB3 allele. However, it has been 
demonstrated that L34P in GJB3 and M34T in GJB2, which both 
occur in the first transmembrane domain, are recessive alleles 
underlying EKV and mild moderate hearing loss, respectively 
(18,27,28). As our functional data suggest that R32W has a
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F igure  3. Dye transfer analysis using A lexa 568 in N EBl cells microinjected 
with Cx31/EG FP fusion constructs. Im ages show green (EG FP)/red (A lexa568) 
fluorescence overlays w ithout phase contrast (left colum n) and with phase con­
trast (right colum n) to indicate surrounding uninjected cells. N EB l cells are 
expressing, W T-Cx31/EGFP (A )-(D ), R32W -Cx31/EG FP (E -H ), and 
66delD -Cx31/EG FP ( l) - (L ) . Images (A), (B), (E), (F), (1) and (J) represent 
the first time point o f  the tim e-lapse sequences, and the rem aining im ages were 
acquired 33 min later. N ote the efficient dye transfer between W T-Cx31/EGFP- 
expressing cells but reduced transfer between cells expressing R32W -Cx31/ 
EGFP and 66delD-Cx31/EGFP. Asterix indicates the cell m icroinjected with 
Alexa 568 dye. Scale bar 50 pm.

».

F igure  4. Illustration o f  the induction o f  cell death following the m icroinjection 
o f  R42P-Cx31/EG FP and C 86S-C x31/EG FP constructs in N E B l cells. (A and 
B) show Green (EG FP)/red (A lexa568) fluorescence overlays w ithout phase con­
trast (left colum n) and with phase contrast (right colum n). (C -F )  Green (EGFP)/ 
red (propidium  iodide) fluorescence overlays w ithout phase contrast (left co l­
umn) and with phase contrast (right colum n). N EB l cells express R42P-Cx31/ 
EGFP in (A )-(D ) and C 86S-C x31/EG FP in (E )-(F ). Note the blebbing pheno­
type (exam ples o f  blebs indicated by arrow s), the nuclear shrinkage and the 
intense nuclear propidium  iodide staining showing cell death. Scale bar 50 pm.

deleterious effect on Cx31 plaque formation and dye transfer, we 
postulate that homozygosity for R32W may result in a, as yet 
unknown, recessive disease phenotype. Further genetic studies 
and analyses need to be performed to assess a possible disease 
association of this C x31 variant.

In summary, our in vivo and in vitro data demonstrate that R42P 
in C x31 prevents the trafficking o f the protein to the membrane. 
This abnormal localization appears to lead to cell death. Our 
in vitro data indicate that trafficking defects and cell death are 
common mechanisms o f mutant C x31 associated with EKV. It is 
not clear how these two cellular phenotypes associate with the 
hyperkeratosis seen in the patients. It is possibly related to the 
loss o f Cx31-mediated intercellular communication during 
terminal keratinocyte differentiation and/or the induction of cell 
death invoking a wound-healing response in surviving kératino­
cytes, leading to hyperproliferation. In addition, the transient 
nature o f the erythemous plaques may correspond to the 
differential effects o f the EKV-associated mutations in different 
keratinocyte populations. These data suggest that trafficking 
defects represent a common feature o f epidermal disease- 
associated connexin mutations and constitute a step towards 
understanding the intriguing genotypes-phenotypes produced 
due to P-connexin mutations. The nature o f the mechanism of 
cell death associated with the skin disease C x31 mutants remains 
to be elucidated.
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F igure  5. Processing o f  red fluorescence images (A and C ) for calculations o f 
norm alized mean distance o f  A lexa 568 dye transfer in NIH 3T3 cells expres­
sing WT-Cx3 l/EGFF. A and B represent time point Omin; C and D 3 0 min. B 
and D show  post-processed pseudocoloured images used for mean dye distance 
calculations. Scale bar 50 pm. M inim um  intensity in the pseudocolour scale bar 
is represented in blue, and m axim um  intensity in white.

MATERIALS AND METHODS

Tissue processing and cell culture

Skin biopsy material was obtained and processed from a 
consenting individual with EKV who is heterozygous for an 
arginine-to-proline substitution in codon 42 (R42P) in connexin 
31 (Cx31) (11). The biopsy was immediately snap-frozen in 
liquid nitrogen and stored at —70°C for immunocytochemical 
analysis. This study has ethical approval.

NEBl cells, which were immortalized from nonnal kératino­
cytes by HPV16 (29), were cultured in 3 ; 1 Dulbecco’s modified 
eagle’s medium (DMEM) F 12 medium, supplemented with 10% 
fetal calf serum (PCS), 0.4 pg/ml hydrocortisone, 5 pg/ml 
insulin, lO ng/m l epiderm al growth factor, 10 x 10“ °M 
choleratoxin, 5 pg/ml transferrin, 2 x  10“ "  M  lyothyronine 
and 100 U/100 pg/ml penicillin-streptomycin. NIH 3T3 cells 
(murine fibroblast cells) were cultured in DMEM, supplemented 
with 10% PCS and lOOU/100 pg/ml penicillin streptomycin. 
After reaching confluence, cells were plated on 35 mm glass- 
bottom microwell dishes (MatTek, Ashand, MA, USA) for 
microinjection or 13 mm coverslips for transfection and 
immunocytochemistry.

stained with monoclonal anti-mouse (3-actin (Sigma, Poole, 
Dorset, UK). Briefly, cells were fixed with 4% paraformaldehyde 
for connexin antibody staining, 100% methanol for P-actin 
staining and 50 ; 50 acetone/methanol for the pan-keratin anti­
body. Sections were then rinsed with phosphate-buffered saline 
(PBS) and incubated in PBS containing 3% rabbit or goat serum 
and 0.1% Triton X-100 (Sigma) for 10 min at room temperature. 
After rinsing, the slides were incubated in a humidified chamber 
at 37°C for 2 h with primary antibody. Following several rinses 
with PBS, sections were incubated in the dark for 1 h at room 
temperature with fluorescein isothiocyanate (PlTC)-conjugated 
rabbit anti-mouse IgG or goat anti-rabbit IgG (Molecular Probes, 
Oregon, USA) diluted 1 ; 100. After rinsing with PBS, the 
sections were mounted in mowiol reagent containing 10% 
mowiol D-488 (Calbiochem, Nottingham, UK), 25% glycerol 
and 2.5% 1.4-diazabicyclo[2.2.2j octane (Sigma) in 50 m M  Tris- 
HCl, pH 8.5. Images were recorded using a Zeiss LSM510 laser 
scanning confocal microscope (Carl Zeiss) and processed using 
Adobe Photoshop 6.

C onstruction of chim eric C x31/EG FP

PCR was carried out on wild-type (WT) human genomic 
DNA. The open reading frame o f WT-Cx31 was fused 
in-frame to the N-terminus of enhanced GPP (EGFP) by a 
two-step cloning procedure. First, the authentic connexin stop 
codon was changed from TGA to GGA by PCR using 
the p rim ers w ith a restric tion  site sequence Sa c \l,
5 -GCCCCGCGGATGGACTGGAAGACACTC-3' for for­
ward and 5 -GCCCCGCGGCTCCGATGGGGGTCAGGTT-3' 
for reverse, and was cloned directly into a TA cloning vector, 
pGEM-T (Promega, Southampton, UK). Second, the Sacll 
fragment o f C x31 from pGEM-T/Cx31 was further cloned into 
pEGFP-N3 vector (Clontech, Hampshire, UK). R42P mutant 
C x31 gene was generated from patient genomic DNA using the 
primers with restriction site sequences Hindlll and Sail, 5'- 
GCGAAGCT TATGGACTGGAAGACACTC-3' for forward 
and 5'-GCGG TCGACTCCGATGGGGGTACGGTT-3' for 
reverse. The PCR product was directly cloned into pEGFP 
vector. In this orientation, the EGFP was at the C-terminus of 
the WT-Cx31 and R42P-Cx31 protein and the stop codon was 
altered to allow ‘read through’ and expression of the EGFP 
protein. All positive clones were identified by restriction 
enzyme analysis and automated DNA sequencing to determine 
that there were no ‘introduced’ nucleotide errors in both clones.

Im m unofluoresence staining and confocal microscopy

Immunofluorescence staining was performed in frozen tissue 
sections (6 pm thickness) and fixed cells using methods 
previously described (6). The following connexin antibodies 
were used; monoclonal anti-mouse Cx26 (dilution 1 : 100; 
Zymed, San Francisco, CA, USA), polyclonal rabbit anti­
mouse Cx30 (dilution 1 : 100; Zymed), polyclonal rabbit anti­
human C x31 [dilution 1 : 100 (6)], monoclonal anti-rat Cx32 
(dilution 1 : 100; Zymed), polyclonal rabbit anti-mouse Cx40 
(dilution 1 : 100; Alpha Diagnostic, San Antonio, TX, USA), 
monoclonal anti-rat Cx43 (dilution 1 ; 100; Zymed) and 
polyclonal rabbit anti-mouse Cx45 (dilution 1 :50; Alpha 
Diagnostic). Keratin filaments were stained with monoclonal 
pan-keratin antibody LP34 (30), and actin filaments were

Site-directed m utagenesis (SDM)

The five other C x31 mutations were independently introduced 
into WT-Cx31/EGFP by SDM. Their abbreviations, clinical 
phenotypes and the primers used for SDM are listed in Table 1. 
The WT-Cx31/EGFP sequence was converted using the 
Quickchange Site Directed Mutagenesis kit (Stratagene, La 
Jolla, CA, USA) according to the manufacturer’s instructions. 
Briefly, PCR reactions using overlapping primers containing 
the base pair change were carried out using the supercoiled 
double-stranded DNA from pWT-Cx31/EGFP as a template. 
Then, the products were directly transformed into competent 
JM109 E. colt (Clontech) and several colonies were selected 
and sequenced. Colonies with the correct base change and no 
other additional mutations were selected for subsequent study.
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C86S ☆ 4 8 80 1.02 n s. 207 49.8 p < 0 .0 1
NEBl R42P ★ 5 5 38 0.79 p < 0.05 334 11.9 n.s.

R32W ♦ 8 3 4 7 0.65 p < 0 .0 1
66delD 0 5 4 39 1 03 p < 0.05

Wild-Type ■ 11 11.98 1.50 . iNu d f j p a r t j r u  u tjii u tJ d i r i

NIH 3T3 R32W A 7 0.62 1.46 p <  0.001
66delD A 5 1.02 0 9 7 p <  0.001

C86S N/A N/A N/A N/A A l l  c f i l l s  dim
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F igure 6. Sum m ary o f  dye transfer and cell death in N EB l and NIH 3T3 cells expressing different C x 3 1 m utations. Top left plot shows tim e courses o f  normalized 
mean dye transfer distances represented by mean values (points) and standard errors o f  sample mean (bars) for groups o f  experim ents with N EB l cells expressing 
W T-Cx31/EGFP (open box). C 86S-C x31/EG FP (open star), R42P-Cx31/EG FP (filled star), R32W -Cx31/EG FP (filled diam ond), and 66delD -Cx31/EG FP (open 
diamond), and NIH 3T3 cells expressing W T-Cx31/EGFP (filled box), R32W -Cx31/EGFP (filled triangle) and 66delD -C x31/EG FP (open triangle). The top right 
bar chart presents m eans and standard errors o f  relative incidence o f  viability and death found in N EBl cells expressing the EKV-associated Cx31 m utations R42P 
and C86S. Propidium  iodide-negative cells with absence o f  nuclear shrinkage were scored as viable, and propidium  iodide-positive cells as dead. The bottom  table 
overviews the numerical representation and statistical significances o f  the effects o f  different Cx31 m utations on both the rate o f  dye transfer and cell survival in 
N E B l and NIH 3T3 cells. The mean dye transfer rate for each treatm ent is calculated as the mean slope o f  the linear regression o f  the dye transfer distance time 
courses and expressed in m icrom etres per hour. The P-values represent significances o f differences in dye transfer rates or incidence o f  cell death between cells 
expressing the relevant C x 3 1 m utation as com pared to the WT protein.

Transfection with C x31/EG FP fusion constructs

NEB 1 cells were transfected with the pWT-Cx31 /EGFP and each 
o f the mutated pCx31/EGFP constructs using Transfast 
(Promega), Cells (0.5-1 x 10^/13 mm coverslip) were trans­
fected with 0.5 pg o f plasmid DNA in 1 ; 2 Transfast reagent. 
Twenty-four hours post-transfection, cells were fixed with 4% 
buffered paraformaldehyde for the intracellular localization 
analysis and immunofluorescence staining.

Nuclear microinjection of Cx31/EG FP fusion constructs

NEBl kératinocytes and NIH 3T3 fibroblasts were seeded 
in MatTek dishes and allowed 3 days to grow to near con- 
fluency. Culture medium for microinjection and imaging was

supplemented with 20 m M  HEPES. A transjector and micro­
manipulator (Eppendorf) mounted on a Zeiss Axiovert 135 TV 
inverted microscope (Carl Zeiss) were used for microinjection 
of plasmid DNA-EGFP fusion constructs. Groups o f adjacent 
cells in a culture were injected with one o f the constructs at a 
concentration of 0.05 pg/pl to create tight patches o f fluor­
escent cells. Cells were allowed 4 -5  h to express the proteins.

M easurem ent of dye tran sfe r rate

For all dye transfer experiments, patches o f fluorescent cells were 
identified and single cells close to the patch perimeter were 
microinjected in the cytoplasm with 2 m M  Alexa 568 dye 
(Molecular Probes). The occurrence of dye transfer between 
adjacent cells was determ ined using digital tim e-lapse
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microscopy. Cells were both microinjected and imaged on the 
inverted microscope mounted with the micromanipulator and 
transjector. Images were acquired every 20 s in three separate 
channels (phase contrast, EGFP fluorescence, and Alexa 568 
fluorescence) using a 20 x NA 0.5 objective, an Orca ER CCD 
camera (Hammamatsu) and a multiple dichroic in conjunction 
with motorized excitation and emission filter wheels (Sutter 
In s trum en ts) . Im age acqu is ition  w as con tro lled  using 
Acquisition M anager (Kinetic Imaging). The exposure time for 
the Alexa 568 channel was kept constant between all time-lapse 
experiments shown. The microscope body was housed in a 
Perspex environment chamber accurately maintained at 37°C, 
and the cells were enclosed within a glass-topped, steel humidity 
chamber upon completion o f cytoplasmic microinjection. The 
time elapsed from microinjection o f dye to commencement of 
image acquisition was approximately a minute.

Fluorescence images o f the Alexa 568 dye were cropped, 
b inned to a pixel size o f  2.6 x 2.6 pm  and au tom ati­
cally thresholded (Fig. 5). The site o f dye microinjection 
was interactively marked using a mouse pointer, and norma­
lized m ean distance o f  dye transfer was calculated as 
N M D (0 =  Ixyi^xyt I I x y r  fot each ffame in the sequence. 
Ixy, is the intensity o f  an image pixel (xj;) at time /, and d^y, is the 
distance o f  the pixel (xj;) from the site o f  dye microinjection. 
NMD(t) data evaluated for the initial 10 min o f a recording were 
subjected to a linear regression analysis, and the slope o f the 
regression function was taken as the rate o f the dye transfer for 
the particular sequence. Significances o f differences in the rate o f 
the dye transfer between groups o f sequences were evaluated by 
two-sided t-test. Image processing, regression analysis and 
statistical tests were performed in M athematica (Wolfram 
Research) using specially developed software.

Determination of cell death

Cells microinjected with the expression Cx31/EGFP fusion 
constructs were incubated for 5 h and then treated with 
0.5 pg/m l o f  the m em brane-im perm eable dye propidium 
iodide. After 10 min, images were acquired in phase-contrast, 
red and green fluorescence. Dead cells (propidium iodide 
positive) and viable cells (propidium iodide negative and 
absence o f  nuclear shrinkage) were counted. Data were 
expressed as percentages o f  total cells scored and tested for 
significant differences by analysis o f variance (ANOVA).
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SHORT COMMUNICATION

Fluorescence localization after photobleaching (FLAP): 
a new method for studying protein dynamics in living cells
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Sum m ary

FLAP is a new  m ethod for localized photo-labelling and sub­
sequent tracking of specific molecules w ithin living cells. It is 
simple in principle, easy to implement and has a wide potential 
application. The molecule to be located carries two fluorophores: 
one to  be photobleached and the other to act as a reference 
label. Unlike the related m ethods of fluorescence recovery 
after photobleaching (FRAP) and fluorescence loss in photo­
bleaching (FLIP), the use of a reference fluorophore permits the 
distribution of the  photo-labelled molecules themselves to be 
tracked by simple image differencing. In effect, FLAP is there­
fore com parable w ith  m ethods of photoactivation. Its chief 
advantage over the  m ethod of caged fluorescent probes is tha t 
it can  be used to track  chim aeric fluorescent proteins directly 
expressed by the cells. A lthough m ethods are being developed 
to track  fluorescent proteins by direct photoactivation, these 
still have serious drawbacks. In order to dem onstrate FLAP, we 
have used nuclear m icroinjection of cDNA fusion constructs of 
P-actin w ith yellow (YFP) and cyan (CFP) fluorescent proteins 
to follow both the fast relocation dynam ics of monom eric 
(globular) G-actin and the m uch slower dynamics of filamentous 
F-actin sim ultaneously in living cells.

Introduction

Transfection of cells w ith cDNA constructs containing the green 
fluorescent protein (GFP) gene has revolutionized the  study of 
protein dynam ics w ithin living cells (Lippincott-Schwartz 
e ta l , 2 0 01 : Misteli, 2001), yet its fu rther developm ent has 
been ham pered by a lack of effective methods for activating the
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fluorescence in a localized m anner. In particular, the  well 
established technique of photo-decaging fluorescent probes to 
photo-label selected molecules (Theriot & Mitchison, 1992; 
McGrath etal., 1998; Mitchison et of., 1998) cannot be applied to 
fluorescent proteins directly expressed by the cells.

Recent approaches to solving th is critical problem  have 
centred on m ethods for photoactivating GFP directly, either to 
change its fluorescence spectra (Elowitz et a i, 1997) or to 
enhance its blue-excited fluorescence (Yokoe & Meyer, 1996). 
Unfortunately, the  first m ethod requires conditions of low 
oxygen concentration  th a t are generally incom patible w ith 
m aintain ing physiological conditions in cell cultures, w hereas 
the  second merely enhances the signal and canno t provide 
unam biguous localization of photoactivated molecules.

Here we have taken a different approach based on the fact 
th a t GFP and its varian ts are well suited to photobleaching. 
The m ethods of FRAP and  FLIP have been successfully applied 
to cells transfected w ith GFP fusion constructs (Cole e ta l , 
1996; W hite & Stelzer, 1999; Lippincott-Schwartz e ta l , 
2001  ; Reits & Neeljes, 2001) and have permitted the dynamics of 
the  rem aining unbleached molecules to be studied. Our pro­
posed FLAP m ethod is simply an  extension of this approach, 
w hich allows continued tracking of th e  bleached molecules as 
well as the  unbleached ones. This is achieved by tagging the 
molecules to be tracked w ith two different fluorophores and 
bleaching just one of them  in a localized region of the cell. If 
care is taken to ensure accurate m atch ing  of the two signals 
before bleaching, the population of molecules exposed to bleach­
ing is thereafter unam biguously identified as those in which 
the  two signal streng ths differ. Basic image processing can 
reveal the  distribution of this population of photo-labelled 
m olecules and an  add itional advantage over photoactiva­
tion  methods is th a t inform ation on the distribution of the 
unbleached molecules is also readily available.
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For the  FLAP m ethod to work optimally, the two fluoro- 
phores should be excited together and imaged simultaneously. 
If the  emission spectra overlap too m uch to be easily separated, 
a satisfactory com prom ise is to switch the two excitation 
channels line-by-line during a single frame scan using a confocal 
microscope equipped w ith acousto-optical tunable filters.

M aterials and m ethods

Cell culture and microinjection

Transform ed ra t fibroblasts (a gift from Dr Pavel Vesely) were 
seeded on 18 x  18 mm coverslips in H ank’s Minimum Essential 
M edium contain ing 10% bovine serum. DNA constructs were 
microinjected into cell nuclei using an  Eppendorf Transjector 
and m icrom anipulator system  m ounted on a Zeiss Axiovert 
35. Cells were ready for use after allowing 2 - 3  h  for expres­
sion of the  constructs.

DNA constructs

Separate constructs encoding yellow and cyan N -term inal 
fluorescent proteins were cloned from a P-actin construct (a 
gift from Dr John Copeland) using pECFP-Cl and pEYFP-Cl 
vectors (ClonTech, Palo Alto, CA, USA). They were co-injected 
at a concentration  of 0.1 |xg |iL“’ each.

Microscopy

Images were recorded using a laser scanning confocal micro­
scope (Zeiss LSM 510) equipped w ith a 37°C  tem perature- 
controlled hood and a 63 x  P lan-A pochrom at NA 1.4 pH 3 oil 
objective. The CFP and YFP channels used 458 nm  and 514 nm  
lines of an  argon laser for excitation and a phase contrast 
image was recorded sim ultaneously w ith the CFP channel. A 
545 nm  dichroic m irror was used to split the  two emission 
channels, followed by a bandpass 4 7 5 -5 2 5  nm  filter for the 
CFP channel and a long pass 530  nm  filter for the YFP chan ­
nel. In  each case the pinhole was set such th a t the optical slice 
was indicated as 3 jim  by the LSM 510 software. Each image line 
was scanned twice at the highest scan rate (0 .64  |is pixel ' ) 
using m ulti-tracking mode, first by the 514 nm  laser line w ith 
the YFP channel detector active and then by the  458  nm  laser 
line with the CFP detector and the transmission phase-contrast 
detector active. Alternatively, we have found tha t simultaneous 
im aging of CFP and  YFP is possible using 4 5 8 nm  illum ination 
to excite both fluors.

Before starting  a recording sequence, a rectangu lar image 
capture region and a m uch sm aller bleach region (a strip 2 |im  
wide or a circle 3 - 1 0  |im  diam eter) were positioned on the 
selected cell. The gain and  offset for each fluorescence channel 
were optimized so th a t the  two images were closely m atched 
w ithout saturation . The time-lapse (bleach) mode of the Zeiss 
LSM 510 was then  used to collect sequential im ages. Five or 10

frames were collected, then  the 514  nm  laser line was used at 
m axim um  power (m easured as 1 .32  mW ) to scan the bleach 
region for 3 -1 5  s and the time-lapse sequence was resumed 
immediately afterwards.

Image processing

The im age of the FLAP signal was obtained by subtracting the 
image of the photobleached fluor from th a t of the  unbleached 
fluor. Smoothing of the two input images (5 x 5  pixel averaging) 
was used to reduce noise in the FLAP image. Fading of the two 
fluorophores was m inim al and well balanced during the 
sequences shown here and was not compensated for, although 
com pensation would be required if fading were rapid or unbal­
anced. Post-processing of th e  FLAP im age consisted of th resh ­
olding to remove background pixel noise and mapping the grey 
levels onto a pseudocolour scale. The threshold level was chosen 
to reduce noise to an  acceptable level in the pre-bleach FLAP 
images and then  kept constan t for all images in the sequence.

Results

After allowing the P-actin constructs to become expressed, 
confocal microscopy revealed th a t the two fluorophores were 
accurately co-localized w ithin th e  cells and thus tha t the 
intensity difference -  the FLAP signal -  was close to zero 
th roughou t the image (Fig. 1(c) and  (e)). Photobleaching the 
YFP in a narrow  strip traversing th e  lam ella of a transformed 
ra t fibroblast (Fig. 1(a) and  (b)) gave rise to a strong FLAP sig­
nal (Fig. Id), which is shown encoded in pseudocolour (Fig. If). 
The selected cell had  prom inent microfilam ent bundles or 
stress fibres (Fig. la )  and th e  FLAP signal revealed th a t a vari­
ety of dynam ic activities were taking place. Immediately after 
bleaching, a diffuse low-level signal had  uniformly filled the 
local cytoplasm  of the cell b u t had  no t m anaged to pass the  cell 
nucleus. A m uch stronger signal was confined to the microfila­
m ent bundles b u t even this had  m igrated along the bundles 
some 1 -2  |im  away from th e  nucleus and 2 - 3  jim  towards 
the nucleus during the 4 s bleach period (Fig. If).

In order to confine our initial studies to simpler examples of 
actin dynamics, we concentrated  on spot bleaching of three 
types of actin  structure in cells lacking prom inent stress fibres. 
We repeatedly observed three distinct pa tterns of behaviour of 
the FLAP signal during the 3 - 4  m in subsequent to bleaching. 
If the bleach spot were located in a  region of h igh actin con­
centration in the lam ella of the cell (Fig. 2 (a)-(c)), the FLAP 
signal usually showed rapid dispersal and, in the  case of this 
particu lar cell, it had  spread th rough  m ost of the  cytoplasm 
during the 8 s bleach period (Fig. 2 a). Subsequently, the signal 
accum ulated in ano ther region of h igh actin concentration 
(Fig. 2b -  arrow) and was little changed by 100 s after bleach­
ing (Fig. 2c). A nother pa tte rn  was revealed w hen the bleach 
spot was located in an  active ruffling region at the leading edge 
(Fig. 2 (d )-(f)). In  th is  case  th e re  w as little  or no  general
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Fig. I. T ransform ed  ra t fibroblast sh ow ing  sim u l­

taneously  a c q u ire d  CFF (a) a n d  YFP (b) im ages 

im m ed ia te ly  a fte r  p h o to b le a c h in g  th e  la m ella  in  a 

n a r ro w  s trip  (w h ite  rec tan g le ) . In te n s ity  profiles 

in te g ra te d  b e tw e en  th e  g rey  lines before (c) an d  a fte r 

(d) p h o to b le a c h in g  sh o w  CFP (cyan ). YFP (yellow ) 

a n d  FLAP (red) s ignals. T h e  F fv \P  im ages co rre sp o n d ­

ing  to  th e  profiles (c) a n d  (d) a re  s h o w n  en c o d ed  in 

p s e u d o co lo u r  in (e) a n d  (f), B leach  tim e  Î .8  s. Scale 

b a r  10  pm ,

Fig. 2 . T h re e  im ag e  s e q u en ce s  sh o w  th e  FLAP im ag e  in  p scu d o co lo u r  (left p ane l) a n d  p h a s e -c o n tra s t  im ag e  ( r ig h t p an e l)  a t  th e  fo llow ing  tim es  a f te r  

b leach in g : 0  s ( a .d  a n d g ) .  50  s ( b a n d e ) .  1 0 0  s (c . f a n d  h ) a n d  2 0 0  s(i) . In  th e se  seq u en ce s  th e  in d iv id u a l c h a n n e ls  w e re  a c q u ire d  in m u lti- t ra c k in g  m ode. 

B leach  reg io n  s h o w n  a s  a  c irc le  in  e a c h  im age. T h re sh o ld  level set to  8%  of m a x im u m  s ig n a l. B leach  tim es  8 .6  s (a )  a n d  1 3 .5 s ( d  a n d  g). S cale  b a rs  10  p m .

dispersal of the FLAP signal, although it had usually tilled the 
local ruffle system immediately after bleaching (Fig. 2d). Dur­
ing the subsequent 50 s the signal migrated laterally, spread­
ing into more distant ruffles along the leading edge (Fig. 2(e) 
and (f)) and tended to persist locally longer than  in the first 
type of pattern. A third distinct pattern was associated with

denser accum ulations of expressed actin found often in the 
perinuclear region of the cell (Fig. 2(g)-(i)). W hen the same 
cell was targeted in this region, 10 min after the last sequence, 
the FLAP signal rem ained precisely localized on the bleach 
spot and showed no discernible dispersal and very little decay 
during the 4 min recorded sequence.

© 2()02Thc Royal Microscopical Society, loiirmilof MU rost opy. 205. 109-11  2
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Discussion

It is apparen t from these images th a t the FLAP m ethod will 
prove useful for shedding light on the dynam ics of actin  as well 
as o ther proteins of the cytoskeleton. O ther studies have 
show n th a t GPP and  its variants, when tagged to actin, do no t 
appear to affect significantly its polymerization or other inter­
actions (Choidas e ta l ,  1998; Fischer e ta l ,  1998). The rapid 
initial diffusion of part of the signal in Figs 1 (f ) and 2(a) indicates 
th a t a considerable portion  of the targets m ust have contained 
G-actin, possibly associated w ith an  actin-binding protein 
such as profilin or P-thymosin. Our m easurem ents indicate 
th a t the to tal signal, integrated over the cell, does no t decay, 
although  dispersal of the  signal causes more of it to fall below 
the threshold. In  the  case of the second type of behaviour, the 
mobility of the  FLAP signal is too slow for freely diffusing G- 
actin bu t probably too fast for crosslinked actin  filaments. 
Thus, the relatively h igh mobility of the FLAP signal in ruffles 
may indicate freely mobile oligomeric actin  filaments or it 
could be due to some form of G-actin th a t is no t entirely free to 
diffuse, possibly because it is associated in some way w ith the 
m em brane. The third  type of behaviour suggests th a t the peri­
nuclear actin  is either sequestered an d /o r crosslinked, and 
this experim ent also serves as a control to show th a t bleaching 
is truly confined to the  defined bleach region w hen there is 
little or no translocation  of the  actin. It is interesting th a t the 
stress fibres show n by the cell in Fig. 1 are not as stable as this 
perinuclear actin, as a strong signal had m igrated well outside 
the bleach region, along the filament bundles, immediately 
after bleaching. The questions raised by these observations 
will all require m uch m ore detailed studies of specific systems 
before they can  be resolved. Longer recording periods will be 
needed to observe dynamic changes in the more stable regions of 
the cytoskeleton and faster sampling rates (with correspondingly 
reduced im aging regions) to follow the diffusion of G-actin.

Future im provem ents to the m ethod will accrue from hav­
ing both fluorophores on the  sam e molecule and im aging both 
channels simultaneously. This would reduce fluorescence 
‘speckle’ noise in the FLAP signal, thus increasing the signal-to- 
noise ratio and  hence the sensitivity of the method. A lthough 
m ulti-tracking provides lower crosstalk between channels, we 
have show n th a t sim ultaneous im aging of CFP and YFP is pos­
sible using 45 8  nm  illum ination to excite both fluors (Fig. 1). 
Double constructs of GFP variants coupled by linker sequences 
have been m ade for fluorescence resonance energy transfer 
(FRET) studies (Pollok & Heim, 1999) and  we are curren tly  
producing a CFP-YFP-actin construct. A lthough there is no evi­
dence of FRET in the cu rren t study (there is no enhancem ent 
of the CFP signal w hen the YFP is bleached), CFP and YFP are 
know n to be a n  efficient FRET pair w hen closely linked on 
the same molecule (Pollok & Heim, 1999). This may prove to be 
advantageous for FLAP if the  FRET acceptor is the one chosen 
to be bleached: bleaching would then  enhance the brightness 
of the donor and  thus increase the FLAP signal.

Even w hen no t using  fluorescent proteins, FLAP m ay yet 
prove to have significant advantages over the m ethod of caged 
fluorescent probes. It is m uch easier to implement on confocal or 
conventional fluorescent microscopes, it avoids exposing the cells 
to harm ful UV irradiation, and it can  reveal the distribution of aU 
the fluorescent molecules -  not only those tha t have been photo­
labelled. Directly coupled pairs of fluorescent dyes, chosen to 
have suitable FRET properties and well separated emission spectra 
for simultaneous imaging, could be specially synthesized for con­
jugation w ith biologically relevant molecules to be used in FLAP 
experiments. Synthetic dyes will have m uch greater versatility 
th an  fluorescent proteins for m ultichannel FLAP applications.
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T .N g  and M .P arsons co n trib u ted  equa lly  to  this w ork

Protein kinase C (PKC) a  has been implicated in p i 
integrin-mediated cell migration. Stable expression of 
PK Ca is shown here to enhance wound closure. This 
PKC-driven migratory response directly correlates 
with increased C-terminal threonine phosphorylation 
of ezrin/moesin/radixin (ERM) at the wound edge. 
Both the wound migratory response and ERM 
phosphorylation are dependent upon the catalytic 
function of PKC and are susceptible to inhibition by 
phosphatidylinositol 3-kinase blockade. Upon phorbol 
12,13-dibutyrate stimulation, green fluorescent 
protein-PK Ca and p i integrins co-sediment with 
ERM proteins in low-density sucrose gradient 
fractions that are enriched in transferrin receptors. 
Using fluorescence lifetime imaging microscopy, 
PKCa is shown to form a molecular complex with 
ezrin, and the PKC-co-precipitated endogenous ERM 
is hyperphosphorylated at the C-terminal threonine 
residue, i.e. activated. Electron microscopy showed an 
enrichment of both proteins in plasma membrane 
protrusions. Finally, overexpression of the C-terminal 
threonine phosphorylation site mutant of ezrin has a 
dominant inhibitory effect on PKCa-induced cell 
migration. We provide the first evidence that PKCa  
or a PKCa-associated serine/threonine kinase can 
phosphorylate the ERM C-terminal threonine residue 
within a kinase-ezrin molecular complex in  vivo. 
Keywords: ERM /FLIM /m igration/PK C/w ound

Introduction
O f the protein kinase C (PKC) fam ily o f protein kinases, 
several isoform s including P K C a  (Platet et a i ,  1998), 
PKCÔ (Kiley et a i ,  1999) and PK C0 (Tang et al., 1997)

have been im plicated in prom oting a cell m igratory 
phenotype. R ecently, we and others have shown an 
enhancem ent o f haptotactic cell motility/invasiveness 
following overexpression o f P K C a  (Ng et al., 1999a; 
Sun and Rotenberg, 1999). T he precise m echanism (s) by 
which the catalytic activity o f PKC influences cell motility 
has yet to be defined bu t is likely to involve com ponents of 
the focal com plexes, the sm all GTPases (Rho, Rac and 
Cdc42) and actin cytoskeleton-binding proteins (reviewed 
by Zigm ond, 1996). In M CF-7 breast cancer epithelial 
cells, the signal m achinery that drives efficient cell 
migration tow ards extracellular matrix p i integrin sub­
strates is dependent upon the P K C a-catalysed  recycling of 
the activated [ligand-occupied, m onoclonal antibody 
(mAb) 12G 10-reactive] pool o f  |3l integrin receptors 
(Ng et al., 1999a). Overexpression o f P K C a  in M CF-lOA 
human breast cells enhances cell motility, which is subject 
to control by the small G TPase R ac l (Sun and Rotenberg, 
1999). By using dom inant inhibitor constructs, the activity 
states o f Rho A, R acl and Rab5 have been shown to 
influence 12-0-tetradecanoylphorbol-13-acetate (TPA)- 
induced disassem bly/reassem bly o f actin stress fibres and 
focal adhesions in M D CK  cells (Im am ura et al., 1998). In 
NIH 3T3 cells, grow th factor-induced R acl activation is 
sensitive to PKC inhibition, also placing PKC upstream of 
Rac in this cell system (Buchanan et al., 2000).

ERM  proteins (ezrin, radixin and m oesin) are F-actin- 
binding proteins that affect actin cytoskeletal turnover and 
hence the m aintenance o f cell shape and lam ellipodial 
extension (Crepaldi et al., 1997; Lam b et al., 1997; 
reviewed by M angeat et al., 1999; B retscher et al., 2000). 
Depending on individual cell types, ERM  proteins have 
been reported to be localized to different structures 
including m icrovilli, ruffles, filopodia, uropods, retraction 
fibres and cell adhesion sites (review ed by Tsukita and 
Yonemura, 1999).

The crystal structure o f a dorm ant moesin N-terminal 
FERM (band four-point-one, ezrin, radixin, moesin 
homology dom ains)-C -term inal tail com plex reveals the 
C-terminal segm ent to be bound as an extended peptide 
masking a large surface o f  the FERM  domain (Pearson 
et al., 2000). The activation o f ERM  proteins is mediated 
by both C-term inal threonine phosphorylation (T567 in 
ezrin, T564 in radixin and T558 in m oesin) (M atsui et al., 
1999; N akam ura et al., 1999; G autreau et al., 2000; 
Pearson et al., 2000) and exposure to polyphosphoinosi­
tides (review ed by M angeat et a l ,  1999). In vitro, the 
T558-phosphorylated form o f moesin interacts with 
F-actin only in the presence o f polyphosphoinositides 
such as phosphatidylinositol 4,5-bisphosphate [P1(4,5)P2] 
(Nakamura et a l ,  1999).

Two protein kinases, nam ely PK C0 (Pietrom onaco 
et a l ,  1998) and Rho-kinase/R O C K  (M atsui et a l ,  1998; 
Tran Quang et a l ,  2000), were found to phosphorylate the
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F ig . 1. P K C -driven w ound closure response in 2C4 (ihrosarcom a cells stably transfec ted  with G F P -P K C a . (A ) C onfluent 2C4 fibrosarcom a cells 
stab ly  transfec ted  with G F P -P K C a  (G F P -P K C a -2 C 4 ) o r the G FP  control vecto r w ere w ounded and  the w ound c losure response w as recorded by 
tim e-lapse m icroscopy. Part 1: the total level o f P K C a , as detected  by a P K C a  C -term inal polyclonal an tibody, in tw o d ifferen t batches o f the 
G F P -P K C a-2 C 4  cell line (1) and  (2), in com parison  w ith that in the vector contro l cell line. L oading  contro l w as p rov ided  by stripping  the blot and 
reprobing  w ith an anti-(î-ac tin  m A b. In both G F P -P K C a-2 C 4  lanes, both the exogenous G FP -tagged  and untagged  form s o f P K C a  are apparent, w ith 
the la tte r possibly represen ting  a cleavage product o f the expres.sed protein. O verall, the ratio  o f the levels o f P K C a  expressed  in G F P -P K C a-2 C 4  
versus the G FP  control vec to r line w as 3; I . In both parts 11 and 111, the upper panels show  all the cell tra jecto ries during  the en tire  tim e course o f each 
experim ent. Each dot rep resen ts  a cell position at a particu lar tim e point that is indicated  by the p seudoco lour scale (/ in h) beneath  each set o f cell 
tracks. T he scale o f  the cell track axes is in pm . M iddle panels show  the changes in m ean speed  (o f  all tracked  ce lls  ±  SD ) w ith tim e, and the low er 
panels  show  the d istribu tion  o f  persistence w ithin the cell popu la tions in each  treatm ent group. S peed and persistence w ere derived  from  the analysis 
o f tracked  ce lls  from  at least four independen t experim ents (except for the +Y -27632 data w here n -  2) as described  in M aterials  and  m ethods. 
P ersistence o f  m otility  m easured  for each  cell w as ca lcu la ted  as the ratio  o f the resultan t d isp lacem ent in 16 h over the sum  o f indiv idual 5 min 
d isp lacem ents. G F P -P K C a-2 C 4  cells  (G F P -P K C a ) (n = 75, m ean persistence -  0.63 ±  0 .2) show ed a .significant increase in persistence o f m igration  
into a w ound space overn igh t (P  <0.01 ) w hen com pared  with 2C 4 cells stably expressing  G FP  control vec to r (G F P  vec to r) (/i = 48 , m ean 
persistence = 0 .08 i  0 .03). In cu ltu res w ounded in the presence o f 10 pM  HIM (G F P -P K C a  -t- HIM ) (/i =  66, m ean persistence = 0 .14  ±  0 .1) or 
LY 294002 (10 pM ) (G F P -P K C a  + LY294(X)2) (n -  46, m ean persistence = 0 .15 ±  0.14), there w as a loss o f cell persistence. T he Rho kinase 
(R O C K ) inhib itor Y -27632 (G F P -P K C a  + Y 27632) (/i = 40, m ean persistence = 0.53 z  0 . 1) had no effec t on the persistence o f m igration  com pared  
w ith untreated  cultures. (B ) G F P -P K C a -2 C 4  cells w ere w ounded after a 30 min incubation in m edia con ta in ing  L Y 294002  (10  p M ) (+LY 294002)
( / I  = 26, m ean persistence = 0 .79  ±  0 .09). PDBu (I pM ) w as added to  the m edia after w ounding and the w ound closure response w as m onitored. 
Results from  tw o independent experim ents w ere analysed . T he P -value  for the d ifference betw een the L Y 294002-trea ted  g roup  and the no p re­
treatm ent control (W T  P K C a  + PD B u) (/i = 25, m ean persistence = 0 .79  z  0 .09) w as derived  using A N O V A .
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C -term inal threonine residue o f the ERM  proteins in vitro. 
H ow ever, the authors who first showed that ROCK 
phosphorylates the site in vitro (M atsui et al., 1998) 
subsequently reported that the C-term inal threonine phos­
phorylation o f ERM  is in fact insensitive to ROCK 
inhibition in vivo  (M atsui et al., 1999). To date, the protein 
serine/threonine kinase(s) that is responsible in vivo for the 
phosphorylation o f the ERM  C-term inal threonine residue 
has yet to be identified.

In the present study, we have found both green 
fluorescent protein (G F P )-P K C a and p i  integrins to co- 
localize with endogenous ezrin in vivo. Using fluorescence 
lifetim e im aging microscopy (FLIM ) and co-imm unopre- 
cipitation, G F P -P K C a  was confirmed to form a m olecular 
com plex with vesicular stom atitis virus (VSV) G-tagged 
ezrin in M CF-7 cells. The C-terminal threonine phos­
phorylation o f ERM  is dependent on the catalytic domain 
function o f  PKC (not ROCK) in an in vivo model o f cell 
m igration. Finally, a phosphorylation site m utant o f ezrin 
that is incapable o f interacting w ith the cytoskeleton but 
retains the ability to bind PKC is shown here to exert a 
dom inant inhibitory effect on PKC-driven cell migration.

Results
PKC-enhanced cell migration in response to 
wounding
Previously we observed that transient expression o f G F P - 
P K C a increased the haptotactic response o f MCF-7 cells 
towards (31 (but not avpS ) integrin substrates (Ng et al., 
1999a). In this study, we confirmed that stable expression 
o f a G F P -P K C a full-length construct also significantly 
enhanced the ‘persistence’ o f 2C4 fibrosarcoma cell 
migration in response to w ounding in com parison with 
cells stably expressing the corresponding GFP control 
vector [P <0.01 by analysis o f variance (ANOVA), 
Figure 1 A].

The cum ulative speed profile o f G F P -P K C a-2C 4  cells 
in Figure 1A showed faster cell m ovem ent than that o f the 
vector control cell line during the initial 4 h post-wounding 
but, when the whole tim e course was analysed statistically, 
the speed o f  the G FP-PK C a-expressing  cells based on 
5 min displacem ents was not different from the speed of 
the control cells by ANOVA. The total level of P K C a 
expressed in G F P -P K C a-2C 4  cells (which is a mixed 
clone), after correction with the P-actin control, was ~3 
times that o f the endogenous protein present in the vector 
control cells (Figure 1 A). In G FP -P K C a-2C 4  cell cultures 
wounded in the presence o f the PKC inhibitor bisindolyl- 
maleim ide I (BIM , 10 jxM) or the phosphatidylinositol 
3-kinase (PI3K) inhibitor LY294002 (10 |xM), there was a 
loss of the w ound closure response (P  <0.01 by ANOVA 
for all three inhibitors, showing a significant loss of 
persistence o f  the wound closure response com pared with 
no treatm ent control). Persistence o f m otility measured 
for each cell was calculated as the ratio o f the resultant 
displacem ent in 16 h over the sum o f individual 5 min 
displacem ents. The ROCK  inhibitor Y-27632 had no 
effect on the w ound-induced migratory response (persist­
ence or speed) com pared with untreated cultures (P  = 0.49 
by ANOVA showing no significant difference in persist­
ence of the w ound response com pared with no treatm ent 
control). An analysis o f  the speed data by ANOVA,

however, indicated a significant reduction in speed with 
LY294002 com pared with no treatm ent control.

Activation o f PKC with phorbol 12,13-dibutyrate (PDBu) 
treatment (post-wounding) was shown to reverse the 
inhibition of cell migration by LY294002 [P = 0.096 by 
ANOVA, comparing the wound migratory response follow­
ing pre-treatm ent with LY294002 (+PDBu) with control 
treatment, i.e. +PDBu post-wounding alone; Figure IB].

PKC control of ERM C-terminal phosphorylation in 
response to wounding
A m onoclonal antibody (297S) that recognizes the 
C-term inal threonine-phosphorylated (T567 in ezrin, 
T564 in radixin and T558 in m oesin; N akam ura et al.,
1999) form o f ERM  proteins (CPERM ) was used to 
m onitor their phosphorylation in relation to PKC acti­
vation. In M CF-lOA m onolayer culture, endogenous P K C a 
redistributed to a vesicular com partm ent at the wound 
edge (Figure 2A). This redistribution was coincident with 
an increase in P K C a phosphorylation at the Thr250 site 
(Ng et al., 1999b), indicative o f PKC activation at the 
wound edge (T.Ng, unpublished observations). Endogen­
ous ERM  protein phosphorylation at the C-terminal 
threonine residue is low in confluent m onolayer cultures 
(observed for MCF-7, M CF-lOA epithelial cells and 
G FP-PK C a-2C 4 fibrosarcoma cell cultures) (Figures 2 
and 3). An increase in ERM  C-term inal threonine phos­
phorylation in response to w ounding was observed at the 
wound edge. Pre-treatm ent o f MCF-7 cells at the wound 
edge with alkaline phosphatase, follow ing paraform alde­
hyde fixation, significantly reduced the recognition o f 
endogenous ERM  proteins by mA b 297S, confirming the 
phosphospecificity o f the antibody (data not shown). The 
anti-CPERM  staining partially co-localized with both 
the GFP-tagged and endogenous P K C a  at the wound 
edge. The site o f PKC/CPERM  co-localization at the 
wound edge varied according to cell type. Co-localization 
was seen predom inantly in intracellular vesicular structures 
in mammary epithelial cells such as M CF-lOA and at cell 
ruffles in the case o f 2C4 fibrosarcoma cells (Figure 2).

ERM  C-terminal threonine phosphorylation at the 
wound edge was sensitive to PKC inhibition by BIM and 
PI3K inhibition by LY294002, bu t was not affected by the 
ROCK inhibitor Y-27632 (Ishizaki et al., 2000) (Figure 2). 
In 2C4 fibrosarcoma cells stably transfected with G F P - 
P K C a, the abrogation o f the ERM  C-term inal threonine 
phosphorylation by these inhibitors was mirrored by a 
reduction o f the wound closure response (Figure lA ).

GFP-PKCa complexes with VSVG-ezrin 
in vivo
O f the ERM  proteins, ezrin has been shown to be an 
effector o f grow th factor-m ediated cell migration 
(Crepaldi et al., 1997). To determ ine w hether ezrin 
forms part o f the P K C -integrin  com plex, we assessed 
w hether P K C a  and ezrin associate upon PKC activation. 
FLIM was undertaken to determ ine the extent o f fluores­
cence resonance energy transfer (FRET) betw een G F P - 
P K C a (donor) and VSV G -tagged ezrin stained with a Cy3 
(acceptor)-conjugated antibody to the VSVG epitope. The 
spatial separation (/?o) betw een GFP and Cy3 at which the 
resonance energy transfer efficiency is 50% is 6 nm; 
however, detectable energy transfer can occur up to 9 nm
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( i l  P -PK C a-2C 4
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C o n f l u e n t  W ound  
reg io n  Kd^e
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Confluent region
(iPP-PKCa Anti-CPHRM

F ig . 2. PKC control o f  ERM  C -term inal threonine phosphorylation  in response to w ounding. C onfluent M C F-lO A  ce lls  o r 2C 4 fibrosarcom a cells 
stably expressing  G F P -P K C a  (G F P -P K C a -2 C 4 ) w ere w ounded and ERM  C-term inal threonine phosphory lation  (C P E R M ) w as detected  by confocal 
m icroscopy using an anti-C PE R M  m A b 297S as described  in M aterials and m ethods. Each im age represen ts a tw o-d im ensional p ro jection  o f 2 -3  
slices in the Z -series, taken across the m id-depth  o f  the cell at 0.2 pm  intervals. Left: in w ounded M C F-lO A  cells, endogenous P K C a  w as stained 
w ith m A b M C5 and its partial co -localization  w ith anti-C PER M  stain ing  w as show n. R epresentative scale bar = 10 pm . Right: G F P -P K C a-2 C 4  cells 
w ere pre-treated  for 1 h and  incubated  with the fo llow ing com pounds for 4 h after w ounding, before fixation: BIM  (10 pM ), L Y 294002 (10 pM ) 
and RO CK  inhib itor Y -27632 (10  pM ). R epresentative scale  bar = 20 pm . In both cell types, there w as an increase in ERM  C -term inal threonine 
phosphory lation  (an ti-C PE R M ) at the w ound edge com pared  w ith the confluent region o f the m onolayer. T he effec ts  o f  the various inhib itors are 
show n.

(Ng et al., 1999b). FRET results in a shortening of the GFP 
(donor) fluorescence lifetime that is measured by two 
independent parameters, the phase shift (Tp) and relative

modulation depth (Xm). Therefore, FRET should only be 
detected between two proteins that are closely associated 
or complexed in vivo.
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W hen G F P -P K C a- and V SV G -ezrin-expressing cells 
were stained with VSVG-Cy3 follow ing PDBu stimulation 
and fixation, it was evident that fluorescence lifetim e, < i> , 
m easured as the average phase shift and relative m odu­
lation depth [(Tp + Tm)/2] for GFP was decreased at the 
plasm a m em brane and cell cortex beneath the mem brane 
(Figure 3A). The presence o f FRET (from GFP to Cy3) in 
these structures was confirmed by photobleaching the Cy3 
acceptor, resulting in a lengthening o f the donor <x> after 
acceptor photobleaching (Figure 3C and data not shown). 
The FR ET efficiency (Eff) pseudocolour plots, which only 
apply to the -t-anti-VSVG-Cy3 lifetim e maps, give a 
qualitative indication o f the pixel-to-pixel variation in the 
am ount o f  PKC m olecules that are com plexed to ezrin. 
[Eff = 1 -  Tda/Xd w here Xja is the lifetim e m ap o f the donor 
in the presence o f acceptor and Xj is the average lifetim e of 
the donor in the absence o f acceptor (average o f the 
mean<x> o f at least five G FP-PK C  alone control cells).] 
The efficiencies are approxim ately proportional to the 
fraction o f the total steady-state fluorescence that origin­
ates from donor m olecules in their bound state. Since the 
donor-tagged m olecules transfer energy to the acceptor 
when they are in a com plex, their lifetim es are reduced and 
hence the num ber o f photons em itted would be reduced 
fractionally.

Statistical analysis o f cum ulative results from all the 
cells at each tim e poin t confirmed that there was a time- 
dependent, PD Bu-enhanced association between G F P - 
P K C a and V SV G -ezrin  [see tw o-dim ensional lifetim e 
histogram s and pixel counts versus E ff (%) profile in the 
lower panels o f Figure 3A]. The m axim al levels of 
acceptor fluorescence intensity (anti-VSVG ezrin-Cy3) 
were sim ilar in both untreated and PDBu-stim ulated cells, 
and there was no significant correlation between <x> and 
the intensity o f acceptor fluorescence at each pixel of the 
cell (data not shown). The increase in association by PKC 
activation observed in Figure 3A is therefore not an 
artefact due to protein overexpression. Phorbol esters bind 
to the C l domains o f conventional and novel PKCs, and 
thereafter induce a conform ational change that results in a 
disruption of the intram olecular interaction between the 
pseudosubstrate site in the regulatory dom ain (RD) and the 
kinase domain. Figure 3B shows that the expression of the 
P K C a RD 4- V3 (hinge region) alone, w ithout the catalytic 
domain, renders the PK C -ezrin  association constitutive. 
This implies that the PD Bu effect is m ediated at least in 
part through a conform ational change in the PKC regu­
latory domain, and that the association is not merely a 
kinase dom ain-substrate binding.

The ezrin-bound and uncom plexed subpopulations of 
G F P -P K C a are associated with distinct fluorescence 
lifetimes (x, and X2 , respectively). Q uantitative maps of 
the populations o f each form were derived using a global 
FLIM analysis as previously described (V erveer et al., 
2000a,b), and two pseudocolour cell plots are presented in 
Figure 3B as ‘percentage population o f PKC com plexed to 
ezrin’. A cum ulative analysis o f all the cell data showed 
that the average populations o f the ezrin-com plexed form 
of PK C a RD + V3 w ere 0.48 ±  0.08 (m ean ±  SD, n = 7; 
X, = 0.56 ns and X2 = 2.12 ns) and 0.51 ±  0.12 (n = 7; 
Xi = 0.46 ns and X2  = 2.06 ns), before and after 20 min of 
PDBu treatm ent, respectively. This is in perfect agreem ent 
with the equivalent cum ulative pixel counts versus E ff (%)

profiles in the low est panel, which show that PK C -ezrin 
association was rendered constitutive by expressing the 
RD + V3 alone. There is no linear relationship betw een the 
two quantities (i.e. populations versus E f^ ; hence, the 
contrast in the E ff cell plots in Figure 3B appears to be 
slightly different from the population images. Im portantly 
though, the biological conclusions draw n from the cum u­
lative/statistical analysis o f these tw o param eters are 
identical.

Figure 3C shows that the non-phosphorylatable T567A 
mutant o f V SV G -ezrin , which associates poorly with the 
actin cytoskeleton (G autreau et al., 2000; Tran Quang 
et al., 2000), still interacts with P K C a. Cell m orphology 
and the degree o f PK C/ezrin co-localization were similar 
between w ild-type and T567A ezrin-co-transfected cells, 
in agreem ent with previous observations made in LLC- 
PK l cells (G autreau e ta l., 2000). Thus, phosphorylation at 
the C-term inal threonine residue is not a prerequisite for 
complex formation.

Co-sedimentation of GFP-PKCa and ezrin
Previously we found by cryoelectron m icroscopy that the 
12G 10-reactive |3l integrin localized to the filopodia and 
multi vesicular bodies in breast carcinom a cells (Ng 
et al., 1999a). In pulse-chase experim ents coupled with 
im m unofluorescence staining, the vesicular structures 
containing activated (31 integrins were shown to recycle 
and co-localize with transferrin receptors. By sucrose 
gradient fractionation, G F P -P K C a  and p i integrin were 
found to C O -sedim ent through both velocity (VG) and 
equilibrium  (EG) sucrose gradients p rior to and following 
PDBu stim ulation (Figure 5A and B and data not shown). 
Consistent with the FLIM  results, in unstim ulated MCF-7 
cells there was no significant co-sedim entation between 
G F P -P K C a and endogenous ezrin (Figure 4A). In PDBu- 
stim ulated cells, however, ezrin becam e highly enriched in 
PK Ca- and p i integrin-containing EG fractions (Figure 4B). 
Among the post-PDBu EG fractions, endogenous transferrin 
receptors were only detected in fractions 1-4, which were 
enriched in G F P-PK C a, p i integrin and endogenous ezrin 
(data not shown), indicating that these fractions contained 
recycling endosomes.

T567 hyperphosphorylation of the 
PKCa-associated ezrin subpopulation
To corroborate the FLIM and sucrose gradient co-sediment- 
ation data, we determ ined w hether a P K C a-ezrin  com ­
plex could be dem onstrated by co-im m unoprecipitation. 
Im m unoprécipitation o f endogenous P K C a  from PDBu- 
stim ulated M D A -M B -231 (which, unlike M CF-7, contains 
a sufficient amount o f endogenous P K C a  detectable by 
im m unoblotting) with the antibody M C5 and western 
analysis with an anti-ezrin rabbit serum reveals that 
endogenous ezrin can be co-im m unoprecipitated with 
P K C a (Figure 5A). The pool o f ezrin in the PK C a-bound 
fraction was com posed predom inantly o f  a slower electro­
phoretic m obility form (labelled ezrin*) when com pared 
with the unbound ezrin. The type o f  large resolving 
acrylam ide gels used in these precipitation assays was 
shown previously to distinguish the m ature phosphoryl- 
ated form o f P K C a  (80 kDa) from its dephosphorylated 
variant (w ith an apparent mol. wt o f 76 kDa) (Cazaubon 
et al., 1994). Figure 5B shows a sim ilar co-precipitation of
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F ig . 3. P K C -ezrin  associa tion  in M C F-7 ce lls  detected  by FLIM . (A ) M CF-7 cells w ere dually  transfec ted  w ith both  a G F P -P K C a - and  a V SV G - 
tagged ezrin  construct. A fter 36 h, ce lls  w ere s tim ulated  with PDBu (1 |iM ) for the tim es indicated , then fixed in ice-co ld  m ethano l for 4  min (-20°C ). 
C ells w ere stained  with a C y3-labelled  anti-V SV G  m A b. FR ET results in a shortening o f the G FP (donor) fluorescence lifetim e that is m easured  by 
tw o independent param eters, the phase shift (Tp) and relative m odulation  depth (Tn,). T he fluore.scence im ages from  the dono r (G F P -P K C a )  and 
accep to r (anti-V SV G -C y3), the donor fluorescence lifetim e < t>  (the average o f Xp and Xm) and its co rrespond ing  p seudoco lou r scales are show n.
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Eff is the p ixel-by-p ixel F R E T  efficiency represented  on a pseudoco lour scale (E ff =  I -  Tda/Xd. w here Xda is the lifetim e m ap o f  the dono r in the 
p resence o f  accep to r and id  is the average  lifetim e <T> o f  the donor in the absence o f accep to r (num erically  taken  as the average o f  m ean <T> o f  five 
G F P -P K C  alone contro l ce lls  at each  tim e point)]. The cum ulative lifetim es o f G F P -P K C a  alone (green) and tha t m easured  in the presence  o f the 
accep to r fiuorophore (red) are  p lo tted  on the tw o-dim ensional h istogram s in the low er panels (n = 5 for each  tim e poin t). T he p ixel coun ts versus E ff 
(% ) profile in the bottom  panel sum m arizes all the FR E T  efficiency data  at each tim e point. (B ) R epeat experim en t in w hich  M C F-7 ce lls  w ere co ­
transfec ted  w ith G F P -P K C a  RD  + V3 and w ild-type V S V G -ezrin  and stim ulated  w ith PD Bu for 20 m in before fixation, n = 7 fo r PD B u treatm ent 
and no treatm en t con tro l. For cum ulative  analysis, in addition  to the pixel counts versus E ff (% ) profiles in the low est panel, q u an tita tive  m aps o f the 
popu la tions o f both the ez rin -bound  and unbound form s o f  G F P -P K C a  RD  + V3 w ere derived  using a global FLIM  ana lysis , and  tw o representative 
p seudoco lour cell p lo ts  are p resen ted  as ‘percentage popula tion  o f  PKC com plexed to  ez rin ’. (C ) R epeat experim en t in w hich  M C F-7 ce lls  w ere co ­
transfec ted  w ith G F P -P K C a  and e ith e r w ild-type (W T ) or T 567A  ezrin  and  stim ulated  w ith PD Bu for 20  m in before fixation. T he  confocal im ages in 
the upper panels are  tw o-d im ensional p ro jections o f 2 -3  slices in the Z -series, taken across the m id-depth  o f the cell a t 0 .2  pm  in tervals, illustrating 
the sim ilarity  in te rm s o f ce ll m orpho logy  and the degree o f PK C /ezrin co -localization  betw een W T and T 567A  ez rin -co -transfec ted  ce lls , n =  4 for 
transfec tion  with G F P -P K C a  alone as w ell as for each PK C /ezrin co-transfection . C o-transfec tion  w ith e ither W T  or T 567A  ezrin  and subsequent 
s tain ing  w ith the C y3-labelled  an ti-V SV G  antibody resulted  in lifetim e shortening (com pared  w ith G F P -P K C a  alone con tro ls), w hich  w as partia lly  
reversed  after 4 m in b leach ing  o f the C y3 accep to r as show n by the <T> pseudoco lo r m aps o f the cells. T he fluorescence im ages from  the donor 
(G F P -P K C a ) and accep to r (an ti-V SV G -C y3), before and after partial b leaching , are  show n. P re-b leach , before C y3 accep to r pho tob leach ing ; post­
b leach , after 4  min o f  pho tob leach ing . T he tw o-dim ensional h istogram s represent the cum ulative lifetim es.
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G F P -P K C a with endogenous ezrin from PDBu-stimu­
lated G FP-PK C a-2C 4 cells, in two independent experi­
ments (cultures 1 and 2); again the slow mobility form 
ezrin* was detected predominantly in the PK Ca-bound 
fraction. The ratio o f ezrin*:ezrin in the ‘bound’ fraction 
on the total ezrin blot in Figure 5B was 0.7 and 1.4 for 
cultures 1 and 2, respectively. An increase in the amount of 
the C-terminal threonine-phosphorylated form of ERM 
proteins (detected by an affinity-purified polyclonal rabbit 
anti-CPERM  IgG) was found in the PK Ca-bound pool, 
when compared with the unbound fraction. From densito- 
metric analysis, the mean ratio of CPERM in PKC-bound 
versus unbound fraction ±  SEM = 2.3 ±  0.3 (n = 7 
independent cultures) and, when corrected for the total 
amount o f ezrin present in each lysate, the mean ratio of 
CPERM in bound versus unbound ±  SEM = 10.7 ± 3 .1 .  
The PK Ca-associated ERM pool is therefore hyper­
phosphorylated at the C-terminal threonine residue. The 
phosphospecificity of this affinity-purified polyclonal IgG 
is demonstrated in Figure 5D.

The relative proportion of total ezrin/radixin/moesin 
bound to G F P -P K C a in unstimulated G FP-PK C a-2C 4 
cells was investigated by co-precipitation and is presented 
in Figure 5C. A comparison with Figure 5B and other 
similar experiments (n = 7 independent cultures) shows 
that in unstimulated cells, there is no C-terminal hyper­
phosphorylation o f ERM in the PKC-associated fraction. 
The ezrin* band is not apparent under these conditions. 
A negligible amount o f radixin was bound to PK Ca. The 
stoichiometry o f pull-down for moesin (PK Ca-bound: 
unbound -0 .2 ) was less than that for ezrin (PK C a- 
boundrunbound -0 .7 ). Ezrin is therefore the predominant 
ERM protein that is associated with PK C a under these 
conditions.

Enrichment of GFP-PKCa and ezrin at plasma 
membrane protrusions
The precise localization of G F P -P K C a and ezrin was 
examined by immunoelectron microscopy (EM). Our 
initial efforts to localize PK C a by GFP immunogold 
labelling were unsuccessful using transiently transfected 
MCF-7 cells; the amount of endogenous ERM proteins in 
these cells was also below the detection limit using an 
affinity-purified rabbit anti-ezrin IgG (S.Gschmeissner and 
T.Ng, unpublished observations). A fibrosarcoma cell line 
stably expressing G F P -P K C a (G FP-PK C a-2C 4) and 
transiently transfected with a VSVG-tagged ezrin was 
therefore chosen for EM studies. Electron micrographs in 
Figure 6A and B show the distribution of both VSVG- 
tagged ezrin [detected by an affinity-purified rabbit anti- 
ezrin IgG 4- 10 nm protein A -gold (PAG)] and G FP- 
PK C a (detected by a rabbit anti-GFP antiserum + 5 nm 
PAG) in the cytoplasm and plasma membrane of PDBu- 
stimulated G FP-PK C a-2C 4 cells. Both proteins were 
found to be particularly enriched at plasma membrane 
protrusions. In contrast, there was no detectable labelling 
of other membranous structures including the mitochon­
dria, Golgi and the nucleus. Control experiments where the 
second antibody (anti-GFP or anti-ezrin IgG) was omitted 
revealed no cross-reactivity o f the 5 nm PAG with the first 
antibody (anti-ezrin or anti-GFP IgG, respectively) (data 
not presented). Figure 6C and D shows the immunolocal- 
ization o f wild-type and T567A, VSVG-tagged ezrin in

A EG I 2 3 4 5 6 7 X 9 10 II 12

p i  Integrin  -

P K C a - K Z E * 5 *

B  EG I 2 3 4 5 6 7 X 9 10 11 12

p i  I n t e g r in  - * * * *

PKCa -

Ezrin -

Fig. 4. C o-.sedinientation o f G F P -P K C a , p i in tegrin  and ezrin  in 
sucro.se gradient fractions derived  from  P D B u-activated  M CF-7 cells. 
(A) P K C a  and p i in tegrin  (recogn ized  by m A bs M C5 and 8E3, 
respectively) w ere found in a light vesic le  pool (fractions 2 -3 )  from  
unstim ulated , G F P -P K C a-tran sfec ted  M C F-7 ce ll post-nuclear 
supernatant fractionated  by velocity  sucrose grad ien t (V G ) 
centrifugation  as described  in M ate rials  and  m ethods (data  not show n). 
Equilibrium  gradient (E G ) frac tions w ere derived  from  this light 
vesicle pool (V G  fractions 2 -3 )  o f  unstim ula ted  M C F-7 cell post- 
nuclear supernatant. EG fractions 1 -4  w ere enriched  in both 
G F P -P K C a  and p i integrin. T here  w as a partial overlap  with the EG 
fractions (4 -8 )  con ta in ing  endogenous ezrin . (B ) T he sam e as (A ), with 
the excep tion  that G F P -P K C a-tran s fec ted  M C F-7 ce lls w ere stim ulated  
with 1 pM  PDBu for 10 min p rio r to fractionation , P K C a  and P 1 
integrin w ere found to co-sed im en t in a light vesic le pool (fractions 
2 -3 ) from  P D B u-stim ula ted , G F P -P K C a-tran s fec ted  M CF-7 cell post- 
nuclear supernatant frac tionated  by VG cen trifugation  (data not 
shown). EG fractions w ere derived  from  these V Gs. EG fractions 1 ^  
w ere enriched in G F P -P K C a  and pi in teg rin , as well as endogenous 
ezrin. A m ong the post-P D B u EG  fractions, endogenous transferrin  
receptors w ere only detected  in fractions 1 -4  (data  not show n).

G FP-PK C a-2C 4 cells, respectively (stained with an anti- 
VSVG mAh P5D4 -t- 10 nm PAG). The distribution is 
remarkably similar. Also the distinction between the 
membrane- and cytoskeleton-associated subpopulations 
of wild-type versus T567 ezrin would be difficult, even at 
the EM level of resolution.

PKCa phosphorylates ezrin in vitro
The activation-enhanced association/proxim ity between 
PK C a and ezrin (Figure 3) as well as the significant 
diminution o f ERM C-terminal threonine phosphorylation 
by PKC inhibition (Figure 2) suggest that ERM proteins 
may be in vivo substrates o f PK C a. The only PKC isoform 
that has been documented to phosphorylate the ERM 
proteins in vitro to date is PKC0 (Pietrom onaco et a i ,  
1998). Figure 7A shows that recom binant human P K C a 
can also phosphorylate full-length glutathione 5-trans­
ferase (GST)-tagged ezrin in vitro in a Ca^+/TPA/ 
phospholipid-dependent manner. A fter 30 min of in vitro 
phosphorylation at 37°C, the stoichiometry was 1.5 mol 
ATP incorporated per mol ezrin. The ratio o f ^^P
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Fig. 5. A ssociation  o f endogenous ERM  pro te ins w ith P K C a  in vivo  co rrelated  with an increase in C -term inal th reon ine phosphorylation . (A) M DA - 
M B -2 3 1 ce lls  s tim ulated  w ith PDBu. C o-precip itation  o f  endogenous P K C a  (im m unoprecip ita ted  w ith an an ti-P K C a  m A h M C 5) w ith endogenous 
ezrin detected  by an an ti-ezrin  rabbit serum . All the bound p rote ins on the protein G beads (bound) and 1/30 o f  the unbound p ro te ins left in the 
cell ex tract supernatant after the first cen trifugation  post-p recip itation  (unbound) w ere loaded. Ezrin* is a subset o f  ezrin  that exh ib its  a slow er 
e lectrophore tic  m obility  and is only detected  in the P K C a-b o u n d  ezrin  pool. The blot w as stripped and reprobed  w ith an an ti-P K C a  pA b. M ock, 
control im m unoprécip itation  in w hich the precip itating  antibody w as om itted ; IgG (H), im m unoglobulin  heavy chain . A pprox im ate positions o f  the 
m olecular w eight m arkers are  show n. (B) G E P -P K C a-2 C 4  ce lls  s tim ulated  with PDBu. C o -precip itation  o f  G F P -P K C a  w ith endogenous ezrin . All 
the bound p rote ins on the protein G beads (bound) and 1 /100 o f the unbound proteins left in the cell ex tract supernatan t after the first centrifugation  
post-precip itation  (unbound) w ere loaded. T he blot con tain ing  M C5 im m unoprecip itates, derived  from  tw o independen t experim en ts (cultures 1 and 
2), w as detected  first w ith a polyclonal rabbit an ti-C P E R M  IgG, stripped and  reprobed with an anti-ezrin  rabbit serum , then stripped  and reprobed 
again w ith an a n ti-P K C a  pA b. (C ) R elative p roportion  o f total ERM  bound to G F P -P K C a  in unstim ula ted  G F P -P K C a -2 C 4  cells. M C5 im m uno­
precip itates from  three untreated  cu ltures w ere pooled  and one-th ird  o f the pooled bound proteins on the p ro te in  G beads (bound) w ere loaded. 
S im ilarly , 1/300 o f the poo led  unbound pro te ins left in the cell ex tract supernatant after the first cen trifugation  post-p rec ip ita tion  (unbound) w ere 
loaded. T he blot w as cut into three strips and stained  w ith (i) an affinity-purified polyclonal rabbit an ti-C P E R M  IgG and  crude sera raised  against 
radixin (ii) and m oesin  (iii), respectively . T he anti-C P E R M  blot (i) w as then stripped and reprobed w ith an affin ity-purified  an ti-ezrin  IgG that has 
been cross-adsorbed  for m oesin  and radixin. (D) In total L L C -PK I cell lysates, im m unoreactiv ity  o f  ERM  p ro te ins w ith the affinity-purified polyclonal 
rabbit an ti-C PE R M  IgG w as abolished  by pre-trea tm ent o f  ce lls  w ith staurosporine (a broad spectrum  prote in  k inase inh ib ito r) before cell lysis, and 
enhanced  by ca lyculin  A, a protein serine /th reon ine phosphatase I (P PI )/PP2A inhibitor. ERM , im m unoblo t deve loped  w ith a m ixture o f an tibodies 
specific for ERM  (G autreau  et a i ,  2000). Lane 1, untreated; lane 2, treated  w ith calyculin  A (100 nM , 10 m in); lanes 3 and 4, treated  with I and 5 |iM  
s taurosporine , respectively , for 10 min. A pproxim ate positions o f the m olecular w eight m arkers are show n.

incorporation in ezrin ±  PKC activators was -3 :1 . Full- 
length ezrin was a better PKC substrate than the G S T - 
C-terminal ezrin (am ino acitds 280-585) (<0.3 mol ATP 
incorporated per mol ezrin; data not shown), implying that

components in the N-terminal part of ezrin might be 
required for kinase-substrate contact.

We next investigated the ability of immunoprecipitated 
PK C a to phosphorylate its associated endogenous ezrin at
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F ig . 6. E nrichm ent o f  G F P -P K C a  and  ezrin  at p lasm a m em brane pro trusions. (A  and B) T he m ain im m unoelectron  m icrograph  (B ) show s the 
localization  o f  both V SV G -tagged ezrin  (detected  by an affinity-purified rabbit an ti-ezrin  IgG + 10 nm protein A -g o ld ; short a rrow s) and G F P -P K C a  
(detected  by a rabbit an ti-G F P  an tiserum  4- 5 nm protein  A -g o ld ; long arrow s). T he inset (A ) represents an en larged  view  o f a p lasm a m em brane 
pro trusion  show ing iso la ted  and c lusters  o f the 5 and 10 nm prote in  A -g o ld  labels, m = m itochondrium , n = nucleus. (C  and D ) T he im m uno- 
localization o f w ild-type and T 567A , V SV G -tagged ezrin  in G F P -P K C a-2 C 4  cells, respectively  (stained w ith an an ti-V SV G  m A b P5D 4 + 10 nm 
protein A -go ld ). The long and short arrow s show  the localization  o f ezrin  in the p lasm a m em brane p ro trusion  and a peripheral (co rtica l) area o f the 
cell, respectively.
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Role o f ezrin in PKC m ediated  cell m igration

the C -term inal threonine residue ex vivo  (procedure 
described in the legend o f Figure 7B). In view o f the 
findings in Figure 2, pre-treatm ent with LY294002 (10 |i,M 
for 6 h) was used to reduce the basal ERM  C-terminal 
threonine phosphorylation in G F P -P K C a-2C 4  cells, or 
more specifically in the PK C a-bound ERM  proteins (-M g/ 
ATP, anti-CPERM  ‘bound’ lane in Figure 7B). Notably, 
the PK C-associated ezrin* band was barely detectable in 
the total ezrin blot from  cells pre-treated w ith LY294002 
when com pared with the untreated cultures shown in 
Figure 5B. A fter the ex vivo  phosphorylation reaction 
(+M g/A TP, anti-CPERM  ‘bound’ lane in Figure 7B), there 
was an -3 -fo ld  increase in the am ount o f CPERM  on 
beads, indicating that P K C a, or a PK C a-associated  serine/ 
threonine kinase, is capable o f phosphorylating the ERM 
C -term inal threonine residue within a kinase-ezrin  
m olecular complex.

In order to address further the identity o f the CPERM  
that is bound to P K C a, the P K C a  im m unoprécipitation 
experim ent was repeated with G F P -P K C a-2C 4  cells that 
had been pre-treated w ith LY294002 (10 p,M for 6 h) to 
reduce the basal ERM  C-terminal threonine phosphoryl­
ation before lysis. U nder conditions where ERM 
C-term inal threonine phosphorylation is reduced, the 
CPERM  in the PK C-bound fraction had the same apparent 
m olecular weight as that in the unbound fraction. Using a 
large resolving acrylam ide gel, the major band in the anti- 
CPERM  blot (indicated by a filled arrow head in Figure 7C) 
co-m igrated with the m ajor band in the anti-ezrin blot 
(developed with an affinity-purified anti-ezrin IgG that has 
been cross-adsorbed for moesin and radixin; A lgrain et al., 
1993). Very little radixin that corresponds to the major 
radixin band in the unbound fraction was found in the 
P K C a  im munoprecipitate. The m ajor moesin band had a 
sim ilar apparent m olecualr w eight but the stoichiometry 
(PK C a-bound:unbound -0 .1 ) o f pull-down was less than 
that for ezrin (PK C a-bound:unbound -0 .2 ). Ezrin is 
therefore also the predom inant ERM  protein that remains 
associated with P K C a  under conditions where ERM 
C-term inal threonine phosphorylation is reduced.

Ezrin T567A mutant inhibits PKCa-driven 
migration in wound closure
To investigate the role o f ERM  proteins in PK C a- 
dependent migration, G FP -P K C a-2C 4  cells transiently 
co-expressing ezrin (w ild-type/T567A  variant) were 
tracked during overnight wound migration assays. The 
T567A m utant o f V SV G -ezrin  associates poorly with the 
actin cytoskeleton (Gautreau et al., 2000; Tran Quang 
et al., 2000) but retains the capacity to interact with 
P K C a in vivo  (Figure 3C). Figure 8 dem onstrates that the 
injection o f a w ild-type ezrin plasmid into G F P -P K C a- 
2C4 cells did not affect the PK C a-stim ulated  wound 
closure response. However, introduction o f the T567A 
phosphorylation site m utant had a dom inant inhibitory 
effect on PK C a-induced cell m igration (P = 0.02 by 
ANOVA for the difference betw een w ild-type- and T567A 
ezrin-injected cells, showing a significant loss o f persist­
ence o f the w ound closure response due to T567A ezrin 
expression). There was no significant cell toxicity associ­
ated with T567A ezrin expression, as assessed by the 
propidium iodide exclusion assay (data not shown).

Discussion
The results here dem onstrate that on activation, P K C a  co- 
localizes and interacts with ezrin at the plasm a mem brane 
and cell cortex beneath the m em brane, particularly at the 
m em branous protrusions o f the cell. A ssociated with this 
interaction, ERM  proteins becom e phosphorylated on the 
C-term inal threonine residue, and agents that block this 
phosphorylation also abrogate PK C a-dependent m igra­
tion. In addition, PK C-associated endogenous ERM  
proteins are shown to be hyperphosphorylated preferen­
tially at the C-term inal threonine residue, i.e. activated. 
Among the endogenous ERM  proteins, ezrin is the 
predom inant ERM  protein that is associated with PK C a. 
Recom binant hum an P K C a  is capable o f phosphorylating 
full-length G ST-tagged ezrin in vitro  in a Ca^+/TPA/ 
phospholipid-dependent manner. Full-length ezrin is a 
better PKC substrate than the G ST-C -term inal ezrin, 
im plying that com ponents in the N -term inal part o f ezrin 
m ight be required for stabilizing kinase-substrate contact. 
The expression o f the regulatory domain o f P K C a  alone 
is sufficient to support this interaction. W e have also 
provided the first evidence that P K C a, or a P K C a- 
associated serine/threonine kinase, is capable o f phos­
phorylating the ERM  C-term inal threonine residue within 
a k inase-ezrin  m olecular com plex in cells.

The pool o f ERM  proteins bound to P K C a  contains a 
higher proportion o f  the C-term inal threonine-phosphoryl­
ated form than the ‘unbound’ pool. The increase in 
C-term inal threonine phosphorylation in the bound frac­
tion correlates with the finding o f a subset o f ezrin that is 
associated with a slower electrophoretic m obility (ezrin*). 
The increase in the apparent m olecular w eight o f ezrin* 
is likely to be related to its phosphorylation by PKC (or 
a PK C a-associated  serine/threonine kinase) within an 
interm olecular com plex, as well as any additional bio­
chem ical m odification that occurs as a consequence o f the 
phosphorylation. This is because in unstim ulated cells 
where there is no C-term inal hyperphosphorylation of 
ERM in the PK C-associated fraction (Figure 5C), or under 
conditions w here ERM  C -term inal threonine phosphoryl­
ation is reduced (Figure 7C), the CPERM  in the PKC- 
bound fraction has the sam e apparent m olecular weight as 
that in the unbound fraction. The ezrin* band is also not 
apparent under these conditions.

R ecent work (G autreau et al., 2000) clearly dem on­
strates that the C-term inal threonine-phosphorylated form 
is enriched in the m em brane and exists as a monomer. One 
possible consequence o f the C-term inal threonine phos­
phorylation within the P K C -ezrin  m olecular complex is 
therefore to prom ote a transition o f ERM  from the 
oligom eric to m onom eric state (active form). The acti­
vated form o f ERM  then acts as a dow nstream  effector of 
P K C a  involved in the control o f polarized cell movement. 
The observed dom inant inhibitory effect o f expressing the 
T567A  m utant o f ezrin on PK C-enhanced w ound closure 
can be explained in a num ber o f  ways. First, the T567A 
variant has an alm ost identical cytosol/m em brane distri­
bution as the w ild-type protein but associates poorly with 
the cytoskeleton (G autreau et al., 2000). This is not 
surprising since the T567A  variant can oligom erize with 
endogenous ERM  proteins and localize to the same 
com partm ents in cells. T he localization o f the T567A
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Fig . 7. hi vitro  phosphorylation  o f ezrin  by P K C a . (A ) In vitro  phosphorylation  o f a G S T -w ild -ty p e  ezrin  ( 106 kD a) w ith hum an recom binant P K C a  
w as ca rried  out as described  in M aterials and m ethods. The tim e courses o f the au tophosphory lation  o f P K C a  and T P A /lip ids/C a-*  (activators)- 
induced, P K C -m edia ted  ezrin  phosphory lation  (rep resen tative o f >3 experim en ts) are show n. (B ) G F P -P K C a  w as im m unoprec ip ita ted  w ith an anti- 
P K C a  m A b M C5 from  w hole-ce ll lysates o f 80%  confluent G F P -P K C a-2 C 4  cell m onolayer cu ltu res tha t w ere pre-trea ted  for 6  h w ith L Y 294002 
(10  pM ). O ne-hundredth  o f the unbound p rote ins left in the cell ex tract supernatant after the first cen trifugation  post-p rec ip ita tion  w ere loaded  in the 
lanes m arked  ‘unbound ’. T he protein G beads w ere w ashed at 4°C , post-p recip itation , tw ice w ith the m odified RIPA  buffer, then tw ice w ith 70 p i o f  a 
0 .05 M H EPES/0.5 mM  EG TA  buffer con tain ing  a ctx 'ktail o f  pro tease inhib itors, ca lycu lin  A ( 10 nM ) and sodium  o rthovanadate  (I m M ). In the 
+ M g/A T P  lane, this w as exchanged  for an equ ivalen t buffer con tain ing  in addition 12.5 mM  M gC E and 0 . 1 m M  ATP. T he beads w ere then incubated 
at 30°C  for 30 min in a shak ing  heating  block. T he phosphorylation  reaction w as stopped by cen trifugation  in a coo ling  m icrocen trifuge (4°C ) and by 
add ing  70 p i o f m odified L aem m li’s sam ple buffer (con tain ing  final concen trations o f 2%  SDS, 4 M urea and 10 mM ED T A ) to  the beads post­
cen trifugation . All the bound p ro te ins on the protein G beads w ere loaded in the lanes m arked ‘b o und ’. W estern  b lo tting  w ith the po lyclonal rabbit 
an ti-C P E R M  IgG show ed an ~3(X)% increa.se in the am ount o f CPERM  in the P K C -co-precip itated  m aterial on beads after the ex  vivo  phosphorylation  
reaction . T he am ount o f  ezrin  on beads (total ezrin) in the -  M g/A TP or -t-Mg/ATP lane was sim ilar. T h e  ratio  o f  the ‘bound :unbound  total ez rin ’ 
w as, how ever, notably low er in the LY294(X)2-treated cu ltu res (<0.2 in both the -  M g/A T P  and -rM g/A T P lanes) com pared  w ith un treated  cultures 
(m ean ±  SEM  = 0.6 i  0 .08; F igure 5 and data  not show n). A shorter exposure o f the pan-ezrin  blot show s that the am ount o f  total ezrin  in the 
‘u nbound ’ fraction  o f the -t-Mg/ATP lane w as sligh tly  low er than that o f the -M g /A T P  lane but these w ere derived  from  d iffe ren t cu ltures. (C ) R epeat 
o f  the P K C a  im m unoprécip itation  experim en t w ith G F P -P K C a-2 C 4  cells that had been p re-treated  w ith L Y 294002 (10  )tM for 6  h) to reduce the 
basal ERM  C -term inal th reon ine phosphory lation  before lysis. O ne-hundredth  o f the unbound pro te ins left in the cell ex tract supernatan t after the first 
cen trifugation  post-p recip itation  w ere loaded in the lanes m arked ‘unbound’. T he pro te in  G beads w ere w ashed  at 4°C , post-p rec ip ita tion , tw ice with 
the m odified RIPA  buffer, then once with a 10 mM  T ris pH 7.4 buffer con tain ing  a cocktail o f  pro tease and phosphatase  inhib ito rs before e lu tion  with 
70 pi o f  L aem m li’s sam ple buffer. All the bound prote ins on the protein G beads w ere loaded in the lanes m arked  b o u n d ’ T he b lo t w as probed with 
an anti-C PER M  IgG, then stripped and reprobed w ith an affinity-purified anti-ezrin  IgG that had been cross-adsorbed  for m oesin and radixin, follow ed 
by anti-rad ix in  and anti-m oesin  detection , respectively , w ith the appropriate rabbit sera. The m ajo r band o f  reac tiv ity  in each  blot is ind icated  by a 
filled arrow head. The approx im ate positions o f m olecu lar w eight m arkers are show n and, after su fficien t exposure tim es, a 50  kD a band appeared  and 
corresponds to the im m unoglobulin  heavy chain.
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Fig . 8. D om inant inhibitory effec t o f the T 567A  ezrin  variant on the P K C a-induced  w ound m igratory  response. A w ild-type or T 567A  V SV G -tagged 
ezrin  p lasm id  (100  p g /m l) w as m icro in jec ted  into the nuclei o f confluent G F P -P K C a-2 C 4  cells  along w ith a C y3-con jugated  an ti-transferrin  recep to r 
an tibody  as a m arker to  identify  the in jected  ce lls subsequently . The m onolayer w as w ounded and  the m igration  response w as recorded  by tim e-lapse 
m icroscopy. U pper panels; all the cell tra jec to ries during  the en tire tim e course o f each  experim ent. Each dot represen ts a cell position  at a particu lar 
tim e poin t that is ind icated  by the p seudoco lour scale (/ in h) beneath  each  set o f cell tracks. T he scale o f the cell track axes is in p m . Left, w ild-type 
ez rin -in jec ted  ce ll (W T  E zrin-in j.); right, a representative T567A  ezrin -in jected  cell (T 567A  E zhn-in j.). M iddle panel; the changes  in m ean speed  with 
tim e. Low er panel; the d istribution  o f  persistence w ithin the cell popula tions in each treatm ent group. Speed and  persistence w ere derived  from  the 
analysis  o f  tracked  ce lls  from three independent experim en ts (total num ber o f ce lls tracked  = 30 for W T  E zrin-in j. and 21 for T 567A  Ezrin-in j ).
T he m ean persistences =  0.42 ±  0.1 (SD ) and 0.15 ±  0 .07 (SD ) for the W T Ezrin-inj. and T 567A  E zrin-inj. cu ltu res, respectively . T he f -v a lu e  
for the d iffe rence  betw een  the tw o trea tm en t groups w as derived  using A NOVA.
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variant is indistinguishable from that o f the wild-type 
protein, even at the EM  level (Figure 6). Through 
oligom erization with endogenous ERM  proteins, this 
m utant may exert a dom inant inhibitory effect by seques­
tering the active (C-term inally phosphorylated) form of 
ERM . Alternatively, since T567A  ezrin will still interact 
w ith P K C a  in intact cells, it may sequester the kinase 
away from foci o f actin polym erization.

In M DCK cells, P K C a  (not PKCÔ or Q  is the only PKC 
isotype that changes its cellu lar localization concom itantly 
with the developm ent o f Ca^+-dependent desm osom es in 
response to w ounding (W allis et al., 2000). Treatm ent 
with an antisense oligonucleotide to P K C a  abolishes the 
reversal o f  desm osom es to Ca^+ dependence at the wound 
edge, illustrating the im portant role that this specific PKC 
isozym e plays in the w ounding response. The molecular 
m echanism s underlying the wound closure migratory 
response are, hitherto, poorly understood. A fter an over­
night incubation, an interm ediate zone o f subconfluent 
cells is usually observed betw een the wound edge and the 
unperturbed part o f the confluent m onolayer culture. Cells 
in this subconfluent zone are motile and have less 
extensive intercellular contact than cells from the 
confluent region. PK C-induced wound closure (such as 
that shown in Figure 1 A) is characterized by an increase in 
‘persistence’ in the direction o f cell movem ent, particu­
larly in this interm ediate zone w here there is less contact 
inhibition o f cell m igration. Based on our previous work 
using the Trans well cham ber migration sytem where the 
filter was coated with either bovine serum album in (BSA; 
random motility) or specific integrin substrates (Ng et al., 
1999a), the expression o f P K C a  in M CF-7 cells was 
observed significantly to enhance random  m otility as well 
as haptotaxis towards p i integrin substrates on filters. Here 
we conclude that stable expression o f a G F P -P K C a  full- 
length construct significantly enhances the ‘persistence’ of 
2C4 fibrosarcoma cell m igration in response to wounding. 
G FP-P K C a-2C 4 cells tend to undergo a more accelerated 
cell movem ent (speed) during the initial 4 h post- 
wounding in com parison with the vector control. Speed 
is a measure o f random  motility (Surtees, 1964) and is 
mathematically an entirely independent entity from per­
sistence/directionality. These conclusions do not just 
apply to confluent cells induced to move in response to 
wounding, since the expression o f P K C a  in subconfluent 
MCF-7 cells also significantly enhances the directional 
cell movem ent in a chem otaxis assay (M .Parsons et al., in 
preparation).

ERM C-terminal phosphorylation at the wound edge is 
sensitive to PI3K inhibition with LY294002, but not the 
ROCK inhibitor Y-27632. The PKC-driven wound closure 
response is significantly im paired by these same inhibitors 
that abolish the ERM  C-term inal threonine phosphoryl­
ation; this response is also insensitive to Y-27632. PI3K 
has long been im plicated in the control o f cell m igration/ 
haptotaxis (W ang e ta l .,  1996; Derm an et al., 1997; Shaw 
et al., 1997; M eng and Low ell, 1998; Ng et a i ,  1999a; 
Vanhaesebroeck et al., 1999). At least in NIH 3T3 
fibroblasts, the di-C ,6-phosphatidylinositol-3,4,5-trisphos- 
phate (PtdIns-P3 )-induced cell m otility involves PKC and 
can be inhibited by calphostin C (Derm an et al., 1997). 
Also, in lymphocytes, PI3K  blockade has an inhibitory 
effect on moesin redistribution to the uropod during

m igration (Vicente-M anzanares et al., 1999). Here we 
demonstrate that in a G FP -P K C a stably transfected fibro­
sarcom a cell line (G F P -P K C a-2C 4), ERM  C-terminal 
threonine phosphorylation, which is sensitive to inhibition 
o f the catalytic activity o f PKC in vivo, is also subject to 
PI3K control. P13K may, by enhancing phospholipase C-y  
activity in vivo  (Bae et al., 1998), increase the availability 
o f diacylglycerol (DAG), which in turn activates PKC and 
ERM  phosphorylation. This would be consistent w ith the 
inhibitory effect that calphostin has (via com petition for 
the D AG -binding site on PKC; Bruns et al., 1991) on 
Ptdlns-Pg-induced cell m otility (Derm an et a i ,  1997). 
Furtherm ore, we show that activation o f PKC with PDBu 
treatm ent can reverse the inhibition o f the wound m igra­
tory response by LY294002, placing allosteric activation 
o f conventional or novel PKC isozym es dow nstream  of 
PI3K (Figure IB). These data further define the functional 
relationship betw een PI3K  and PKC as downstream 
effectors o f the integrin signalling axes (Berrier et al.,
2000). Finally, the p85 regulatory subunit o f PI3K has 
been shown to bind to the N-term inal part o f ezrin; a point 
m utant o f ezrin that does not interact with PI3K has an 
inhibitory effect on the activation o f Akt, a downstream 
effector o f the PI3K pathw ay (G autreau et a i ,  1999). This 
com plex array o f feedback m echanism s between PKC, 
PI3K and ezrin may constitute an im portant mechanism 
for signal am plification and cell m igratory function.

The PKC isozym es constitute a m ajor fam ily o f protein 
kinases that influence cell motility through a variety of 
m echanism s that are involved in the regulation of cyto­
skeletal turnover (A rber et al., 1998) and possibly 
m icrotubule function (Steiner et al., 1990). Som e o f the 
dow nstream  com ponents may, like ezrin, form stable 
com plexes with PKC in response to appropriate physio­
logical stim uli, while others, such as cofilin, may be 
regulated indirectly through other signalling proteins 
(Arber et al., 1998). Further studies are needed to integrate 
our current know ledge o f these individual signal 
com ponents in a physiological context with the aim of 
intervening in these PK C-dependent processes in a 
pathological m ilieu such as tum our cell metastasis.

Materials and methods
Cell culture and plasmid constructs
H um an b reast ca rc in o m a ce lls  (M C F -7  ce lls) w ere  cu ltu red  in D u lbecco ’s 
m odified E a g le ’s m ed ium  (D M E M ) co n ta in in g  10% fetal c a lf  serum  at 
37°C , in a  10%  C O i a tm osphere . In add ition , the M C F-7 cu ltu res w ere 
grow n in m ed ia  supp lem en ted  w ith  in su lin  (1 0  p g /m l). M C F-lO A  cells  
w ere  es tab lished  o rig ina lly  from  m am m ary  tissu e  o f  a  pa tien t w ith 
fibrocystic  b reas t d isea se  and d isp lay  ch a rac te ris tic s  o f  lum inal ep ithelial 
ce lls . T ran sien t transfec tion  w as p e rfo rm ed  using  F ugene (B oehringer 
M annheim ). 2C 4  fib ro sarcom a ce lls  (d e riv a tiv e  o f  H T 1080  ce lls) w ere 
transfec ted  w ith  e ith e r G F P -P K C a  p la sm id  (N g  e t a l., 1999a,b) o r  the 
contro l vector. A t 48 h a fte r  tran sfec tion  w as in itia ted , ce lls  w ere  rep lated  
in com p lete  m ed ium  a t a 1:5 ratio . S elec tion  fo r n eom ycin  resistance  w as 
started  the fo llow ing  day  by the add ition  o f  the an tib io tic  0 4 1 8  (S igm a) to 
400  pg /m l. G F P -exp re ss ing  ce lls  w ere  en rich ed  by  fluo rescence  ac tivated  
cell sorting . A fter 1 0 -1 4  days , G 41 8 -res is tan t ce lls  w ere  iso la ted  as  a 
m ixed  c lone  (see F igure  lA  fo r the level o f  exo g en o u s P K C a ) and 
subsequen tly  m a in ta ined  in co m p le te  g row th  m edium  con tain ing  
40  p g /m l G 418 . S tab le  tran sfec tan ts  w ere  cu ltu red  fo r up to  20  passages. 
T he G F P -P K C a  R D  + V 3 (N g  e t a l., 1999a) w as m ade by  subclon ing  the 
co rrespond ing  P K C a  sequence  enco d in g  am in o  ac id s  1 -3 3 7  in to  the 
pE G F P -N  1 v ec to r (C lon tech), p e rm ittin g  fusion  o f  the  cod ing  sequence 
o f  eG F P. T h e  V S V G -tagged  ez rin  (w ild -ty p e  and  T 567A  varian t) 
construc ts  w ere  p ub lished  p rev iously  (G au treau  e t a l., 2(XX)).
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A n t i b o d i e s  a n d  d i r e c t  c o n j u g a t i o n  t o  f l u o r o p h o r e s ,  a n d  F a b  

f r a g m e n t  g e n e r a t i o n

A nti-V S V G  m A b w as purchased  from  B o eh ringer M annheim . M C 5 is a 
m urine  m A h  th a t recogn izes the V 3 region  o f  P K C a  (Y oung  e t al., 1988). 
8E3 is a  p a n - ^ l  in teg rin  m urine m A b  (a  k ind  g ift o f  M .H um phries). T he 
ra t m A b  (297S ) th a t recogn izes the C -te rm ina l th reon ine-phospho ry la ted  
(T 567  in ez rin , T 5 6 4  in  radix in  and  T 558  in m oesin ; N akam ura  e t a i ,  
1999) fo rm  o f  E R M  w as a  k ind  g ift o f  S .T su k ita  (K yoto , Japan). A sim ilar 
po lyc lonal rab b it an ti-C P E R M  an tibody  w as ob ta ined  by im m uniz ing  
w ith  a  k ey h o le  lim pe t haem ocyan in  (K L H )-coup led  C R D K Y K T *L R Q IR  
p ep tid e  (the  a s te risk  indicates the phosp h o ry la ted  res idue) and purify ing  
the serum  o b ta in ed  th rough  a G S T -e z rin  C (2 8 0 -5 8 5 )  co lum n  to  e lim inate  
the non -phosphospecific  an tibod ies. P hosphospec ific  an tibod ies  w ere 
then  affin ity  purified  on  a  co lum n cou p led  to  the im m uniz ing  peptide. 
G oat p o lyc lonal IgG  aga inst the C -te rm in u s o f  ezrin  w as p u rchased  from  
S an ta  C ru z  and  used  in im m unocy tochem ical s ta in ing . F o r w estern 
b lo tting , bo th  a  crude  rabb it serum  aga in st ezrin  and  its  affin ity-purified  
IgG  th a t has been  cross-adso rbed  fo r m oesin  and  rad ix in  (A lgrain  e t a t., 
1993) w ere  used . A lso , crude  sera  ra ised  aga in st rad ix in  and  m oesin  (kind 
g ifts  o f  P ro fesso r Paul M angeat, U n ivers ité  M o n tpe llie r II) w ere  used for 
b lo tting . F ab  fragm en ts  w ere gene ra ted  an d  iso la ted  from  m ouse IgG 
using  the  Im m unoP ure  F ab p repara tion  k it (P ierce) acco rd ing  to  the 
m an u fac tu re r’s p ro toco l. D irect co n juga tion  o f  IgG /IgG  F ab fragm en ts to 
the f luorophores C y3  and C y5 (A m ersham  L ife S cience) w as perfo rm ed  
at pH  8.5 (IgG ) o r  pH  9 .0  (IgG  F ab ) as desc rib ed  p rev iously  (B astiaens 
and Jov in , 1998).

W o u n d  m i g r a t i o n  a s s a y s

C ells w ere  p la ted  a t confluence o n to  22 m m  covers lip s  and allow ed  to 
adhere . In th e  inh ib ito r s tud ies, co m pounds w ere added  to  the m ed ia  and 
ce lls  w ere  p re -incubated  fo r 1 h p rio r to  w ound ing . A sing le  w ound w as 
m ade u sin g  a  p lastic  p ipe tte  tip  th rough  th e  confluen t m ono layer and 
m edia w ere  changed . F o r the ezrin  stud ie s, a  w ild -type  o rT 5 6 7 A  V SV G - 
tagged ez rin  construc t w as m icro in jec ted  in to  the nuclei o f  confluen t ce lls  
using an  E p p en d o rf system , a long  w ith  a  C y3 -lab e lled  an ti-transferrin  
IgG fo r the subsequen t iden tification  o f  in jec ted  ce lls . M onolayers w ere 
then w ounded  in such  a w ay tha t m ost o f  the in jec ted  ce lls  w ould  rem ain  
at the w ound  edge. C ell m ig ra tion  a t the w ound  edge w as recorded  
overn igh t a t a  5 m in lapse in terval us ing  a  lOX o b jec tive , and th e  im ages 
w ere acq u ired  using  K inetic Im ag ing  (M erseyside , U K ) A Q M  softw are.

C e l l  t r a c k i n g  a n d  s t a t i s t i c a l  a n a l y s i s  o f  m i g r a t i o n

Cell tra jec to ries  w ere acqu ired  by m anually  track ing  all the ce lls  o v er the 
sequence  o f  tim e-lapse  d ig ital im ages (M otion  A nalysis , K inetic Im aging, 
M erseyside, UK). T he  data  w ere used  to  ca lcu la te  speed  as d istance  in pm  
per 5 m in and  converted  to  p m  p e r  h. A n o th er im portan t asp ec t o f  the 
m igration  response  is the p ers is tence  o f  m o tility  tha t w e m easured  fo r 
each cell as  the  ra tio  o f  the resu ltan t d isp la cem en t in 16 h over the sum  o f  
individual 5 m in d isp lacem en ts  (F igu res  1A  and  B, and 8). C om parisons 
betw een d iffe ren t g roups o f  expe rim en ts  w ere  m ade by app ly ing  A N O V A  
to the p ers is tence  data. W e used  A N O V A  w ith a  h ie rarch ical and 
unbalanced  m odel tha t a llow s m ore genera l te sting  betw een  trea tm en t 
groups, and takes into ac coun t p ossib le  varia tions  betw een  experim ents 
and am ong  d iffe ren t ce lls  in ou r record ings.

I m m u n o c y t o c h e m i c a l  s t a i n i n g  a n d  c o n f o c a l  m i c r o s c o p y

Im m unocy tochem ical s ta in ing  w as p erfo rm ed  as d escribed  elsew here  
(K iley  and  P arker, 1997) excep t fo r th e  fo llow ing  m odifica tions. C ells  
w ere perm eab ilized  w ith 0 .2%  (v /v ) T rito n  X -100 /phosphate -buffe red  
saline (PB S) fo llow ing  fixation in 4%  (w /v ) p arafo rm aldehyde, w ith the 
exception  o f  the slides p rocessed  fo r the G F P -P K C o /V S V G -e z rin  
associa tion  study by FL IM , w hich  w ere  fixed  in m ethano l fo r 4  m in at 
-2 0 °C , due  to  the T riton  X -100  ex trac ta b ility  o f  som e o f  the ezrin  
constructs. C ells  p rocessed  fo r th e  dete rm in a tio n  o f  ER M  C -term inal 
th reon ine phosphory la tion  w ere  first fixed in 10% ice-co ld  trich lo roacetic  
acid (T C A ) as described  (M atsui e t a l., 1998). P rim ary  an tibod ie s  w ere 
d ilu ted  1:200 in PBS con ta in ing  1% B S A , ex cep t fo r the fluorophore- 
con jugated  an tibod ies tha t w ere  used  a t 1:2 0 - l  :50. T h e  C y5-labelled  an ti­
ra t con jugate  w as ob ta ined  from  Jack so n  Im m unoR esearch  L aborato ries. 
C onfocal im ages w ere ac qu ired  on a  confoca l la se r scann ing  m icroscope 
(m odel LSM  510, C arl Z e iss Inc.) equ ipped  w ith both 40X /1 .3 P lan - 
N eofluar and  63X /1 .4 P lan -A p o ch ro m at oil im m ersion  ob jectives. Each 
im age represen ts  a  tw o-d im ensional p ro jec tion  o f  2 -3  slices in the 
Z -series, taken  across the m id-dep th  o f  the ce ll a t 0 .2  pm  in tervals.

F R E T  d e t e r m i n a t i o n  b y  F L I M  m e a s u r e m e n t s

A deta iled  descrip tion  o f  the F L IM  appa ra tu s  used  fo r F R E T  de te rm in ­
ation in this w ork  can  be found  e lsew h ere  (S qu ire  and B astiaens, 1999). 
T he life tim e in s trum en t p erfo rm s phase- and  m odu la tion -based  im aging  
fluorim etry  by m icroscopy . All im ages w ere  taken  using  a  Z e iss P lan- 
A poch rom at 10 0 X /I .4 N A  ph ase  3 oil ob jec tiv e  an d  the hom odyne phase- 
sensitive  im ages reco rd ed  a t a  m odu la tion  freq u en cy  o f  80 .224  M H z. T he  
dono r (G F P -P K C a )  w as ex c ited  using  th e  48 8  nm  line o f  an a rg o n -  
kryp ton  lase r and  the resu ltan t f luo rescence  separa ted  using  a  com b in ­
ation o f  d ich ro ic  beam sp litte r (Q  505 L P ; C h ro m a  T e chno logy  C orp .) and  
narrow  band  em itte r  filte r (B P 5 14/10; L ys and  O ptik ). A ccep to r im ages 
(C y3-con jugated  IgG  o r  F abs) w ere  reco rded  using  a  100 W  m ercury  arc 
lam p (Z e iss A ttoa rc) as a  source  o f  sam p le  illum ination  com bined  w ith a  
high Q  C y3  filter se t (exciter: H Q  535 /50 , d ich ro ic : Q  565 LP , em itter: 
H Q  610 /75  LP; C h ro m a T e chno logy  C orp .). G lobal ana lysis  w as 
perfo rm ed  to  ca lcu la te  the p rec ise  frac tion  o f  do n o r m o lecu les tha t 
have a  reduced  life tim e due  to  F R E T  (i.e . th e  frac tion  o f  G F P -P K C a  
R D  + V 3 bound  to  ez rin ) as d esc rib ed  (V erv eer et a l., 2000a,b ).

C e l l u l a r  f r a c t i o n a t i o n  b y  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n

G F P -P K C a -tra n s fe c te d  M C F -7  ce lls  w ere  sc rap ed  from  pla tes, w ashed  
and  hom ogen ized  using  a  cell c rac k e r in 0 .25  M  sucrose, 10 m M  
H E P E S -K O H  pH  7 .2  con ta in ing  1 m M  E D T A  and  1 m M  m agnesium  
acetate . T he  post-n u c lea r supernatan t w as loaded  on to  a  ve locity  g rad ien t 
as described  (D ittie  e t a l., 1997). P K C a  and  p i  in teg rin  w ere  en riched  
in VG fractions 2 an d  3 (T .N g  and  P .J.P arker, unpub lished  data). EG  
fractions w ere subsequen tly  p rep ared  from  these  V G  fractions as 
described  (D ittie  e t a l., 1997). P ro te in s w ere  p rec ip ita ted  from  these  
frac tions in 10% T C A  o vern igh t, w ashed  w ith  e thano l/ace tone  (50 /50), 
then d ena tu red  in L a em m li’s sam p le  buffer, separa ted  on an 8%  p o ly ­
ac ry lam ide  gel u nder reducing  cond itio n s  and  tran sferred  e lec tro - 
pho re tica lly  to  a  p o lyv iny lidene  d ifluoride (P V D F ) m em brane. 
Incubation  w ith p rim ary  an tibod ie s  w as p e rfo rm ed  overn ig h t a t 4°C . 
D etection  w as w ith enhanced  ch em ilu m in escen ce  (E C L ; A m ersham ) 
accord ing  to  recom m ended  p rocedu res.

I m m u n o p r é c i p i t a t i o n  a n d  w e s t e r n  b l o t t i n g

G F P -tagged  o r en dogenous P K C a  w as im m u n o p rec ip ita ted  from  w hole­
cell ly sates (each  deriv ed  from  an  80%  confluen t cell m ono layer in a 
15 cm  ro u n d  tissue  cu ltu re  d ish , p re -tre a te d  w ith  I p M  P D B u fo r 2 0  m in) 
using 1 0 -2 0  p g  o f  p ro te in  G -co u p led  M C 5 as described  p rev iously  
(K anner e t a i ,  1989), excep t th a t 1% (w /v ) n -octy l P -D -glucopyranoside 
w as used  instead  o f  N P-40. T h e  sam p les  w ere  separa ted  on large 8%  
reso lv ing  p o ly acry lam ide  gels. B lo ts  w ere  then  p robed  w ith  a  rabb it IgG  
that recogn izes an ti-C P E R M  (in 0 .1%  T B S -T w een  con ta in ing  3%  B SA ) 
fo llow ed  by an an ti-rabb it-ho rse rad ish  p erox idase  (H R P) con jugate  
(A m ersham ). T he  sam e m em brane w as stripped  and  reprobed  (accord ing  
to  p rocedures recom m ended  by A m ersham ) w ith  an affin ity-purified  
rabbit an ti-ezrin  IgG , then  subsequen tly  w ith  an  a n ti-P K C a  C -term inal 
po lyclonal serum . Incubation  w ith  p rim ary  an tib o d ie s  w as perfo rm ed  
overn igh t at 4°C . D etec tion  w as w ith E C L  acco rd in g  to  recom m ended  
procedures.

I m m u n o g o l d  e l e c t r o n  m i c r o s c o p y

C ells  w ere  scraped  ca re fu lly  an d  fixed in  4%  para fo rm ald eh y d e  fo r 1 h, 
before being  p rocessed  fo r rou tine  sec tion ing  on  a  L e ica  u ltra-cryo tom e 
for im m unolabelling . S ing le  and  dou b le  labelling  w as ca rried  ou t as 
described  p rev iously  (S lo t and  G euze, 1985). In the d oub le  labelling , the 
first an tibody  used w as an  affin ity -purified  rab b it po lyc lonal an ti-ezrin  
IgG  (c ross-adsorbed  aga in st m oesin  and  rad ix in ) recogn ized  by 10 nm  
PAG ; this w as fo llow ed , after an  add itiona l g lu ta ra ldehyde  fixation step  
(1%  m onom eric g lu ta ra ldehyde  fo r 5 m in to  c ro ss-link  th e  p rim ary  
antibody), by a  rabb it an ti-G F P  an tiserum  (a  k ind  g ift o f  D .Sh im a, IC R F) 
detected  w ith  5 nm  P A G . In som e s tud ies, the  second  an tibody  w as 
om itted  to  control fo r c ro ss-reac tiv ity  o f  the 5 nm  PA G  w ith the first 
an tibody. A fter an tibody  labelling , sec tions  w ere  ex am in ed  using  a  Jeol 
1010 m icroscope.

I n  v i t r o  k i n a s e  a s s a y s  w i t h  r e c o m b i n a n t  o r  

P K C a - c o - p r e c i p i t a t e d  e n d o g e n o u s  e z r i n

T he poten tia l phospho ry la tion  o f  G S T -tagged  fu ll-leng th  ez rin  by P K C a  
w as exam ined  in an in  v itro  ^^P inco rpo ra tion  assay  w here  5 p i (0 .27 p g ) 
o f  hum an recom binan t P K C a  (P anV era  C orp o ra tio n ) w ere  p u t in a 35 p i 
reac tion  bu ffe r con ta in ing  5 p i (1 .7  pg ) o f  G S T -e z rin , 5 p i (0 .8  m M ) o f  
A TP con ta in ing  1 p C i o f  [^^PJATP (255 c.p .m ./pm o l), 5 p i each  o f  M gC l2 

(0.1 M ) and  C aC L  (6  m M ), 10 p i o f  a pu re  lip id  son ica ted  suspension  o f  
50  p g  o f  phosphatidy lseri ne, 5 p g  o f  p h o sphatidy linosito l 4 ,5 -b is-
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p h o sp h a te  an d  0 .05  )lg o f  T P A  in 0 .2  M  H E P E S  pH  7 .5 /2  m M  EG T A . T he 
con tro l reac tio n  w as ca rried  ou t in th e  ab sence  o f  lip id s/T P A . T he  in  vitro  
ph o sp h o ry la tio n  reac tio n s  w ere incu b a ted  a t 30°C  an d  stopped  after 
v a rio u s  tim e  po in ts  by add ing  4 0  p i o f  m odified  L a em m li’s sam ple  buffer 
(co n ta in in g  final concen tra tio n s  o f  2%  S D S , 4  M  u rea  and 10 mM  
E D T A ). T h e  sam p les  w ere then sep ara ted  on an  8%  po lyacry lam ide  
gel and  th e  phospho ry la ted  p ro te in s  w ere  detec ted  by  au to rad iography . 
T h e  in  v itro  p h o spho ry la tion  assay  w as a lso  perfo rm ed  w ith pro tein  
G -a g a ro s e  b ead -bound , P K C a -co -p rec ip ita ted  en dogenous ERM  (see  the 
legend  o f  F igu re  7B  fo r experim en ta l de ta ils).
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