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ABSTRACT

Keratin filament formation is known to require the simultaneous presence of 

both type I and type II keratin proteins; type I and type II keratins are coexpressed in 

vivo as specific pairs, whose functions are unclear. The role of intermediate 

filament domains in protein stabilization and filament formation has therefore been 

studied using retrovirus vectors to express simple epithelial keratins as intact or 

deleted proteins in mesenchymal cells (fibroblasts) which do not normally express 

keratins.

The distinct size of keratin-containing retroviral mRNAs (larger than 

endogenous intermediate filament mRNAs) allowed fibroblast lines to be established 

which contained single keratins: these were observed to be rapidly degraded, 

although mRNA was clearly present. The secondary introduction of a complementary 

type of keratin however led to immunofluorescence-detectable keratin filaments in 

the cytoplasm, indistinguishable from those of normal simple epithelial cells. A large 

number of combinations of keratins with deletions in the helix, head and tail domains 

were then analysed. Coexpression of two keratins of the same type, or two 

complementary type but expression-mismatched keratins, revealed that the protein 

stabilization is type-specific but not pair-specific. It was seen that (most of) the a- 

helical domain, but not the non-helical termini, is essential for the heterotypic type 

l-type II interactions required for protein stabilization. The terminal domains are 

both needed for effective filament formation, although only one of the two 

participating keratin species need be intact. This implies that a head with tail 

interaction of like (homotypic) keratins plays a role in filament formation. Two kinds 

of binding sites (helix, and head/tail) are thus involved in filament network 

formation, operating in different planes with respect to the main axis of the 

filaments. This has important implications for the morphology of the three- 

dimensional keratin filament network, and thus for its physical properties in 

different cell types.

4



TABLE OF CONTENTS

page

ACKNOWLEDGEMENTS 2

DEDICATION 3

ABSTRACT 4

TABLE OF CONTENTS 5

LIST OF FIGURES 1 2

LIST OF TABLES 1 5

CHAPTER ONE: INTRODUCTION 1 6

1.1 General introduction 1 6

1.2 The intermediate filament multigene family 1 9

1.2.1 Intermediate filament gene expression is

developmentally regulated 1 9

1.2.2 Intermediate filament gene expression is

regulated during cell differentiation 21

Intermediate filaments in nerve tissues 22

Intermediate filaments in epithelial tissues 23

1.2.3 Intermediate filaments are evolutionarily conserved. 26

Conserved gene structure of intermediate filaments 27

Conserved protein structure of intermediate filaments 33

1.3 Molecular analysis of intermediate

filament gene expression 3 7

1.3.1 Transcriptional regulation of intermediate

filament genes 37

Transcriptional control of vimentin gene 37

Transcriptional regulation of keratin genes 38

Transcriptional regulation of the other

intermediate filament genes 39

1.3.2 Post-transcriptional regulation of

intermediate filament genes 40

1.3.3 Post-translational regulation of intermediate

filaments 41

5



1.3.4 Localization of intermediate filament genes 

in the genome 42

1.4 Intermediate filament assembly 4 5

1.4.1 Subdomain functions in filament assembly 45

a-helical rod domain 45

Non-helical head and tail domains 46

1.4.2 Regulation of intermediate filament assembly

and disassembly 48

Phosphorylation and filament disassembly in vitro 48

1.5 Functions of intermediate filaments 5 1

1.5.1 Interaction of intermediate filaments with

cellular components 51

Intermediate filament associated proteins (IFAPs) 52

Interaction of intermediate filaments and microtubules 53

Interaction of intermediate filaments and microfilaments 54

Interaction of intermediate filaments and cell membranes 54

1.5.2 Searching for functions of intermediate filaments 55

CHAPTER TWO: FATE OF SINGLE KERATINS IN

FIBROBLAST CELLS 5 7

2.1 Introduction 57

What are retroviruses? 58

Tropism of retroviruses 58

Retroviral infection 59

Production of recombinant retroviruses 62

Design of keratin-containing retroviruses 62

2.2 Construction of recombinant retroviruses

containing full length keratins 66

2.3 Production of keratin-containing recombinant

retroviruses 75

2.4 Expression of human keratins in mouse epithelial

cells using keratin-containing retroviruses 75

2.5 Establishing single human keratin-containing

mouse fibroblast lines 79

6



2.6 Endogenous mouse keratins in NIH 3T3 cells

2.7 The fate of single human keratins expressed 

in NIH 3T3 cells.

2.8 Summary of results.

CHAPTER THREE: STABILIZATION OF KERATIN

PROTEINS AND FORMATION OF KERATIN FILAMENTS

3.1 Introduction

3.2 Type I with type II keratins form stable

complexes

3.3 Keratins of the same type cannot form

stable complexes.

3.4 Parts of the rod domain are essential

for protein stabilization

3.5 Non a-helical end domains are not essential 

for protein stabilization

3.6 Stabilization of keratin protein and formation

of keratin filaments are two distinguishable 

processing steps

3.7 summary of results

CHAPTER FOUR: FUNCTION OF KERATIN DOMAINS

IN FILAMENT FORMATION

4.1 Introduction

4.2 End domain truncation

4.3 Importance of the integrity of the

a-helical domains

4.4 The function of non a-helical terminal domains:

Importance for the formation of keratin 

filament networks

4.5 Preferences for correct pairing: qualitative

difference between networks formed by 

different keratin pairs

4.6 Summary of results

80

86

89

9 0

90

90

96

99

109

119

123

1 2 4

124

125

125

132

138

150

7



CHAPTER FIVE: DIFFERENCE BETWEEN

INCORPORATION AND DE NOVO ASSEMBLY

OF INTERMEDIATE FILAMENTS

5.1 Introduction.

5.2 Ability of the head- and tail-truncated keratin 7, 

204AK7A, to associate with keratin filaments

5.3 Production of K19GFAP containing 

recombinant retrovirus

5.4 Association of K19GFAP with vimentin 

filament networks

5.5 Inability of the head domain alone to 

stabilize keratin complexes

5.6 Inability of K19GFAP hybrid to incorporate 

into a keratin filament network

5.7 Production of K19-GFAP protein in 

MPYK epithelial cells

5.8 Summary of results

CHAPTER SIX: GENERAL DISCUSSION AND MODELS

FOR FILAMENT POLYMERIZATION

6.1 The fate of single keratin in fibroblast cells

6.2 Protein stabilization by heterotypic 

association depends on a-helices

6.3 Distinction between de novo polymerization and 

secondary incorporation into a network

6.4 Effective filament formation involves 

homotypic head and tail interactions

6.5 Pair-specificity

6.6 Models for polypeptide alignments in 

•filament polymerization

1 5 1

151

152

153

154

159

160

165

168

1 6 9

170

170

171

173

174

175

8



CHAPTER SEVEN: MATERIALS AND METHODS 1 8 3

7.1  M a te r ia ls  1 8  3

7.1.1 Strains of bacteria 183

7.1.2 Vectors 183

7.1.3 Cell lines 183

7.1.4 Isotopes 184

7.1.5 Antibodies 184

7.1.6 Enzymes 186
7.1.7 Serum and cell culture medium 186

7 .2  Methods 1 8  7

7 . 2 . 1  DNA manipulations 1 8 7

7.2.1 .A Gel electrophoresis of DNA. 187

7.2.1.A i Flat-bed horizontal agarose gel

electrophoresis 187

7.2.1.A ii Vertical polyacrylamide gels. 187

7.2.1.B DNA ligation 188

7.2.1 .Bi Preparing plasmid DNA as a vector

for ligation 188

7.2.1 .Bii Preparing insert DNA 188

7.2.1 .Biii Preparing synthesized oligonucleotides

as insert 189

7.2.1.Biv DNA ligation 189

7.2.1.C DNA transformation. 190

7.2.1 .Ci Preparation of competent bacterial cells 190

7.2.1.CM DNA transformation 190

7.2.1.D. Isolation of plasmid DNA 191

7.2.1 .Di Small scale isolation (miniprep) of plasmid

DNA by alkaline lysis 191

7.2.1 .Dii Large scale isolation (maxiprep) of plasmid DNA 192

Caesium chloride gradient 192

7.2.1.E DNA sequencing 193

7.2.1 .Ei Double stranded plasmid DNA

sequencing reaction. 193

9



7.2.1 .Eii Running DNA sequencing gel 194

7.2.2 RNA analysis 1 9 4

7.2 .2 .IK Preparation of total RNA from cells 194

7.2.2.B Northern blotting. 195

7.2.2.C Hybridization. 196

7.2.2.Ci Labelling. DNA by the random haxmer priming method 196

7.2.2.Cii Hybridization. 197

7.2.2.D Reverse transcription 198

7.2.2.E Polymerase chain reaction 198

7 . 2 . 3  Protein analysis 1 9 9

7.2.3 .A SDS-polyacrylamide gel electrophoresis. 199

7.2.3.A i Preparation of total cell protein 199

7 .2 .3 .Aii Cytoskeleton extraction. 199

7 .2 .3 .Aiii SDS-polyacrylamide gel electrophoresis 200

7.2.3.B Immunoblotting of SDS-polyacrylamide gels. 200

7.2.3.C Immunoprecipitation 201

7 . 2 . 4  Tissue culture 2 0 2

7.2.4 .A Cell culture. 202

7.2.4.B DNA transfection and drug selection 202

7.2.4.C Retrovirus production 203

7.2.4.D Retrovirus infection and drug selection 204

7.2.4.E Immunofluorescence staining 204

7.2.4.F 35s-methionine labelling and pulse chasing 205

7 .3  Appendix  2 0 6

Solutions for DNA manipulations 2 0  6

7.2.1.A i Agarose gel electrophoresis 206

7 .2 .1 .Aii Polyacrylamide gel electrophoresis 206

7.2.1 .B DNA ligation 206

7.2.1 .Ci DNA transformation 207

7.2.1.D DNA purification 207

7.2 .1 .Eii Denaturing polyacrylamide gel

electrophoresis (DNA sequencing) 208

10



Solutions for RNA analysis 2 0  9

7.2.2 .A Preparation of total RNA from cells 209

7.2.2.B Denaturing agarose gel electrophoresis

(formaldehyde agarose gel) 209

7.2.2.C Hybridization 210

7.2.2.D Reverse transcription 210

7.2.2.E Polymerase chain reaction (PCR) 210

Solutions for protein analysis 2 1 1

7.2.3.Ai Preparation of total protein from

cultured cells 211

7 .2 .3 .Aii Cytoskeleton extraction 211

7.2.3.Aiii SDS polyacrylamide gel electrophoresis 211

7.2.3.B Immunoblotting of SDS gels 212

7.2.3.C Immunoprecipitation 213

Solutions for tissue cultures 2 1 3

7.2.4.B DNA transfection 213

7 .4  A b b re v ia tio n s  2 1 4

REFERENCES 2 1 6

11



LIST OF FIGURES

1.1 An illustration of the differential expression 

of keratin pairs

1.2 Intron/exon patterns of intermediate

filament genes

1.3 Structure of intermediate filament proteins

2.1 Diagram of retroviral life cycle

2.2 Diagram of the production of retrovirus

2.3 Diagram of keratin containing recombinant 

retrovirus construct

2.4 Diagram of the construction of the recombinant

retrovirus, DORK8-neo

2.5 Diagram of the construction of the recombinant

retrovirus, DORK18-neo

2.6 Diagram of the construction of recombinant 

retrovirus, DORK19-neo

2.7 Diagram of the construction of recombinant 

retrovirus, DORK8-hyg

2.8 Diagram of the construction of recombinant 

retrovirus, DORK7-/?yg

2.9 The expression of introduced human keratins

18 and 19 in mouse prostate epithelial cell line, MPYK

2.10 Northern blot hybridization data to demonstrate the

steady state level of human keratin mRNA in keratin 

containing NIH 3T3 cells

2.11 Pulse-chase and immunoprecipitation of 

keratins 8 and 18 in NIH 3T3 cells

3.1 A Unchanged steady state level of keratin 18

mRNA in single keratin 18 and keratins 8 plus 18 

containing NIH 3T3 cells

3.1 B Stabilization of keratins are type specific

but not pair specific

3.2 Detection of the expression of stable keratins 7 

or 8 by immunofluorescence staining

25

29

35

61

64

65

67

69

71

73

74

77

82

87

92

92

94

12



3.3 Two different keratin mRNA species from the same 

type (K8 and K7 or K18 and K14), do not promote 

the stable production of keratins: further evidence 

that stabilization of keratin is type specific

3.4 Diagram of the construction of the recombinant retrovirus, 

DORK8A(Bgl ll)-hyg, containing a-helix deleted keratin 8

3.5 Diagram of the construction of the recombinant retrovirus, 

DORK18A(Bgll-Bam)-neo, containing a-helix deleted 

keratin 18

3.6 The effects of the a-helical deletions of keratins on 

the stabilization of keratins

3.7 Stabilization of intact complementary keratin 18 

or 19 by the a-helix deleted keratin 8

3.8 Diagram of the construction of the recombinant 

retrovirus, DOR204AK7A-/7/<7, containing head 

and tail domains deleted keratin 7

3.9 Diagram of the construction of the recombinant 

retrovirus, DOR204AK7-/7yg, containing head domain 

deleted keratin 7

3.10 Diagram of the construction of the recombinant 

retrovirus, DORK18A-neo, containing tail domain 

deleted keratin 18

3.11 Non-a-helical end domains are dispensable for the 

stabilization of keratin proteins

3.12 Total cell protein from keratin-containing 

NIH 3T3 cells

4.1 Diagram of the construction of the recombinant 

retrovirus, DORK8A423-/7/0, containing tail 

domain deleted keratin 8

4.2 Diagram of all deleted or truncated keratin mutants

4.3 Inability of a-helix deleted keratin 8, K8A(Bgl 11),to form 

normal keratin filaments with intact keratin 18 or 19

4.4 Keratin filament networks can only be formed if

one of the keratins within the pair is intact

4.5 Keratin filament networks can only be formed if

one of the keratins within the pair is intact

97

101

103

105

107

111

113

115

117

121

126

128

130

134

136

13



4.6 Qualitative differences between networks formed 

by different pairs of keratins

4.7 Effects of the tail domain of keratin 8 on 

keratin filament network elongation

4.8 Effects of keratin 8 tail domain on the elongation 

of keratin filament networks

4.9 Preferences for correct pairing

5.1 Diagram of the construction of the recombinant 

retrovirus, DORK19GFAP-/7eo, containing 

keratin 19 head and GFAP rod and tail domains

5.2 Association of mutant intermediate filament proteins

with an existing vimentin filament networks

5.3 Expression of K19GFAP protein and mRNA in 

transgenic cells

5.4 Inability of the keratin 19 head domain to 

stabilize the complementary keratin 8

5.5 Production of K19GFAP protein in epithelial cell line MPYK

6.1 Model for polypeptide alignments in polymerization

6.2 Model for two types of interaction sites

140

142

144

146

155

157

161

163

166

179

181

14



LIST OF TABLES

1.1 Classification of intermediate filaments 18

1.2 Intermediate filament genes 31

1.3 Chromosomal localization of intermediate

filament genes 44

4.1 Summary of the results 148

7.1 Antibodies used and their specificities 185

15



CHAPTER ONE: INTRODUCTION

1.1 General introduction

In eukaryotic cells, the cell structure and organization are held by a fibrillar 

cytoskeleton. This fibrillar cytoskeleton plays an important role during cell division, 

cell movement, multicellular interaction as well as in keeping cell functioning 

properly during embryonic development and cell differentiation. The cytoskeleton 

consists of three major components, that is microtubules, microfilaments and 

intermediate filaments. Microtubules are 25 nm in diameter and each microtuble is 

formed by 13 protofilaments, which is composed of heterodimers of a and p tubulins 

(50 kD) in head-to-tail manner. Microtubules play function in variety of cellular 

activities such as the separation of chromosomes in mitosis and the transport of 

vesicles in nerve cells (for general review see Dustin, Microtubules, Heidelberg, 

Springer Verlag, 1984). Microfilaments are 7 nm in diameter and formed by actins 

(40 kD). Their main function is involved in cell motility. Intermediate filaments are 

8-10 nm in diameter, in contrast to both microtubules and microfilaments, which are 

expressed in all cell types and simply formed by tubulins or actins, intermediate 

filaments consists the biggest multigene family which varies in molecular weight, 

tissue specificity and complexity. It is this property that intermediate filaments are 

regarded as markers for cell differentiation. The function of intermediate filaments 

are however unknown.

Based on their primary amino acid sequence, intermediate filaments are

classified into six different types (summarized in table 1.1): keratins make up type I

and type II; vimentin, desmin, GFAP and peripherin (Thompson and Ziff, 1989) are 

type III; neurofilaments are type IV, nuclear lamins are type V (McKeon et al., 1986)

and nestin is the only example so far of type VI (Lendahl and Zimmerman, 1990).

Different kinds of intermediate filaments are expressed in different cell types, for 

example: desmin filaments are expressed in muscle cells, glial fibrillary acidic 

protein (GFAP) in glial cells, neurofilaments in nerve cells, vimentin filaments in 

mesenchymal cells and keratin filaments in epithelial cells. Of these six types, the 

keratin intermediate filament groups are the 2 largest groups, containing together at 

least 20 different proteins in human epithelia and 10 different hair a-keratins  

produced by trichocytes (Heid et al., 1988; Heid et al., 1986).

At the protein secondary structure level, all intermediate filament proteins 

contain a central a-helical rod domain of around 310 amino acids, which has a highly 

conserved secondary structure and is flanked by two non-a-helical end domains of
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variable size and chemical character (see review by (Robson, 1989; Steinert and 

Parry, 1985)). Although all other intermediate filament can form homopolymers, 

keratin filaments are the only intermediate filaments which are only formed as 

heteropolymers, of at least one type I and one type II proteins. Type I keratin 

proteins are smaller (40-56.5 kD) and acidic (pKi=4.5-5.5). Type II keratin proteins 

are larger (53-67 kD) and more basic (pKi=5.5-7.5). Furthermore, a specific pair of 

keratin proteins (one type I and one type II) are expressed characteristically in a 

differentiation specific manner (Sun et al., 1983; Sun et al., 1984). It is this feature 

which makes keratins as an excellent marker of epithelial cell differentiation.

Unlike microtubules and microfilaments, intermediate filaments have long been 

regarded as 'known structure, unknown function' proteins, very little is known about 

the regulation of their expression and in vivo polymerization. Despite the wealth of 

information now available about the structure and sequence of intermediate 

filaments, the function of different domains of intermediate filament proteins 

remains unknown.
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TABLE 1.1 CLASSIFICATION OF THE INTERMEDIATE FILAMENTS

TYPE NAME MEMBERS LOCATION

Type I Keratins Nos. 9-20 Epithelial

Type II Keratins Nos. 1-8 Epithelial

Type III Vimentin

Desmin

GFAP

Peripherin

Mesenchyme

Muscle

Astroglia

PNS

Type IV Neurofilaments NF-L

NF-M

NF-H

p-internexin

Neurones

Neurones

Neurones

CNS

Type V Nuclear lamins Lamin A 

Lamin B 

Lamin C

Nuclear lamina 

Nuclear lamina 

Nuclear lamina

Type VI Nestin Nestin CNS

The six types of intermediate filaments are listed, together with the members of 

each subfamily, and the tissue in which each type is commonly found.
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The intermediate filament muitigene family

Intermediate filaments are the biggest and the most complicated family of 

cytoskeleton components, containing more than 40 members in mammals and their 

molecular weight ranges from 40 to 200 kD (see table 1.1). More than 20 of 

intermediate filament genes have been isolated, sequenced and characterized 

particularly (see summary table 1.2). Human intermediate filament genes have been 

investigated extensively, some of them have even been mapped onto certain 

chromosomes (see summary table 1.3). Based on all the DNA and amino acid 

sequences data, it is certain that all intermediate filaments are related and share a 

high homology among them. The structure and sequence similarity among all 

intermediate filaments is also evolutionarily conserved. The most highly conserved 

region is the central a-helical coiled-coil rod domain. As one of the most remarkable 

feature of intermediate filament genes, their expression is regulated precisely 

during embryonic development and cell differentiation. It is known now that some of 

these tissue specific expression is regulated by c/'s-regulatory elements located 

within 5'-end promoter region of the gene. For most of intermediate filament genes, 

however, the regulatory mechanism of gene expression remains unclear.

1 . 2 . 1  Intermediate filament gene expression is

developm entally  regulated

It is known that some of the intermediate filament genes, keratins for 

example, are turned on in very early stage of embryonic development. Most 

evidence for this comes from studies of mouse embryogenesis. Mouse equivalents of 

human simple epithelial keratins K8 and K18 (Endo A and Endo B) are amongst the 

first proteins synthesized under the direction of embryonic mRNA. The de novo 

synthesis of keratin 8 and 18 starts as early as 2-4 cell stage of mouse embryonic 

development (Chisholm and Houliston, 1987; Oshima et al., 1983). The Xenopus 

homologues of these two genes were found to be synthesized even in the egg and the 

oocyte (Franz et al., 1983). During mouse embryogenesis, on late day 8 and early 

day 9, in some of the mesoderm forming cells, keratin gene expression is switched 

off and vimentin gene expression is turned on. This transition process occurs within 

a few hours (Franke et al., 1982). In early postimplantation mouse embryos, a type 

III intermediate filament desmin was first detected at 8.25 days post coitum in 

ectoderm, where it was transiently coexpressed with keratin and vimentin. The 

triple expression of intermediate filament proteins desmin, vimentin and keratin in
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the ectoderm (myocardial) cells lasts from 8.25-9.5 days post coitum (Schaart et 

al., 1989). Neurofilaments appear early in development in the central and peripheral 

nervous system and progressively replace vimentin which is expressed before 

neurofilament in most dividing neuroepithelial cells (Cochard and Paulin, 1984). 

GFAP appears at myelination and often co-exists with vimentin (Dahl, 1981). The 

differential expression of nuclear lamins during embryo development has been 
investigated more intensively. It is known now that in Xenopus, one lamin (l_m) is

present in the oocyte which disappears during early development but reappears in 
nerve and muscle cells, whereas two others (L| and L||) appear later during

development (Benvente et al., 1985; Krohne et al., 1981; Stick and Hausen, 1985). 
In chick embryos, a mammalian lamin A-related lamin B2 was found expressed

through the whole embryonic development and in fairly constant amounts in all cell 

types investigated. Chicken lamin A was found at low levels in embryonic tissues and 

high levels in adult tissues, while chicken lamin B1 (equivalent of mammal lamin B) 

was found expressed in opposite manner (Lehner et al., 1987). Similar differential 

expression of nuclear lamins in mouse embryo development was also reported by 

Stewart and Burke. Although lamin A, B and C were all found in mouse zygotes, lamin 

B was the only lamin which can be consistently synthesized in preimplantation mouse 

embryos. Both lamin A and C proteins were diluted during the first few cleavage 

divisions and disappeared afterwards. The first reappearance of lamin A and C 

occurs in the trophoblast of the 8 day ectoplacental cone (Stewart and Burke, 1987). 

Interestingly however, a unique form of lamin A was found in mouse eggs, which 

apparently has higher molecular weight than lamin A found from blastocysts and 

other mouse cells. Immunoprecipitation data showed that this egg-specific lamin A 

was the predominant lamin synthesized in eggs whereas lamin B is the main one 

synthesized in 8-cell cleavage stage blastomeres (Houliston et al., 1988). Similar 

phenomena a /e  also found in Drosophila where a 74 kD lamin is predominantly 

expressed during early stages of embryogenesis (2-4 hours) and a 76kD lamin begins 

to be coexpressed in older embryos (Smith and Fisher, 1984).

It is clear that the expression of intermediate filaments is regulated precisely 

during embryonic development. In addition to this, the switching between two 

different intermediate filament expression is often related to tissue differentiation. 

The regulation of differential expression of intermediate filaments during embryo 

development is not clear, neither is the relation to cell differentiation. But because 

of this regulation, it is presumably important for the differentiated function of the 

tissues.
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1 . 2 . 2  Intermediate filament gene expression is regulated

during cell d ifferentiation.

In embryonic development, the transitions from one intermediate filament 

protein to another occur at major differentiation steps. D esm in  filaments first 

appear when myoblasts fuse to form myotubes, and present in differentiated muscle 

cells since then. Desmin is also found to be coexpressed with vimentin in smooth 

muscle cells (Gabbiani et al., 1981). V im entin filaments are mainly expressed in 

cells of mesenchymal origin. However, a lot of cells of different embryological origin 

coexpress vimentin as well as their specific type of intermediate filaments (see 

below). Moreover, most of non-mesenchymal origin cells start producing vimentin 

when grown in vitro. Vimentin is the intermediate filament protein most commonly 

found to be coexpressed with any other type of intermediate filament in vivo and in 

vitro. In vivo for example, the following coexpression of vimentin with other types 

of intermediate filaments has been shown: in nerve tissue, vimentin was found 

coexpressed with GFAP in astrocytes (Shaw et al., 1981); in smooth muscle cells, 

vimentin was found coexpressed with desmin (Gabbiani et al., 1981); in 

neuroepithelial stem cells, vimentin was found coexpressed with nestin (Lendahl and 

Zimmerman, 1990); in developing neurones, vimentin was found coexpressed with 

neurofilaments transiently (Bignami et al., 1982); in the parietal endoderm cells, 

vimentin was found coexpressed with keratins (Lane et al., 1983). The unusual wide 

distribution of vimentin intermediate filaments in vivo may suggest that vimentin 

has multiple biological functions other than simply beir^ a structural protein. 

Nuclear lamins, in contrast to all the intermediate filaments, are the only type of 

intermediate filaments which can be expressed in the nuclear envelope of all cell 

types. The expression patterns of nuclear lamins are however in cell type specific 

fashion. This phenomena was seen at least in Xenopus and human T lymphoblastic 

cells (Krohne and Benavente, 1986); (Guilly et al., 1987). Unlike nuclear lamins and 

vimentin, the expression of intermediate filaments in nerve tissues and epithelial 

tissues are more restricted to certain stage of cell differentiation. GFAP only 

appears in differentiated astrocytes, neurofilaments are exclusively localized in 

nervous tissues such as myelinated nerve fibres of the preipheral and central 

nervous system and above all, keratin expression in epidermis is one of the fine 

examples of intermediate filament expression and cell differentiation. The tissue 

specific expression of intermediate filaments in nerve and epithelial tissues will be 

discussed in detail below.
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Intermediate filaments in nerve tissues:

The expression of intermediate filaments in nerve system is quite unique and 

complicated. Neurofilaments, GFAP, peripherin and nestin are only found in 

nerve tissues, the cell distribution of these intermediate filaments is very specific. 

GFAP is selectively expressed in astroglia and cells of glial origin in central nerve 

system (Bignami and Dahl, 1977; Bignami et al., 1972). GFAP is often coexpressed 

with vimentin in a group of "fibrous' astrocyte in white matter, but in certain 

subpopulation such as 'protoplasmic' type astrocytes in gray matter and glia 

limitans, GFAP intermediate filaments are expressed on their own (Shaw et al., 

1981). N eurofilam ents are exclusively expressed in myelinated nerve fibres of 

peripheral and central nervous system. There are three neurofilament proteins, 

known as NF-L (68 kD), NF-M (160 kD) and NF-H (200 kD), for neurofilament-low, - 
middle, and -high molecular weight respectively (Hoffman and Lasek, 1975) 
The sizes of neurofilament proteins predicted from amino acid composition are 

smaller than that from SDS-polyacrylamide gels (shown here). This is due to the 

existence of an unusual long carboxy terminal tail domains which is extensively 

phosphorylated in all neurofilament proteins (Julien et al., 1987; Lees et al., 1988; 

Myers et al., 1987). The phosphorylation state of neurofilament proteins changes 

during embryonic development. Using monoclonal antibodies to phosphorylated and 

non-phosphorylated forms of the neurofilament proteins, it is observed that in spinal 

cord and optic nerve system of the Xenopus embryo, NF-M was initially expressed
CL

as^dephosphorylated form and gradually became phosphorylated during development 

(Szaro et al., 1989). Changes of phosphorylation state of neurofilament proteins 

were also found in chick embryonic optic nerve and spinal cord (Go et al., 1989); 

(Bennett et al., 1988). NF-H and NF-M found in axons are phosphorylated form while 

non-phosphorylated forms of NFs were primarily located in cell bodies (Sternberger 

and Sternberger, 1983). The phosphorylation of neurofilaments may stabilize the 

axonal cytoskeleton following the massive loss of axons that occurs in several fibre 

tracts during later foetal and neonatal life. Peripherin is present in peripheral and 

certain central nervous system neurons. In the neuron-like cultured cell line PC12, 

an increase in peripherin level results from the neuronal differentiation of the cells 

promoted by neuron growth factor (N; ) (Aletta et al., 1989). Ne s t i n  is

specifically expressed in neuroepithelial stem cells in central nerve system, and this 

makes it different from type III and IV intermediate filaments GFAP, neurofilaments 

and peripherin, which are typical of their differentiated cell type. In embryo 

development, nestin first appears in neurectodermal cells during neurulation and 

stops upon terminal differentiation of the multipotential CNS stem cell (Lendahl and

22



Zimmerman, 1990). Vim entin, a type III intermediate filament, was found coexist 

with nestin in CNS stem cells (Lendahl and Zimmerman, 1990). The expression of 

vimentin proteins in nervous system is very unique. It is always coexpressed with a 

neuron-specific intermediate filament, such as GFAP, nestin, or transiently 

coexpressed with neurofilaments during embryo development. The cells in which 

vimentin and GFAP are coexpressed may have different functions in vivo. This 

differential expression of intermediate filaments represents an example of the 

association of functional differences of intermediate filaments in various cells.

Interm ediate filaments in epithelial tissues

Keratins are the major intermediate filaments expressed in epithelial cells. Of 

all the intermediate filament subclasses, the keratins of epithelia are by far the 

largest and most complex group, ranging in size from 40 to 67 kD and perhaps 

consisting of at least as many as 30 members in higher vertebrates. Keratins can be 

divided into two different subclasses, type I and type II, based on their charge 

characteristics and molecular weights (Moll et al., 1982). In human epithelial tissues 

there are 20 distinct keratins expressed (Moll et al., 1982; Moll et al., 1990) and 

coded for by two distinct gene families (Fuchs et al., 1981). Type I keratins (Nos. 9- 

20 and trichocyte keratins Hb1-4 and Hbx) are generally smaller and more acidic and 

type II keratins (Nos. 1-8 and trichocyte keratins Ha1-4 and Hax) are larger and 

more basic. Moreover, keratin filaments appear to be obligate heteropolymers 

between these two classes, so any epithelia will express at least two keratins and 

most express several, but never will all of the keratins be expressed simultaneously 

by any one epithelial cell (Hatzfeld and Franke, 1985; Kim et al., 1983; Lee and 

Baden, 1976; Steinert et al., 1976). The expression patterns of keratins may vary 

considerably between tissues and even from cell type to cell type within the same 

tissue. The selective expression of keratin pairs were shown to be associated with a 

particular type of state of epithelial differentiation (Sun et al., 1984; Tseng et al., 

1982; Moll et al., 1982; Franke et al., 1981; Doran et al., 1980). These patterns of 

keratin expression are illustrated in Figure 1.1, which is based on the hypothesis 

originally put forward by Sun et al (1984). The cellular distributions of keratin pairs 

in epidermis are regarded as the best characterised example to reflect the close 

relation between the differential expression of keratins and epithelial cell 

differentiation.

On morphological grounds, epithelia have been classified historically as 

simple, i.e. single layered or stratified, i.e. multilayered. Simple epithelial cells (i.e.
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a free luminal surface and in contact with the basal lamina) express keratins 8 and 

18, and sometimes other simple epithelial keratins 7 and 19. Examples of such cells 

are glandular secretory cells, the kidney tubules and the lining of the small intestine. 

Stratified epithelia consist of a basal layer (i.e. cells in contact with the basal 

lamina but having no free luminal surface) and a number of suprabasal cell layers (no 

contact with basal lamina and (mostly) no free surfaces). Basal cells express keratin 

5 and 14, and suprabasal cells express additional pairs of keratins which are 

characteristic of the epithelium's local specialization (Skerrow and Skerrow, 1983; 

Woodcock-Mitchell et al., 1982). Non-cornified stratified squamous epithelia (mostly 

'wet' or mucosal epithelia, including all the internal linings such as the oesophagus, 

tongue, ectocervix, vaginal and oral mucosa) express keratins 4 and 13 which are 

known as markers of 'oesophageal-type' differentiation (van Muijen et al., 1986). 

Cornified epithelia ('dry' or epidermal-type epithelia in which the suprabasal layers 

terminally differentiate to form a protective layer of statum corneum) express 

keratins 1 and 10, the largest pair in keratin family. In addition to keratin 1 and 10 

pair, keratin 2 and 11 can also be found in the suprabasal layers of cornified 

stratified squamous epithelia. The expression of keratins 1, 2, 10 and 11 is 

considered as a characteristic of 'skin-type' differentiation (Moll et al., 1982). 

Keratin 3 and 12 are only expressed in the highly specialized transparent epithelium 

of the cornea in human, and regarded as markers of 'corneal-type' differentiation 

(Schermer et al., 1986). Unlike all the keratin pairs mentioned above, keratin 6 and 

16 are usually expressed in suprabasal keratinocytes in a hyperproliferative state, 

for example in wound healing, cell culture and during malignant transformation 

(Weiss et al., 1984; Sun et al., 1984). This pair of keratins are also expressed in 

the suprabasal layers of both cornifying and non-cornifying compartments of oral 

epithelia (Morgan et al., 1987). In the absence of antibodies specific to keratins 9 

and 17, little is known about the detailed expression of these keratins in vivo. Using 

biochemical methods, it was found that keratin 9 is particularly restricted in its 

expression, and it was only found in human palmar and plantar epidermis (Moll et al., 

1987). The expression of keratin 17 was reported in some hyperproliferating cells 

with keratin 6 and 16 (Tyner and Fuchs, 1986), and also in basal cell carcinomas 

(Moll et al., 1982; Weiss et al., 1984).

In general, specific keratin pairs have proved useful markers of different 

pathways of differentiation. These complex expression patterns have been conserved 

across such diverse species as cow, rabbit, mouse and chicken (Cooper and Sun, 

1986; Schiller et al., 1982; Schermer et al., 1986; O'Guin et al., 1987), indicating 

that the amino acid sequence for individual keratins across species may be 

evolutionarily conserved.
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1 . 2 . 3  Intermediate filaments are evolutionarily conserved

It is well known that intermediate filaments exist in all vertebrates. There is, 

however, increasing evidence that intermediate filaments are rather more widely 

distributed than was originally apparent. Using intermediate filament specific 

antibodies, the equivalents of intermediate filament-like proteins have been reported 

in plants (Park et al., 1987) and various invetebrates (Bartnik and Weber, 1987; 

Weber et al., 1988; Weber et al., 1989). As information on amino acid sequence of 

most of the intermediate filament proteins has accumulated, the data confirm that all 

intermediate filaments share the same structural principle, indicating an 

evolutionary derivation from a common ancestral gene. This hypothesis is strongly 

supported by the studies of intermediate filament sequences in invertebrates. Four 

intermediate filament proteins from invertebrates have now been isolated and 

sequenced, two of the proteins, A (71 kD) and B (63 kD), were isolated from the 

giant body muscle cells of the nematode Ascaris lumbricodes (Weber et al., 1989), 

and the other two proteins, 66 kD (A) and 52 kD (B), were isolated from the 

oesophagus epithelium of the snail Helix pomatia (Weber et al., 1988). Sequence 

comparison of these four invertebrates intermediate filaments with all the known 

vertebrate intermediate filaments shows that the cytoplasmic intermediate filament 

proteins of invetebrates have higher homology to nuclear lamins (44-74% identity) 

than to the other intermediate filament proteins ((28-31% identity) (Weber et al., 

1989). Using intermediate filament specific antibodies and electron microscopy, it 

was found that intermediate filaments in invertebrates can be divided into two 

prototypes, neurofilament-like and non-neurofilament-like (Bartnik et al., 1987). In 

annelids, Myxicola for example, two large intermediate filament proteins, 155 kD 

and 170 kD, were specifically found in neurones which are known to contain 

neurofilaments, while two other small intermediate filament proteins, 66 kD and 52 

kD, were only found in non-neuronal tissues, such as epidermis and intestinal 

epithelium. These results suggest that the separation between neuronal and non

neuronal intermediate filament prototypes may have happened earlier than annelid in 

evolution. The molecular evidence for the evolutionary separation of neuronal and 

non-neuronal intermediate filaments comes from studies of the intron positions of 

different vertebrate intermediate filament genes. It was demonstrated that the genes 

for vimentin, desmin, GFAP and various keratins show 7 to 8 introns conserved in 

relative position. In contrast, the genes for all three neurofilament proteins, NF-L, 

NF-M and NF-H, show a highly anomalous placement of introns (Julien et al., 1987; 

Lewis et al., 1986; Myers et al., 1987 and Lees et al., 1988).
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Conserved gene structure of intermediate filaments

The complete structure of at least 20 different intermediate filament genes 

has been determined (see summary table 1.2), and this has provided additional 

information about the evolutionary relationship between the members of 

intermediate filament multigene family. It has been proposed that the intron/exon 

structure of eukaryotic genes reveals their evolutionary history and suggests that 

the genes evolved by recruitment and combination of small segments encoding 

distinct functional domains (Gilbert, 1978). In the case of intermediate filament 

genes, the majority of them (type I, II and III) contain 8 introns. For example, among 

the 17 known intermediate filament genes of type I to type III (8 type I keratin 

genes, 5 type II keratin genes and 4 genes for type III intermediate filament 

vimentin, desmin, GFAP and peripherin separately) isolated from human, murine and 

bovine, 14 of them contains 8 introns, two of them contain 9 introns (murine and 

bovine keratin 10) and one of them contains 7 introns (human keratin 8 (Krauss and 

Franke, 1990)). The positions of 6 of the 8 introns are extremely well conserved 

among the different members of each subfamily, and also between the two different 

subfamilies. Some of the introns have been found at or near positions defining 

functional domains of these proteins (a-helical rod domain). The remaining two 

introns are located at various positions depending on the subtype of the family. The 

intron localization of intermediate filament genes are summarized in figure 1.2 

(after Thompson et al. 1989). Within the three intermediate filament subfamilies 

(type I to type III), the unique positions of these introns can be used to assign an 

intermediate filament gene to one of these families. Intron I of the type I keratins is 

located at the beginning of rod domain 1B, while in type II keratins the first introns 

located at the beginning of rod domain 1A. Intron I of type III intermediate filament 

genes is located at the identical position of intron II in the type I and type II keratin 

genes. One of the characteristics of the type III intermediate filament genes is that 

despite the difference in their functions and tissue distributions in vivo, the four 

different genes (vimentin, desmin, GFAP and peripherin) contain 8 introns at 

remarkably identical positions. These suggest that the genes of these four type III 

intermediate filaments arose from a common ancestor (Thompson and Ziff, 1989). In 

contrast however, the type IV neurofilament genes, although maintaining common 

intron positions between their three members, show a striking difference in their 

organization compared to the other intermediate filament genes. The genes for 

neurofilaments NF-L and NF-H only contain three introns, and the gene for NF-M 

contains two. All the introns of neurofilaments are located within the regions of rod
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domain 2A to tail domain of C-terminal. So far no introns have been found in the head 

domain of any intermediate filament gene.

Combiniigall the intron/exon patterns of all four types of intermediate filament 

genes (20 genes) with the data obtained from the studies of intermediate filament 

proteins in invertebrates, especially in annelid Myxicola infunafibulum, the 

hypothesis about the early evolutionary divergence of neuron and non-neuronal 

intermediate filaments still remains.
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Figure 1.2

Intron/exon patterns of intermediate filament genes

The a-helical regions of intermediate filament protein 

are indicated as striped bars ),

while the non a-helical regionsare demonstrated as 

thin open bars (■ • — » ).

Tailed arrows indicate the evolutionary conserved intron 

positions of intermediate filament genes. Tailless arrows 

indicate the non-conserved intron positions.
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TABLE 1.2
INTERMEDIATE FILAMENT GENES

TYPE NAME SPECIES D N A (c /g ) COMPLETE? REFERENCE

Type II
K1 Human cDNA Incomplete (Steinert, 1 985)

Human Gene Complete (Johnson,1985)
Human Gene Complete (Klinge, 1987)

1 a Bovine cDNA Incomplete (Jorcano,1984)
Murine cDNA Incomplete (Steinert,1 985)

K2 IsD - - -

K3 ND - - -

K4 Human cDNA Incomplete (Leube,1988)
Murine cDNA Complete (Knapp,1986)

K5 Human cDNA Complete (Lersch,1988)
Human Gene Complete (Eckert,1988)
Murine cDNA Complete (Steinert,1 984)

K6 Human cDNA Incomplete (Hanukoglu,1983)
Human Gene Complete (Tyner, 1 985)

IV Bovine cDNA Incomplete (Jorcano,1984)

K7 Human cDNA Complete (Glass,1985)
human gene complete (Glass,1988)

K8 Human cDNA Complete (Waseem,1990)
Human Gene Complete (Krauss,1990)

A Bovine cDNA Incomplete (Magin,1 986)
Endo A Murine cDNA Complete (Sem at,1988)

Murine Gene Complete (Sem at,1988)
Xenopus cDNA Complete (Franz,1 986)

Type 1
K9 ND - - -

K10 Human Gene Complete (Rieger,1 988)
K10/1 1 Human cDNA Incomplete (Darmon,1987)
Vlb Bovine cDNA Incomplete (Jorcano,1984)
Vlb Bovine Gene Complete (Rieger,1 985)

Murine cDNA Complete (Steinert,1 983)
Murine Gene Complete (Krieg,1 985)

K12 IsD - - -

K13 Human cDNA Complete (Schulz,1990)
Murine cDNA Incomplete (Knapp,1986)

K14 Human cDNA Incomplete (Hanukoglu,1982)
Human Gene Complete (Marchuk,1985)

14S Murine cDNA Incomplete (Knapp,1987)
14B Murine cDNA Incomplete (Knapp,1987)
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TABLE 1.2 CONTINUED

TYPE NAME SPECIES DNA(c/g) COMPLETE? REFERENCE

K15 Human Gene Complete (Leube,1988)

K16 Human Gene Complete (RayChaudhury,1986)
Murine cDNA Incomplete (Knapp,1987)

K17 LD - - -

K18 Human cDNA Complete (Oshima,1986)
Human Gene Complete (Kulesh.1988)

EndoB Murine cDNA Complete (Singer,1986)

K19 Human cDNA Complete (Stasiak,1987)
Human Gene Complete (Echert,1988)
Bovine Gene Complete (Bader,1986)

Type III
Vimentin Human Gene Complete (F e rra ri,1986)

Hamster Gene Complete (Quax,1983)

Desmin hamster gene complete (Quax,1985)

GFAP mouse gene complete (Balcarek,1985)
Peripherin rat gene complete (Thompson,1989)
XIF3 Xenopus cDNA Complete (Sharpe,1989)

Type IV
NF-L human gene complete (Julien,1987)

mouse gene complete (Lewis, 1986)

NF-M human gene complete (Myer,1 987)
NF-M mouse gene complete (Levy,1987)

NF-H human gene complete (Lees,1988)
mouse gene complete (Julien,1 988)

Type V
Lamni A chicken cDNA complete (P eter,1989)
Lamin A human cDNA complete (McKeon,1986)

Lamni B chicken cDNA complete (P e te r,1989)
Lamin B2 chicken cDNA complete (Vorburger,1 989)

Lamin C human cDNA complete (McKeon,1986)

Type VI
Nestin rat cDNA complete (Lendahl,1990)
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Conserved protein structure of interm ediate filam ents

The evolutionary conservation of intermediate filaments is shown more 

remarkably at their protein structure level. The structure of intermediate filament 

proteins was initially suggested by a combination of earlier studies such as X-ray 

diffraction, protein cleavage and protein sequencing of intermediate filaments 

(Geisler and Weber, 1982; Pauling and Corey, 1953; Steinert et al., 1980). Based on 

the DNA sequencing information of intermediate filaments, a consensus model for 

intermediate filament proteins was formulated (Geisler and Weber, 1982; Steinert 

et al., 1985; Steinert et al., 1985). All intermediate filament proteins consist three 

distinct domains: a central rod domain of conserved length and sequence (about 310 

amino acid residues) occurring in a helical conformation, flanked by a non-helical N- 

terminal head domain of variable length and a C-terminal tail domain showing 

considerable length difference between different intermediate filament proteins. The 

central rod domain is interrupted by short non-helical linkers (L1, L12 and L2), and 

subdivided into helical subdomains, 1A, 1B, 2A and 2B. The amino acid residues in 

the helix domain obey the heptad rule which says that if in a proteinaseven residue 

repeat with hydrophobic amino acids at position 1 and 4 o c c u ij, the resulting structure 

is helical and involved in coiled-coil packing (McLachlan, 1978). This has appeared to 

be a characteristic feature in ail intermediate filaments. The central rod domain of 

neurofilaments however, do not appear to have linker regions L1 and L12 (Lees et 

al., 1988; Myers et al., 1987). This may provide evidence to support the hypothesis 

that neurofilaments are diverged far from the rest of intermediate filaments.

Unlike the central rod domain, the conservation of the non-helical end domains 

was shown to be extremely variable in size and sequence between all members of the 

intermediate filament family. The most extreme examples are the unusually long tail 

domains of neurofilaments and the short tail domain of keratin 19. The tail domain of 

NF-H consists of 800 amino acids (Lees et al., 1988) and NF-M contains nearly 500 

amino acids in its tail domain (Myers et al., 1987) and NF-L consists of 150 amino 

acids in its "tail" domain. Keratin 19, in contrast, only has 9-13 amino acids in its 

tail domain (Bader et al., 1986; Stasiak and Lane, 1987). Despite of the variability 

in size and sequence of the non-helical domains of intermediate filaments, certain 

conserved sequence or sequence repeats still exist among all the members. Within 

type I, II and III intermediate filament members, the linker L2 shows 85-89% 

homology in their amino acid sequence and invariant length (8 residues). The sixth 

amino acid of linker segment L2 is Glu, and this amino acid residue is absolutely 

conserved in every intermediate filament sequence investigated (including the 

lamins) (Conway and Parry, 1988). Analysing the sequences of the N- and C-
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terminal domains of keratin intermediate filaments, Roop et al. proposed a model to 

subdivide the terminal domains into segments of special character (Roop and 

Steinert, 1986). The globular sequences which are immediately adjacent to the rod 

domain bilaterally, are termed H1 and H2. Distal to H1 and H2 are so-called V1 and 

V2 Variable’ subdomains (see figure 1.3). The size and sequence homology of H1 and 

H2 are basically only conserved within the same type of intermediate filament. In 

type I keratins, only a very short region (7 amino acid residues) can be called H1, 

and this sequence is conserved in all mammalian type I keratins (Conway and Parry,

1988). In type II keratins however, both H1 and H2 regions exist and consistA36 and 

20 amino acid residues respectively. The length of H1 and H2 subdomains varies 

between different typesof intermediate filaments. It has been confirmed that the H1 

and H2 subdomains of type III intermediate filaments are 20 and 58 residues 

respectively. For type IV neurofilaments, the H1 and H2 subdomains are much 

longer, 91 and 102 residues for H1 region of NF-L and NF-M, 97 and 88 residues for 

the H2 region of NF-L and NF-M respectively (Conway and Parry, 1988).
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Figure 1.3 Structure  of in term ediate  filam ent proteins

The figure illustrates the consensus subdomain structures of intermediate 

filaments suggested by Steinert et al., and Weber and Geisler. The lengths of the 

domains are not to scale. The central a-helical rod domain is shown as a striped bar 

and consists of subdomains 1A, 1B, 2A and 2B, which are divided by non-a-helical 

linker regions L1, L12, and L2. This central rod domain is well conserved in size and 

sequence among the different members of each intermediate filament type.

The non-helical amino-terminal head and carboxy-terminal tail domains flank 

the rod domain, and may also have a subdomain structure. Type I and type II keratins 

contain V1 and V2 subdomains that differ greatly in size and sequence between the 

different member of each subfamily. The termini of these domains (N and C) are also 

very variable between all keratins. Type II, type III and type IV intermediate 

filaments have in addition, H1 and H2 domains which directly flank the central rod 

domain.
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1 .3  Molecular analysis of intermediate filament gene

express ion

1 . 3 . 1  Transcriptional regulation of intermediate filament

genes

Like most of eukaryotic genes, intermediate filament genes contain typical 

regulatory sequences such as the cis-acting DNA sequences upstream from the 

transcription initiation site, and the RNA polymerase II initiation region known as 

a  TATA box. Various transcription factor binding sites (SP1, NF-I binding sites) have 

been identified within the 5’-upstream sequence and some of the introns (Krauss and 

Franke, 1990; Kulesh and Oshima, 1989). In situ hybridization with intermediate 

filament specific DNA probes together with functional analysis of different types of 

intermediate filament gene promoter and enhancer regions strongly suggests that the 

expression of intermediate filament genes mainly controlled at transcriptional 

level (Bolmont et al., 1990; Farrell et al., 1990; Jiang et al., 1990; Jonas et al., 

1989; Roop et al., 1988; Sarthy and Fu, 1989; Sax et al., 1990; Tsuru et al., 1990; 

Vassar et al., 1989). The most well studied intermediate filament genes are vimentin 

and keratins.

Transcriptional control of vimentin gene

Nuclear run-on assay showed that the expression of mouse vimentin gene 

during the differentiation of myeloid leukemia cells was transcriptionally regulated 

(Tsuru et al., 1990). Analysing of the 5'-end upstream sequence of chicken vimentin 

gene revealed that (1) a strong and cell type specific positive regulatory element is 

located at the -321 to -161 nt region, which can increase the promoter activity in 

all cell culture, but more strongly in fibroblasts, (2) in the region of -767 to -608 

nt, the promoter activity was partially restored in fibroblasts but not the other cell 

such as lens cells, (3) between these two positive regulatory elements, there is a 

negative regulatory element in the region -608 to -321 nt, which can repress the 

promoter activity in fibroblasts and lens cells (Sax et al., 1990). Further 

investigation of this negative element le. d to the identification of a 40 base pair 

silencer region at -568 nt., which is now known responsible for the repression of the 

transcription activity of chicken vimentin gene in epithelial cells such as Hela cells. 

The silencer shares strong sequence similarity with 5'-flanking sequence of human 

and hamster vimentin as well as the other characterized silencer elements, such as
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rat growth hormone and rat insulin gene. Gel retardation assays show that the

silencer can bind to a 95 kD protein from Hela cells. During myogenesis, with the

increase of the 95 kD protein binding to the silencer, vimentin gene expression

decreases, which suggests that the 95 kD protein may be involved in regulating the

tissue specific expression of the chicken vimentin gene (Farrell et al., 1990). During

muscle cell differentiation, vimentin gene expression is down regulated. A

repression element (nt -320 to -160) was found to contribute to the down regulation

of vimentin gene expression during myogenesis. Additionally, it has also been found

that the activity of human vimentin gene promoter is growth regulated. The

expression of vimentin gene can be induced not only by serum or platelet derived

growth factor (PDGF) (Rittling and Baserga, 1986; Rittling and Baserga, 1987), but

also by a transactivator Tax (p40x) from the human T-cell leukemia virus type I

(Lilienbaum et al., 1990). The induction of human vimentin gene promoter by serum 
+o be

and TPA was found^mediated by AP-1/jun binding sites (24 base pair), located at -

700 nt (Rittling et al., 1989). Despite the gene structure and protein sequence

similarity between the members of type III intermediate filaments, their 5'-end

regulatory sequences are quite different. Vimentin is the only intermediate filament

gene found consist both positive and negative regulatory sequence. The complicated 
A

regulatory mechanism for vimentin gene expression may due to its unusual cellular 

distribution in vivo.

Transcriptional regulation of keratin genes

The transcriptional regulation of cell type specific expression of keratins was 

demonstrated by analysing a number of cis-regulatory sequences from keratin genes. 

A cis-regulatory element of bovine keratin IV was identified and it showed the ability 

to control the cell type specific expression (Blessing et al., 1989). Similarly, a 300 

base pair sequence from the human keratin 14 promoter region was found to be 

active in all epithelial cells and inactive in all non-epithelial cells (Jiang et al., 

1990). The keratin 14 promoter control r . the tissue specific and

differentiation specific expression in vivo (Vassar et al., 1989). In Xenopus, the 

regulation of epidermis specific keratin gene (XK81A1) expression was also found at 

the level of transcription (Jonas et al., 1989).

As keratins are heterotypic intermediate filaments, keratin genes are always 

coexpressed as specific pairs of type I and type II genes within the same cell. 

Comparing the 5'- upstream regulatory sequence from a naturally coexpressed 

keratin pair K5 and K14, however, reveals the absence of sequence conservation
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(Eckert and Rorke, 1988). On the other hand, a striking sequence similarity of 

potential regulatory sequence was seen between the bovine and human keratins 

(Eckert et al., 1988). Similar interspecies regulatory sequence conservation was 

also observed within the chicken, hamster and human vimentin genes (Farrell et al., 

1990). All these suggest that the interspecies conservation may be more significant 

than intraspecies similarities and furthermore, the regulation of each intermediate 

filament gene may be similar in different species. The evidence has come from 

transgenic mouse studies, where a chicken vimentin gene or a human keratin 14 gene 

were all found to be expressed in a tissue specific manner in mice (Capetanaki et al., 

1989; Vassar et al., 1989). The regulation of a coexpressed keratin gene pair on the 

other hand may under go different pathway within the same cells. Preferential 

association of a particular pair of keratins may dependent upon the other factors 

such as forming more stable protein complex with higher affinity between two 

partners (Eichner et al., 1986).

Transcriptional regulation of the other intermediate filament

genes

As long as genomic sequence information is lacking, nothing is known about 

the regulatory sequences of type V (nuclear lamins) and type VI (nestin) genes. For 

hamster desmin, a 114 base pair sequence (-89 to 25 nt) has been identified that can 

direct tissue and stage specific expression upon in vitro myogenesis (Pieper et al., 

1987). In situ hybridization results also showed specific human desmin mRNA 

distribution in muscles, implying the existence of transcriptional regulation of the 

human desmin gene (Bolmont et al., 1990). Using transgenic mice, Julien et al. 

demonstrated that a 21.5 kb genomic fragment containing the gene encoding NF-L 

could be specifically expressed in neurones (Julien et al., 1987). Another nerve 

specific intermediate filament, peripherin, is induced in PC12 cells during nerve 

growth factor-NGF mediated neuronal differentiation. Promoters of four NGF- 

inducible genes (NF-L, NF-M, peripherin and calcyclin) were compared and no 

common homologous sequences were identified (Thompson and Ziff, 1989). Functional 

analysis of these promoters is necessary to elucidate the regulation of these gene 

expression.
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1 . 3 . 2  Post-transcriptional regulation of interm ediate

filam ent genes

As discussed earlier, the majority of intermediate filaments are 

transcriptionally regulated. For some of intermediate filaments, post-transcriptional 

regulation has also been observed, probably at the level of RNA processing or 

translation. Although most intermediate filaments appear to be synthesized from 

individual mRNAs (Fuchs and Green, 1979; Kim et al., 1983), certain intermediate 

filament genes do transcribe more than one mRNA. Transcription of chicken, but not 

human and hamster, vimentin gene results in two mRNA species of 2.0 and 2.3 kb 

which arise from the differential use of two sets of polyadenylation signals (Zehner 

and Paterson, 1983). The expression of these two vimentin mRNA species is 

differentially regulated. In muscle cells, fibroblasts, spinal cord and lens, both 

vimentin mRNA species were present at similar concentration. In erythroid cells of 

chicken embryo from day 10-15 however, the smaller molecular weight vimentin 

mRNA (2.0 kb) was expressed predominantly and the expression level increased 

significantly (40-50 fold) as development proceeds from the 4th to the 15th day. 

The expression of the 2.3 kb vimentin mRNA in skeleton muscle cells was about 2 

times higher than that of the 2.0 kb species (Capetanaki et al., 1983). This chicken 

vimentin gene possesses full ability to program post-transcriptional regulation of its 

mRNA expression, even in another environment such as in transgenic mice 

(Capetanaki et al., 1989).

Developmentally regulated differential expression of two nuclear lamin 

mRNAs of 2.8 and 3.0 kb from a single gene has been reported in Drosophila.. These 

two mRNAs differ in their 3'-untranslated regions, suggesting that they may arise 

as a result of differential splicing or may be terminated at different sites. The 2.8 kb 

species was expressed predominantly during early embryogenesis, and works as a 

specialized oocyte "storage" form involved in programming lamin biosynthesize. 

Although both 2.8 and 3.0 kb mRNAs species were expressed by the embryo and the 

lamin Dmo was translated from either of them, the 3.0 kb form is preferred at most 

other development stages (Gruenbaum et al., 1988). Two mammalian lamins, A and 

C, also arise by alternative splicing of mRNA (Fisher et al., 1986; McKeon et al., 

1986), but it is not yet clear whether these alternatives are ever differentially 

regulated.

Multiple transcripts have also been observed with human and rat neurofilament 

NF-L gene. DNA transfection study with human NF-L gene in mouse L cells 

(fibroblasts) showed that two mRNAs of approximately 2.6 and 4.3 kb were 

transcribed from the single NF-L gene. Two similar sized transcripts of NF-L were
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also obtained in human brain tissues (Julien et al., 1987). In rat brain, northern blot 

analysis demonstrated that two NF-L mRNAs at the size of 2.4 and 3.4 kb were 

transcribed from the single copy NF-L gene at the equally abundance (Julien et al.,

1985). In addition, post-transcriptional regulation was also observed when in situ 

hybridization combining with immunoblotting were used to analyse the mRNA 

expression of keratin 6 and 16 in normal epidermis, where keratin 6 and 16 mRNAs 

were present but no proteins were found (Stoler et al., 1988; Tyner and Fuchs,

1986). So far, it is not clear what is the biological significance for having a post- 

transcriptional control of certain intermediate filament genes.

1 . 3 . 3  Post-translational regulation of intermediate filaments

In contrast to the level of post-transcriptional regulation, the post- 

translational regulation of intermediate filaments commonly seen. Nearly all 

kinds of intermediate filament proteins were found to be phosphorylated. The 

phosphorylation of intermediate filament proteins has been well investigated. 

Keratins for example, the phosphorylation site of human keratin 1 was identified 

(Steinert, 1988). In vimentin, it is known that the phosphorylation of the N-terminal 

head domain is catalysed by protein kinase A and C (Geisler et al., 1989). So is true 

with desmin, in which four serine residues of the head domain were found 

phosphorylated by protein kinase C (Kitamura et al., 1989). Phosphorylation of 

nuclear lamin B was observed in rat brain (Abdel et al., 1989). For most of the 

neurofilaments, the protein phosphorylation state changes during development (Go et 

al., 1989; Szaro et al., 1989). Like all the other intermediate filaments, GFAP and 

peripherin were also found been phosphorylated at their head domains (Hue et al., 

1989; Inagaki et al., 1990). The importance of the phosphorylation of intermediate 

filament proteins and the role it plays in the filaments assembly and disassembly will 

be discussed in detail in later section.

Apart from the phosphorylation, glycosylation was reported in a few 

intermediate filament proteins as well. A glycosylated form of lamin A from pig was 

found in at least three kinds of the tissues examined (Ferraro et al., 1989). More 

information was obtained from the study of the glycosylation of human keratin 13. 

The results indicate that human keratin 13 protein contains single residues of N- 

acetylglucosamine O-glycosidically linked to the polypeptide chain (King and Hounsell, 

1989). It is unknown that (1) what the biological function of these glycosylated 

intermediate filament proteins is, (2) What the state of these glycosylated 

intermediate filament proteins are during filament assembly.
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1 . 3 . 4 Localization of intermediate filament genes in the genome

In order to fully understand the evolution and regulation of intermediate 

filament gene expression in vivo, it is important to know the genomic localization of 

these genes. So far, about 13 human intermediate filament genes plus 5 mouse 

intermediate filament genes have been mapped on certain chromosomes in the genome 

(see summary table 1.3). It was found that majority of type I keratins (K10, K14, 

K15, K16 and K19) are on chromosome 17, possibly n 2 clusters (Bader et al., 

1988; Lessin et al., 1988; Romano et al., 1987; Romano et al., 1988; Rosenberg et 

al., 1988), while type II keratins (K1, K4 and K8) are clustered on chromosome 12 

(Lessin et al., 1988; Popescu et al., 1989; Romano et al., 1987; Romano et al., 

1988; Waseem et al., 1990). Clusters of three type I and two type II sheep wool 

keratin genes have also been located on separate cosmid clones (Powell et al., 1986). 

Exceptional localization of simple or embryonic keratin 18 on human chromosome 12 

has been reported (Waseem et al., 1990). Keratins 8 and 18 are thus unique as the 

only pair to be located on the same chromosome. As the first coexpressed pair of 

keratins during embryo development, the colocalization on the same chromosome 

may provide some advantages for their genetic control, such as co-regulated by 

distant dominant control elements like the ones found in globin genes (Grosveld et al.,

1987). Cis-acting mechanism of regulation could not account for the coexpression of 

keratin pairs as K1 and K10, K4 and K13, since the genes are clustered in families 

and not in coexpressed pairs. Taking together with the results mentioned earlier in 

this section that no extensive homology has ever been found in 5’-flanking regulatory 

sequence of most coexpressed keratin genes studied, it strongly suggests that trans

acting mechanisms must be involved in regulating the coordinate expression of these 

genes. Despite the remarkable conservation of gene structure among the members of 

type III or type IV intermediate filaments, the chromosomal localization of each 

individual differs: human vimentin, desmin, NF-L and NF-H genes are located on 

chromosomes 10, 2, 8 and 22 respectively (Ferrari et al., 1987; Hurst et al., 

1987; Mattei et al., 1988; Viegas et al., 1989). Such an unlinked chromosomal 

localization of type III and type IV intermediate filament genes was also 

demonstrated in mouse genome: GFAP, desmin and NF-L are located on chromosome

1 1 , 2  and 14 respectively (Bernier et al., 1988; Mattei et al., 1989; Mattei et al., 

1989). Interestingly, both mouse GFAP and keratin 10 were found co-localized on 

chromosome 11. The significance for the colocalization of two different types of 

intermediate filament genes on the same chromosome remains unknown. Further 

chromosome mapping of intermediate filament genes in different species will help us 

to elucidate the organization and regulation of intermediate filament genes, as well
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as to understand more about the divergence of intermediate filament genes during 

evolution.

43



Table 1.3 Chromosomal localization of intermediate  
filament genes

Name Species Chromosome R eference

K1 human 12q11-q21 (Lessin et al.,1988)

K4 human 12 (Romano et al.,1988)

K8 human 12 (Waseem et al.,1990)

K10 human 17q12-q21 (Lessin et al.,1988)
mouse 11 (Nadeau et al.,1989)

K14 human 17 (Rosenberg et al.,1988)

K15 human 1 7 (Romano et al.,1988)

K16 human 17 (Rosenberg et al.,1988)

K18 human 12 (Waseem et al.,1990)

K19 human 17 (Bader et al.,1988)

GFAP mouse 11 (Bernier et al.,1988)

Desmin human 2p35 (Viegas et al.,1989)

Vim human 10pter-q23 (Ferrari et al.,1987)
mouse 2A2 (Mattei et al.,1989)

NF-L human 8p21 (Hurst et al.,1987)
mouse 14D1-E1 (Mattei et al.,1989)

NF-H human 22q121-q131 (Mattei et al.,1988)
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1.4 Interm ediate filam ent assem bly

In order to be functional, intermediate filament proteins, as typical structural 

proteins, have to be assembled into 10 nm filaments forming filament organization or 

network within cells. As discussed earlier, all intermediate filament proteins share 

the same structure pattern, dividing them up into the a-helical central rod domain, 

the non-helical head N-terminal and tail C-terminal domains. It is believed that 

intermediate filaments are formed through a series of steps building up from dimers, 

tetramers and protofilaments to filaments. There is evidence that all types of 

intermediate filament proteins can form homopolymers except for type I and type II 

keratins. Keratins are the only intermediate filaments which are obligate 

heterpoiymers, indicating that the polymerization processing of keratin filaments 

may differ from the rest of the intermediate filaments, despite the protein structure 

similarities. Thus questions arise about the control mechanisms of intermediate 

filament assembly. One question is that of the function of different subdomains of 

intermediate filament protein during filament polymerization. A second question is 

what are the roles for phosphorylation of intermediate filament proteins in filament 

assembly. The third and may be the least understood one is what kind of associations 

do intermediate filaments have with other cellular components in the cytoplasm.

1 . 4 . 1  Subdomain functions in filament assembly

a-helical rod domain

As the most conserved region among all intermediate filament proteins, the 

a-helical central rod domain is believed to play a central role in filament assembly, 

since it is thought to be the building block of the 10 nm filaments. Evidence, 

supporting this has been derived from a number of in vitro and in vivo studies. Many 

experiments to delete non-helical portions of intermediate filament proteins have 

apparently left polymerization capability intact. Expression of intermediate filament 

fusion proteins such as GFAP in E.coli indicated competence of the rod domain alone 

to form intermediate filament protein paracrystals in vitro (Stewart et al., 1989). 

Point mutations within the conserved regions at the N- and C-terminal ends of the 

rod domain of human lamin A resulted in disassembly of lamin intermediate filaments 

(Heald and Mckeon, 1990). The conserved end domains of the a-helix appear to be 

particularly important in assembly, since C-terminal deletions of as few as 5 amino 

acids compromise the assembly properties of the entire a-helix of lamins (Loewinger
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and McKeon, 1988). So does the keratins. When N-terminal or C-terminal rod deleted 

keratin 14 (Albers and Fuchs, 1987; Albers and Fuchs, 1989) or C-terminal rod 

deleted keratin 18 (Kulesh et al., 1989) were introduced into epithelial cells, they 

were found to cause disruption of the pre-existing keratin intermediate filament 

network in vivo. Since keratin intermediate filaments are formed as 

heteropolymers, some heterotypic protein binding sites might be involved in the 

filament formation. Such binding sites were located to within the rod domain of the 

complementary keratin proteins K8 and K18, by expressing a number of deleted 

keratin fragments in E.coii and analysing their binding affinity to the complementary 

keratin proteins in vitro (Magin et al., 1987). DNA transfection experiments with N- 

terminal rod domain deleted desmin (van den Heuvel et al., 1987) and either N- or C- 

terminal rod domain deleted NF-L (Gill et al., 1990) all reached the same conclusion 

as keratin and lamins (van den Heuvel et al., 1987). All data obtained so far indicate 

one principle, that is that an a-helical central rod domain with intact ends is 

essential for normal intermediate filament formation.

Non-helical head and tail domains

In contrast to the a-helical central rod domain, during the intermediate 

filament assembly, the requirement of the non helical N-terminal head and C- 

terminal tail domain is still uncertain. It is generally believecl that most of the 

phosphorylation sites of intermediate filament proteins are located in the N-terminal 

head domain, except neurofilaments, wheredmajority of the phosphorylation sites 

are located within the C-terminal tail domain. It is also known that the 

phosphorylation of intermediate filament proteins inhibits the filament assembly. 

Thus it seems indicating that the N-terminal head domains of intermediate filament 

protein do play a role during intermediate filament assembly. But whether the C- 

terminal tail domain of intermediate filament protein is also indispensable during the 

assembly of intermediate filaments remains unclear.

Investigations into the contributions of the N-terminal non-helical head domain 

of intermediate filament proteins during filament assembly have been carried out on 

many types of intermediate filaments. In desmin, it was reported that deletion of the 

first 67 amino acid residues from the N-terminus of desmin prevented formation of 

normal filaments under physiological conditions (Kaufmann et al., 1985), suggesting 

that the N-terminal head domain of desmin contains residues involved in filament 

formation. Studies with two cyanogen bromide cleavage derived fragments of avian 

desmin "D88", (covering residues 1-88 and representing the entire head domain),
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and MD109", (covering residues 145-254 and including the entire helix 1B and part 

of linker L12) confirmed that the head domain of desmin does play an important role 

in initiating the dimerization of two polypeptides (Saeed and Ip, 1989). In vitro 

phosphorylation of the serine 29, 35 and 50 in the desmin head domain by cAMP 

dependent protein kinase A resulted in the inhibition of desmin filament formation 

(Geisler and Weber, 1988). Specific removal of the head domain of vimentin by Ca2+ 

activated protease leaves a protein unable to polymerize, and a vimentin fragment of 

12 kD most likely containing the head domain acts as an inhibitor in vimentin filament 

assembly (Traub and Vorgias, 1983). Phosphorylation of the N-terminal head domain 

of vimentin and GFAP were also found inhibiting the intermediate filament formation 

(Geisler et al., 1989; Inagaki et al., 1987; Inagaki et al., 1990). All this seems to 

suggest that the N-terminal head domain of type III intermediate filament proteins does 

have an important contribution towards the assembly of intermediate filaments. 

Studies carried out with keratins however have led to the interpretation that the N- 

terminal head domain of keratin proteins is not required for their incorporation into 

an existing filament network (Albers and Fuchs, 1989). Since keratins are all formed 

as heterpolymers, the polymerization mechanisms can be different from 

incorporation. So the results obtained previously may not reflect the real function of 

the N-terminal domain of keratin proteins. The real contribution of the N-terminal 

head domain of keratin proteins during the filament assembly remains obscure.

Unlike the N-terminal head domain, little is known about the function of the C- 

terminal tail domain of intermediate filament proteins during their assembly. Further 

more, all information obtained so far seems to indicate that the C-terminal tail 

domain is dispensable for polymerization of intermediate filaments. In vitro studies 

showed that deletions of part of the tail domain leaves desmin still competent to 

form filaments (Kaufmann et al., 1985). Desmin and vimentin tail domain swap 

experiments also showed that the hybrid proteins of desmin-vimentin tail or 

vimentin-desmin tail can be incorporated into a filament network to form desmin or 

vimentin filaments respectively, regardless which tail domain the hybrid protein 

carries (van den Heuvel et al., 1987). A similar conclusion was also reached when a 

tail domain deleted keratin 14 was found to become incorporated into a keratin 

filament network in PtK2 cells (Albers and Fuchs, 1987; Albers and Fuchs, 1989). 

Moreover, cDNA sequencing revealed that keratin 19 was naturally lacking a C- 

terminal non-helical tail domain (Bader et al., 1986; Stasiak and Lane, 1987), 

implying again that the C-terminal tail domain may not be essential for filament 

assembly. Nevertheless, there are conserved sequence features which suggest some 

specific function in the tail domain. Type III intermediate filaments and keratins 

(keratin 8 and 18 for example) contain a highly homologous stretch of 10-15
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residues that corresponds to the most hydrophilic region of the tail domain (Franke, 

1987; Krauss and Franke, 1990), suggesting that the tail region may have a 

cytoplasmic orientation. Some intermediate filaments are thought to bind to the 

plasma membrane and to nuclear envelope (Albers and Fuchs, 1989; Georgatos and 

Blobel, 1987). The first evidence to support a role for the C-terminal tail domain of 

intermediate filaments in filament assembly came from an in vitro study in which C- 

terminal-deleted GFAP recombinant proteins were found to be unable to form GFAP 

filaments in vitro (Quinlan et al., 1989). Use of synthetic peptides and C-terminal 

tail domain-specific antibodies to desmin revealed that there might be an interaction 

between end domains during filament assembly (Birkenberger and Ip, 1990). Taken 

together with the previous knowledge about the phosphorylation sites in 

neurofilaments, which were heavily located at the C-terminal tail domain of the 

proteins, this suggested that the function of the C-terminal domain of intermediate 

filament protein doss need to be further investigated.

1 . 4 . 2  Regulation of intermediate filament assembly and

d isassem bly

Phosphorylation and filament disassembly in vitro

Phosphorylation is the major post-translational modification common to all 

intermediate filaments. Many studies have demonstrated that in vitro 

phosphorylation of vimentin, desmin, GFAP and neurofilament NF-L with purified 

protein kinase A and C resulted in filament disassembly (Geisler et al., 1989; Geisler 

and Weber, 1988; Gonda et al., 1990; Inagaki et al., 1987; Inagaki et al., 1988; 

Inagaki et al., 1990). Protein kinase A is a cAMP-dependent protein kinase, protein 

kinase C is a calcium-phospholipid-dependent protein kinase. Both vimentin and GFAP 

have been reported to be substrates for protein kinase A and C (Ando et al., 1989; 

Evans, 1988; Huang et al., 1988; Inagaki et al., 1990), desmin and NF-L are 

substrates for protein kinase A (cAMP dependent protein kinase) (Geisler and Weber, 

1988; Nakamura et al., 1990). Lamin B was also found to be phosphorylated by 

protein kinase C (Fields et al., 1988; Hornbeck et al., 1988). As the first step 

toward defining the molecular mechanism of phosphorylation dependent disassembly 

of intermediate filaments, a number of phosphorylation sites have now been mapped. 

Interestingly, most of the phosphorylation sites are restricted to the N-terminal 

head domains of intermediate filament proteins. In desmin, for example, serines 29, 

35 and 50 can be phosphorylated by protein kinase A (Geisler and Weber, 1988), in
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GFAP serines 8, 13, and 34 are phosphorylated by both cAMP dependent protein 

kinase and protein kinase C, and an additional site threonine 7, by cAMP dependent 

protein kinase (Inagaki et al., 1990). In vimentin, cAMP dependent protein kinase 

phosphorylates serines 6, 24, 38, 46, 50 and 65, while protein kinase C can 

phosphorylates serines 6, 8, 9, 20, 24, 25, 33, 38, 41, 50 and 65 (Ando et al., 

1989). In NF-L, the sites of serines 12, 27, 33, and 51 were phosphorylated by 

protein kinase C (Gonda et al., 1990). Furthermore, nuclear lamin C can be 

phosphorylated by S6 kinase II and chicken B-type lamins can be phosphorylated by 

the cell cycle controlling kinase p34 (cdc2 kinase) (Peter et al., 1990; Ward and 

Kirschner, 1990). These fully phosphorylated proteins are no longer able to form 

filaments in vitro (Geisler et al., 1989; Geisler and Weber, 1988; Gonda et al., 

1990; Inagaki et al., 1987; Inagaki et al., 1988; Inagaki et al., 1990; Peter et al., 

1990; Ward and Kirschner, 1990), suggesting that phosphorylation modulates the 

structure of the filaments and interferes with the stability of the filament network. 

In keratins, there are data suggesting that the phosphorylation is not necessarily 

linked to filament stability (Celis et al., 1983) and dephosphorylation of keratin 

proteins does not appear to affect their capacity for reassembly in vitro (Steinert et 

al., 1982), even though it may somehow involved in modulating the association of the 

filaments with other cellular structures (Knapp et al., 1983). A total of nine major 

phosphorylation sites (8 serine residues and one threonine residue) of human keratin 

1 were identified within the N-terminal head and C-terminal tail domains, yet the 

functional significance of the location of the phosphate sites remains unclear 

(Steinert, 1988). Phosphorylated peripherin was reported but the effects of such 

phosphorylation toward filament assembly was unknown (Aletta et al., 1989). In 

neurofilaments, the majority of the phosphorylation sites reside on the C-terminal 

tail domain and they can be phosphorylated by protein kinase C (Gonda et al., 1990; 

Sihag et al., 1988), cAMP-dependent or cAMP-independent protein kinase A 

(Nakamura et al., 1990; Sihag and Nixon, 1989) as well as a newly purified 

neurofilament-specific protein kinase (Wible et al., 1989). The effects of 

phosphorylation on neurofilaments appear to be different. It was shown that 

phosphorylated NF-M and NF-H could still copolymerize in vitro with NF-L (Julien and 

Mushynski, 1983), and that the dephosphorylation of purified neurofilaments 

resulted in their inability to cross-link into a network (Leterrier and Eyer, 1987). in 

vitro polymerization studies with purified rat liver lamins showed that 

phosphorylation of lamin B was required to form lamin B homopolymer, since this 

reduced the affinity of lamin B for lamin A and C. Phosphorylation of lamin A and C 

on the other hand did not affect their binding specificity (Georgatos et al., 1988).
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Can phosphorylation of the intermediate filament proteins also induce filament 

disassembly in vivo, and if so, how?

Changes in the phosphorylation status of intermediate filament proteins in 

vivo appears to be associated with reorganization of the intermediate filaments, 

such as cell division (Celis et al., 1983; Evans and Fink, 1982; Fey et al., 1983; 

Westwood et al., 1985). An increase in phosphorylation of vimentin and desmin has 

also been observed when cells enter mitosis (Celis et al., 1983; Evans, 1984; Evans 

and Fink, 1982) and during myogenesis (Gard and Lazarides, 1982; Gard and 

Lazarides, 1982; O'Connor et al., 1981). In hamster kidney cells BHK-21 for 

example, the phosphate content of vimentin and desmin increases significantly when 

the cells enter mitosis. The filament disassembly induced by protein kinase (protein 

kinase II here), resulted in the transformation of endogenous vimentin and desmin 

intermediate filament network into cytoplasmic aggregates of protofilaments (Chou

et al., 1989). This filament network alternation during cell mitosis in BHK-21 cells

is not unique, and similar alterations in keratin-containing intermediate filament 

networks have been reported in several types of cells (Aubin et al., 1980; Franke et 

al., 1982; Jones et al., 1985; Lane et al., 1982). Epidermal growth factor (EGF) was 

observed to stimulate a selective increase in the phosphorylation of keratin 5 (CK55)

on serine residues and specifically cause the reorganization of the keratin

intermediate filament network to a predominant cytoplasmic localization in cultured 

rat hepatocytes (Baribault et al., 1989). Mutations which abolish the phosphorylation 

sites of intermediate filament proteins can prevent the filament reorganization. When 

serine-22 and serine-392 residues were mutated in lamin A, the nuclear lamina 

disassembly was blocked in mitosis (Heald and Mckeon, 1990). Supporting evidence 

also came from lamin C, where filament disassembly was caused by the increase of 

phosphorylation at both N- and C-terminal non-a-helical end domains induced by 

nuclear extract treated with cell cycle regulation factor MPF (maturation promoting 

factor) (Ward and Kirschner, 1990). It is certain that phosphorylation of some 

intermediate filament proteins such as vimentin, desmin, lamins, and some keratins 

does indeed play an important role in filament reorganization, particularly during 

mitosis, but it is also important to note that not all phosphorylation sites of 

intermediate filament proteins are implicated in assembly-disassembly. Multiple 

phosphorylation sites in the C-terminal tail domain of neurofilaments NF-M and NF-H 

for example, do not appear to impair in vitro co-assembly with NF-L into 

intermediate filaments (Julien and Mushynski, 1983). Further studies are required to 

determine the importance of phosphorylation in intermediate filament assembly- 

disassembly and their function.
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Functions of interm ediate filam ents

Despite the wealth information upon intermediate filament structure, 

assembly, evolutionary conservation, patterns of gene expression and regulation, 

the functions of these proteins are still poorly defined. One productive approach to 

questions of function is the specific disrupt of intermediate filament organization, 

either through genetic mutations in intermediate filament subunit proteins or by 

intracellular injection of anti-intermediate filament antibodies. Nuclear intermediate 

filaments appear to play a key role in nuclear organization (Benavente and Krohne, 

1986), whereas cytoplasmic intermediate filaments are not critical to the viability 

of eukaryotic cells, since a number of cells have been identified which naturally 

lack intermediate filaments (Bartnik et al., 1987; Paulin-Levasseur et al., 1988), 

together with the fact that disrupted intermediate filament organization had no 

significant effects on cell behaviour in tissue culture (Albers and Fuchs, 1987; 

Klymkowsky et al., 1983; Kulesh et al., 1989). The in vivo interaction of 

intermediate filaments with other cytoplasmic organelles and/or cytoskeletal 

components however may be an area critical to our understanding of intermediate 

filament functions. Various studies have shown that intermediate filaments do 

interact with microtubule and microfilament cytoskeletal networks (Goldman et al., 

1986; Green et al., 1987; Green et al., 1986). In addition, a growing number of 

proteins have been identified because they are often co-isolated with and or 

associated with the major intermediate filament structural proteins. These are 

generally termed intermediate filament associated proteins (IFAPs), and they 

may have great potential as regulators of intermediate filament functions.

1 . 5 . 1  Interaction of intermediate filaments with cellular

components

As one of the most extended systemsthroughout the cytoplasm and nucleus, 

intermediate filaments are likely to interact with cellular components such as 

microtubules, microfilaments, plasma and nuclear membranes, and also associate 

with certain proteins to carry out their function. Investigating the interactions 

between intermediate filaments and other cellular components will help us to 

understand more about the biological function of intermediate filaments.
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Interm ediate filam ent associated proteins

More than 15 different intermediate filament associated proteins (IFAPs) 

have been reported, and these have been assigned into four different functional 

groups (Steinert and Roop, 1988). The filaggrin family is said to be involved in 

intermediate filament protein lateral aggregation; synemin and plectin may be 

involved in protein cross-linking; spectrin, ankyrin, lamin B and desmoplakin may be 

involved in capping, and epinemin and some other IFAPs have so far undefined 

functions. A number of IFAPs have been identified that associate specifically with 

intermediate filaments of different types. One of the best known IFAPs is filaggrin, 

named for its suggested ability to aggregate keratin intermediate filaments into 

fibres in which the filaments are closely aligned and parallel to each other (Dale et 

al., 1978). Filaggrin, or histidine-rich basic protein, is 37 kD in humans, and is found 

to be associated with keratin filaments in the stratum corneum  of terminal 

differentiating epidermal cells (McKinley-Grant et al., 1989; Rothengel et al., 1987; 

Steinert et al., 1981). Sequence analysis of cDNA revealed that considerable 

variations exist between human filaggrin and its mouse equivalent. The human 

filaggrin gene is at a single chromosomal locus at 1q21, and in situ hybridization 

showed that filaggrin gene expression is tightly regulated at the transcriptional level 

in terminal differentiating epidermis (McKinley-Grant et al., 1989). Filaggrin is 

initially synthesized in the granular cell layer in epidermis as a 722 kD polyprotein 

precursor called profillagrin, which is highly phosphorylated and incapable of 

interaction with keratin intermediate filaments (Dale et al., 1985). The profilaggrin 

is stored in keratohyalin granules until it is processed to form filaggrin (Dale and 

Ling, 1979; Fleckman et al., 1985; Haydock and Dale, 1986; McKinley-Grant et al.,

1989). Aberrant expression of filaggrin has been implicated in a number of 

keratinizing disorders (Dale et al., 1978; Holbrook et al., 1982; Holbrook et al., 

1983), the real meaning of this is however unknown.

Like filaggrin, trichohyalin is another keratin associated protein, unique to the 

inner root sheath cell layer of the hair follicle (Rothnagel and Rogers, 1986). It is a 

protein of variable size between species, from 190 kD in sheep to 220 kD in human. 

It appears not to be phosphorylated but contains tandem repeats of a 23 amino acid 

sequence (Fietz et al., 1990; Rothnagel and Rogers, 1986). Trichohyalin is generally 

thought to act as a matrix in which the keratin filaments are embedded (Rothnagel 

and Rogers, 1986).

A number of IFAPs have been identified which interact with non-keratins. 

Both synemin and paranemin were found associated with desmin and vimentin 

intermediate filament networks, possibly acting as cross-linkers of filaments
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through self-interaction, in avian erythrocytes and muscle cells (Granger and 

Lazarides, 1982; Granger et al., 1982; Price and Lazarides, 1983). Another 

vimentin filament network associated protein is epinemin, a 44.5 kD protein, located 

to the cross-bridging structures of filament bundles that are seen to increase upon 

aging of fibroblasts in culture (Lawson, 1983; Wang, 1985). Plectin, a 300 kD 

protein, has been described as a general cytoskeletal cross-linking element with 

multiple function and wide distribution (Herrmann and Wiche, 1987). It has been 

shown to bind to vimentin as well as to microtubule-associated protein 1 and 2, the 

240 kD protein of brain fodrin, and a-spectrin from human erythrocytes (Herrmann 

and Wiche, 1987). In vitro studies with vimentin and plectin suggest that the 

association is primarily at the junction sites and branching points of vimentin 

filaments, probably via the central rod domain (Foisner et al., 1988). Plectin also 

binds to GFAP, neurofilaments and keratins (Lieska et al., 1985; Yang et al., 1985).

Aside from these proteins, most of which are considered to be genuinely 

intermediate filament associated, a few other polypeptides have also been shown to 

interact with intermediate filamentsspecifically. Spectrin, a major component of the 

erythrocyte membrane skeleton, was shown indirectly to associate with vimentin 

and desmin (Langley and Cohen, 1986; Mangeat and Burridge, 1984). Furthermore, 

ankyrin, a 50 kD protein and a 95 kD protein were reported to associate with 

vimentin network as well (Georgatos and Marchesi, 1985; Georgatos et al., 1985; 

Lin, 1981; Lin and Feramisco, 1981; Wang, 1985). The functional contribution of 

these IFAPs will require a tremendous amount of innovative and painstaking work to 

demonstrate.

Interaction of intermediate filaments and microtubules

There is some evidence to suggest that intermediate filaments such as 

vimentin interact with microtubules. Depolymerization of microtubules either by 

specific drugs or by intracellular injection of anti-microtubulin antibodies, lead to 

the collapse of the extended vimentin filament networks (Blose et al., 1984; Wehland 

and Willingham, 1983). Specific disruption of vimentin filament network, by 

vimentin antibodies or drugs, however, seems to have little effect on the 

organization of microtubules (Klymkowsky, 1981; Klymokowsky, 1988), suggesting 

the interaction between vimentin filaments and microtubules is effectively 

unidirectional. The interaction between keratins and microtubules remains unclear, 

since drug-induced depolymerization of microtubule organization did not show any 

effects on the keratin filament network in epithelial cells (Knapp and Bunn, 1987).
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Interaction of interm ediate filam ents and m icrofilam ents

Hollenbeck et al.(1989) reported that microfilaments appear to play a role in 

the collapse of the extended intermediate filament network following microtubule 

depolymerization. Direct evidence for the interaction of microfilaments and the 

intermediate filament network was derived from an electron microscopic study by 

Schliwa et al. (Schliwa and van Blerkom, 1981). Disruption of normal microfilament 

organization can cause the dramatic reorganization of keratin filament networks in 

epithelial cells (Knapp et al., 1983; Knapp et al., 1983; Wolf and Mullins, 1987), 

providing further supporting evidence for an interaction between microfilaments and 

intermediate filament networks within cells.

Interaction of intermediate filaments and cell membranes

One important possibility is that intermediate filaments may serve as 

connecting linkers between the nuclear and the plasma membrane. Specific binding of 

vimentin or desmin with lamin B has been reported in vitro , supposedly by way of 

their C-terminal tail domain (Georgatos and Blobel, 1987; Georgatos et al., 1987). It 

was also demonstrated that vimentin and desmin bind to ankyrin at the plasma 

membrane, via their N-terminal head domain also in vitro (Georgatos and Blobel, 

1987; Georgatos et al., 1985; Georgatos et al., 1987). The ankyrin-attached 

vimentin failed to polymerize into vimentin filament network, suggesting that in vivo 

ankyrin may act as a 'capping' protein at the cell membrane (Georgatos et al., 1985). 

The interaction of intermediate filaments and cell membranes may differ among cell 

types. In squamous epithelial cells, for example, keratin filaments interact with 

specialized structures known as desmosomes (Denk et al., 1985; Drochmans et al., 

1978). Expressing N-terminal head or C-terminal tail domain deleted mutant keratin 

14 in epithelial PtK2 cells indicated that keratins may interact with cell membranes 

in a similar fashion (Albers and Fuchs, 1989). If this is a general case, it may 

imply that intermediate filaments have functional polarity. Specific initiation sites 

for intermediate filament assembly may also exist. Some evidence has been obtained 

from the studies of vimentin and GFAP assembly (Kalnins et al., 1985; Ngai et al., 

1990; Vikstrom et al., 1989), suggesting that intermediate filaments are 

preferentially assembled around the nuclear region. However this interpretation is 

still controversial, and other reports maintain that intermediate filaments are 

assembled throughout the cytoplasm (Sarria et al., 1990).
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1 . 5 . 2 Searching for functions of interm ediate filaments

Intermediate filaments are now becoming well-characterised biochemically, 

their biological function is basically unknown. Implications for the function of 

intermediate filaments have been derived from various investigations of the filament 

network organization and their aberrant expression associated with abnormal cell 

behaviour such as disease.

The function of nuclear lamins are generally believed involved in the control 

of nuclear organization. In vitro assembly of lamin A and C with mitotic 

chromosomes showed that lamins A and C can specifically bind to the surface of 

mitotic chromosomes and assemble into a supramolecular structure (Glass and 

Gerace, 1990), supporting the idea that one of the functions of lamins is to influence 

higher order chromatin structure and regulate the assembly of nuclear membranes 

(Burke and Gerace, 1986). The inhibition of the reformation of nuclear envelope 

during mitosis following intercellular injection of anti-lamin antibodies (Benavente 

and Krohne, 1986), suggests that another function of lamins might be involved in 

chromosome condensation. Yet in another experiment when the only lamin of Xenopus 

egg (Liii) was removed, nuclear envelope formation and chromosome condensation 

appeared to occur normally (Klymkowsky et al., 1989). It remains unknown whether 

the involvement of nuclear lamins in the nuclear organization control is direct or 

indirect.

The close association of intermediate filaments with nuclear membrane 

through lamins and connecting plasma membrane via ankyrin, suggests they may 

function as signal transducers, transferring information from nucleus to cell surface 

(Metuzal and Mushynski, 1974), and from cell surface to the nucleus (Goldman et al.,

1986). Furthermore, since intermediate filament networks like keratins extend 

throughout the cytoplasm and attached to other cells via desmosomes and to 

extracellular matrix (basement membrane) by hemidesmosomes, the keratin 

filaments are effectively linked between their neighbouring cells and right across the 

tissue. Thus one obvious function of keratin filaments is as a supracellular 

mechanical scaffold to strengthen the epithelial sheet against mechanical insult and 

deformation (Klymkowsky et al., 1989). Stress transmission was observed through 

desmosomal junctions to the neighbouring cells after injecting anti-keratin antibodies 

(Klymkowsky et al., 1983), providing the supporting evidence that intermediate 

filaments do play a role in mechanical transmission.

Apart from these, intermediate filaments were also thought can act as 

cytoplasmic organizers involved in some virus (e.g. FV3) assembly (Murti et al.,

1988) and uniform distribution of lipid droplets within the cells (Franke et al.,
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1987). Neurofilaments are the most predominant proteins expressed in larger axons 

and they are considered to play an important role in maintain or determine the 

caliber of the axons (Hoffman et al., 1988).

There are a limited number of ways to address questions of function, such as 

using intermediate filament specific drugs or antibodies to disrupt the existing 

filament organization, or using molecular genetics to express exogenous, proteins or 

mutant proteins in vivo or in vitro, to explore the functions of intermediate filament 

proteins. The molecular genetics approach was chosen in this thesis to examine the 

effects of various intermediate filament mutants generated by deletion or 

recombination of two intermediate filament proteins and examine their phenotypes 

within the cells. Authentic human keratins have been introduced into mouse fibroblast 

cells and the functions of subdomains of keratin proteins have been dissected during 

keratin filament assembly. Analysing the filament forming ability of keratin-GFAP 

recombinant mutant proteins in fibroblast and epithelial cells, leads to a better 

understanding of the functional similarity and difference of the N-terminal head 

domains between keratins and type III intermediate filaments in filament 

polymerization and incorporation.
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CHAPTER TWO: RETROVIRUS-MEDIATED EXPRESSION OF

KERATINS IN FIBROBLASTS

2 .1  In tro d u c tio n

One of the characteristic of cytokeratins is that they are always co

expressed as a pair, of one type I and one type II genes (described in detail in chapter 

1), since they will only make filaments as heteropolymers. Particular pairs of 

keratins are expressed in each type of epithelial cells according to their 

differentiation: for example, the keratin pair K5 +K14 are found in stratified 

epithelia while another keratin pair K8+K18 are characteristic of a simple, one- 

layered epithelium. The expression pattern of different keratin pair or pairs in 

epithelial cells has been widely used as markers for epithelial cell differentiation. 

The expression of keratins 1 and 10 in suprabasal layers of cornified stratified 

squamous epithelia is considered to be the marker of cornifying differentiation, as 

very few cells expressing these keratins have proliferation potential in vivo.

Why and how the keratin gene co-expression is regulated still remains 

unknown. As discussed in chapter one, the regulation of keratin expression can be 

seen at multiple levels, e.g. transcriptional, post-transcriptional, and even post- 

translational levels. Transcriptional regulation of keratin gene expression has been 

observed in human keratin 14 and bovine keratin IV (Blessing et al., 1989; Jiang et 

al., 1990). But very little is known about the post-transcriptional control of the 

keratin gene expression. Experiments were therefore undertaken to the fate of 

keratin mRNA and protein when expressed in the absence of genetic control. For 

example, would keratin expression be tolerated in . non-epithelial cells? What 

happens to a single keratin, expressed in the absence of a complementary type 

partner? Thus a mouse fibroblast cell line NIH 3T3 was chosen to express the four 

major simple epithelial keratins K7, K8, K18 and K19 using retrovirus mediated gene 

transfer. There are a few advantages for chosing retrovirus vectors to mediate the 

keratin gene transfer in this work. Apart from being one of the most efficient ways to 

introduce foreign genes into cells (Coline, 1984), retroviral vector also has its own 

unique features, this is due to be able to follow the retroviral life cycle to reproduce 

itself in its own way, and to form recombinant retroviruses. Thus the knowledge of 

retroviruses could help to explain how the retroviral vector works.
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W hat are retroviruses?

Retroviruses are RNA viruses consisting two copies of identical single

stranded RNA genome of 35-39S (9-10 kb). In the mRNA molecules, there is a 

methylated cap structure at one end (the 5' end) and a polyadenylated tract at the 

other end (the 3' end). The entire genome contains three genes encoding structural 

proteins: gag  codes for the internal nucleocapsid protein, po l codes for the reverse 

transcriptase, and epv  encodes the envelope glycoproteins. Retroviruses are widely 

distributed throughout vertebrates and perhaps invertebrates as well. The 

replication of the retrovirus need not kill the host cells and the maturation of viral 

particles, by budding from the plasma membrane, does not cause cytopathic effects, 

therefore the infected cells can produce virus progeny while proliferating. The 

virus particles, each of which contains two copies of single-stranded RNA genome, 

are composed of a central nucleoprotein core surrounded by a membrane coat which 

bears specific viral 'envelope' glycoproteins on its outer surface.

Tropism of retroviruses

Infection of target cells is initiated by the interaction of the viral envelope 

glycoproteins with specific cell surface receptors. The trophism or host range, of a 

virus (properties of the virus and those cells in which the virus will undergo a 

complete replication cycle) is depend and restricted by (a) the presence of 

appropriate interacting host cell receptors and viral glycoproteins, and (b) by the 

subsequent ability for the genes to replicate within the host cells. The receptor 
restrictions of murine leukemia viruses (MLV) have been classified into ecotropic. 

xenotropic. amphotropic and polvtropic (or dualtropic) host-range groups. The 

efficient replication of ecotropic MLV strains is restricted to mouse cells, although a 

low level of replication may be seen in cells from other rodents, like rats and 

hamsters, but these strains are generally incapable of replication in cells of higher 

mammalian species. This is due to the absence of appropriate receptors for the virus 

on the surface of the resistant cells. In contrast to ecotropic viruses, xenotropic 

MLV strains are unable to replicate in mouse cells, but they do infect a wide range of 

other species, such as rat, mink, human, and even quail cells. These viruses are 

endogenous to one species but can not replicate well in that species, generally 

because of a receptor block. On the other hand, they tend to have a wide range of 
replication in cells of heterologous species. Dualtropic (or polytropic) viruses can 

use both ecotropic and xenotropic receptors to infect and replicate in both murine
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and foreign species. Amphotropic viruses on the other hand, recognize their own sets 

of receptors which are different from ecotropic and xenotropic receptors, even 

though they share the same host-range as dualtropic viruses.

Retroviral infection

Retroviral infection involves a few major steps (see figure 2.1). First, 

retroviral particles adsorb to the ceils with low specificity (generally genetically 

susceptible cells adsorb more virions that resistant cells), and then through a highly 

specific interaction between viral envelope glycoprotein and ceil surface receptors, 

retroviral penetration takes place. After entry into the cells, the viral genome is 

transcribed into double-stranded DNA by retroviral reverse transcriptase. The 

retroviral DNA is then integrated into host cell genome to form provirus. From the 

provirus, retroviral genomic RNA is transcribed and retroviral proteins are 

synthesized. Finally the assembled viral particles are budded from the cell membrane 

and released from cell surface.

Susceptible cells can be rendered resistant to specific retrovirus infection by 

preinfection with a virus bearing the same viral glycoprotein specificity. This 

phenomenon is known as virus interference and is caused by blocking the cell 

receptor. Thus after infection, a single infecting virus particle gives rise to only one 

integrated copy of viral DNA and this copy is usually stably maintained. Integration 

is mostly considered to occur at random locations. The integrated linear DNA 

provirus form of the retrovirus genome has a characteristic structure with long 

terminal repeats (LTRs) at either end. The LTR contains the promoter and enhancer 

sequences of the retrovirus. The 5' LTR of the integrated provirus drives the 

transcription of viral genes while the 3' LTR of the provirus provides a signal for 

polyadenylation of the transcripts. For most retroviruses, two distinct mRNAs are 

produced in approximately equal proportions: a full-length 'genomic' transcript 

which directs the translation of the gag  and pol gene products, and a smaller 

subgenomic mRNA which has undergone splicing and serves as a template for 

translation of the env gene products. Retroviral proteins package full-length RNA but 

not the spliced env mRNA, even though these two RNAs have identical 5' and 3' 

termini. The ability of the virus to differentiate between these two RNAs depends 

totally on the presence or absence of an essential packaging signal sequence, the y- 

site, which is 350bp long and located between the 5' LTR and the start codon for gag 

protein coding sequence. This property of retrovirus allows the production of
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recombinant retroviruses, through retrovirus-producing cell lines together with 

retroviral vectors.
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Production of recombinant retroviruses

Retrovirus packaging cells are NIH 3T3 cells which contain the whole 

retroviral genome except for the 350 bp \y -site packaging signal sequence. Thus the 

three protein products of the retroviral genes: gag, pol and env are constantly 

produced within the cells but no mRNA can be packaged into viral particles. After 

introducing a defective retroviral vector (Cepko et al., 1984) into such packaging 

cells, the y-s ite  from the retroviral vector will interact with already made 

retroviral products of the gag, pol and env genes and direct the assembly of 

retroviral particles (see figure 2.2). Only mRNA bearing the \j/—site sequence can be 

packaged into virions. Furthermore, since all the retroviral structural proteins are 

produced within the producer cells, the retroviral genes in the vector can be 

replaced by foreign genes. After packaging in the producer cells, all the retroviral 

particles produced will contain the inserted foreign genes. Different producer cells 

have been engineered to produce virions of different tropism, by introducing \j/—site 

deleted genome of different retroviruses. For example, y  sequence-deleted molony 

murine leukemia virus (Mo-MLV, an ecotropic retrovirus ) genome was introduced 

into mouse NIH 3T3 cells (Mann et al., 1983 ) and to give an ecotropic retrovirus 

producer cell line ¥ -2 . Similarly, an amphotropic retrovirus producer cell line 

PA317 was made by introducing the packaging signal deleted amphotropic murine 

leukemia virus (AM-MLV) genome into mouse NIH 3T3 (Miller and Buttimore, 1986). 

Thus, in combination with the same retroviral vectors, recombinant retroviruses 

can be made of different tropisms e.g. ecotropic retrovirus from ¥ -2  cells and 

amphotropic retrovirus from PA317 cells, to meet the requirement of the desired 

target host cells. This makes retrovirus mediated gene transfer one of the most 

powerful techniques in gene expression.

Design of keratin-containing retroviruses

Retrovirus-mediated gene transfer is an efficient way to introduce human 

cDNAs encoding simple epithelial keratins into non-epithelial cells since the natural 

infectivity of the retrovirus is used to bypass the cell membrane barrier. The 

resulting integration of single copy viral DNA (Brown and Scott, 1987) means that 

keratin-encoding inserts carried within these vectors will be introduced into the host 

genome at physiologically appropriate levels.

Selectable marker genes were introduced into the same retroviral expression 

vector as the keratin insert of interest, to allow rapid establishment of cell lines
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after each infection. In these experiments the retroviral expression vectors DOR- 

neo  and DOR-hyg  were used (Figure 2.3). DOR vectors are modifications 

(Morgenstern and Land, 1990) of the DOL vector (Korman et al., 1987) and they are 

splicing mutants. The keratin gene was driven by the viral LTR promoter, and the 

drug resistance gene was driven by the SV40 large T promoter. As mentioned above, 

in the retroviral genome the transcription initiation site (cap site in figure 2.3) and 

polyadenylation site are located within the 5' and 3' LTRs respectively. Thus two 

mRNA transcripts are made from integrated keratin recombinant provirus: (1) a 

full-length mRNA of ~5kb starts from the 5' LTR to the 3' LTR, containing the keratin 

and the neo or hyg genes, and (2) a smaller mRNA of ~1kb starting at the SV40 

promotor and ending at the 3' LTR. So the introduced transgenic keratin mRNA (4.9-

5.1 kb) can be easily distinguished from any endogenous keratin mRNA (1.7-20 kb). 

Finally, since the type I keratins (K18 and derivatives, K19, K14) can be cloned into 

the DOR-neo vector containing the neomycin resistance gene neo, and the type II 

keratins (K7, K8 and their derivatives) can be cloned into the DOR-hyg vector 

carrying the hygromycin resistance gene hgr, double drug selection could be applied 

when necessary, using both G418 and hygromycin to select cells expressing both a 

type I keratin and a type II keratin. Using these vectors all the keratin constructs can 

be cloned into a similar immediate genetic environment (Figure 2.3). The genomic 

integration site in the host cell is thus left as the only uncontrollable variable.
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2 .2  Construction of recombinant retroviruses containing

full length keratins

Clones covering the full-length coding regions of keratins 7 (CAE29), 8 

(CALP4), 18 (CALP1) and 19 (PSE21) were previously isolated, sequenced and 

characterized in our laboratory from a human placental library (Stasiak and Lane, 

1987 and C. M. Alexander unpublished data; Waseem et al., 1990). The cDNAs were 

subcloned into the plasmid pUC19 at the EcoR I site, and the 3'-end untranslated 

sequence of the keratin 8, 18 and 19 clones were removed (to avoid interference 

with the vector sequences during transcription, since the viral LTR contains its own 

polyadenlyation site (Brown and Scott, 1987)) as follows: (1) K8: (figure 2.4) a 30 

bp oligonucleotide was synthesized from the 3'-end Aat II site (1491 nt in clone 

CAPL4 (Waseem et al., 1990)) to the stop codon (1508 nt (Waseem et al., 1990)), 

containing a unique C!a I site (to allow a rapid check for the presence of the 

oligonucleotide) and an additional BamH I site immediately downstream. This 

oligonucleotide was used to replace the DNA fragment from K8 between the unique 

Aat II site to the end of the poly-A tail (1491-1749 bp). (2) K18: (figure 2.5) the 

EcoR l-excised keratin 18 cDNA was cut at a unique Kpn I site (1358 nt of clone 

CALP1), 14 bp downstream from the stop codon (1344 nt C. Alexander unpublished 

sequence data) to remove the 3’-end untranslated sequence (1358-1390 bp) and the 

resulting large EcoR I - Kpn I fragment was recloned into the plasmid pUC19 using the 

EcoR I and Kpn I sites. (3) K19: (figure 2.6) a 67 bp oligonucleotide was synthesized 

covering the stretch from the unique Xho I site at 1182 nt (Stasiak and Lane, 1987)) 

at the 3' end of the cDNA sequence to the stop codon (1235 nt (Stasiak and Lane, 

1987)), including a new unique Cla I site and an additional BamH I site at its 3' end. 

This was used to replace the sequence from the Xho I site to the 3'-end of the cDNA 

(1235-1394 bp). Keratin 7 cDNA was kept intact.

After these modifications, the keratin 18 and 19 cDNAs (with no 3'-end 

untranslated sequence) were excised from pUC19 with EcoR I and Sal /, purified on 

a low melting agarose (LMA) gel as described in chapter 7 and cloned into the DOR- 

neo retrovirus vector at the EcoR 1-Sal I sites (5'-3'). They were called DORK18-neo 

and DORK19-neo respectively. To obtain appropriate cloning sites, keratin 8 was 

cloned into the DOR-neo retrovirus vector at the EcoR 1-Sal I (5'-3') to give DORK8- 

neo; exision with BamH I gave a fragment which now had a BamH I site at the 5'-end 

of K8, obtained from DOR-neo vector. This fragment of keratin 8 was then cloned 

into the DOR-hyg retrovirus vector at the BamH I site, to give the construct DORK8- 

hyg (figure 2.7) Keratin 7 cDNA (E29 L+S) was first subcloned into pUC19 plasmid 

and then cloned into DOR-hyg retroviral vector to generate DORK7-hyg (figure 2.8).
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F ig u re  2.4

Diagram of the construction of the recombinant

retrovirus, DORK8-/ieo

Keratin 8 cDNA was subcloned into pUC19 vector using the unique 

EcoR I site to generate pUC19-K8. The 3'-untranslated sequence 

of keratin 8 was removed by replacing the sequence from the 

unique Aat II site to the 3'-end of the cDNA with a 30 bp synthesized 

oligonucleotide containing a stop codon, a unique Aat II, Cla I and 

BamH I sites ( B ) -  The entire 5 '-EcoRI to 3'-Sal I fragment 

of keratin 8 cDNA was transferred from pl)C l9-K8 oligo construct 

into DOR-neo vector and to generate the keratin 8 containing 

recombinant retrovirus DORK8-neo.

Keratin 8 coding sequence is illustrated as striped bar ( E222)
The thick line ( — ) is used to represent the untranslated 

sequence of keratin 8 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DORK8-neo 

are shown as follows: E: EcoR I; A: Aat II; S: Sal I ; C: Cla I and 

B: BamH I.
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Figure 2.5

Diagram of the construction of the recombinant

retrovirus, DORK18-/ieo

The keratin 18 cDNA was first subcloned into pUC19 vector using the unique 

EcoR I site to generate pUC19-K18. The 3'-untranslated sequence of keratin 

18 was removed by subcloning the EcoR l-Kpn I (5'- to 3') fragment of the 

keratin 18 cDNA into pUC19 from pUC19-K18. The resulting construct, 

pUC19-K18\ was used to generate an Eco R 1-Sal I fragment of the keratin 

18 cDNA containing the entire coding sequence which was excised and cloned 

into DOR-/7eo vector to generate DORK18-/?eo.

Keratin 18 coding sequence is indicated as striped bar 

The thick line ( — ) is used to represent the untranslated 

sequence of keratin 18 cDNA.

The vector sequences are drawn as circles using thin lines (—  ). 

Restriction enzyme sites used during the construction of DORK18-neo 

are shown as follows: E, EcoR I; K, Kpn I; S, Sal I.

69



D0RK18-neo

keratin 18 cDNA

KS

pUC-19

Amp r

+

m

pU C 19-K 18

Amp

I 

I

E K S

D 0R K 18-neo

LTR LTR

cap site polyA siteSailBamHI
EcoRI

Amp r

S V 4 0 neo p B R o ri

70



Figure 2.6

Diagram of the construction of the recombinant

retrovirus, DORK19-/?eo

Keratin 19 cDNA was subcloned into pUC19 vector using the unique 

EcoR I site to generate pUC19-K19. The 3'-untranslated sequence 

was removed by replacing the sequence from the unique Xho I site to 

the 3'-end of the cDNA with a 67 bp synthesized oligonucleotide 

containing a stop codon, a unique Xho I, Cla I and BamH I sites ( H ). 
The entire 5'- EcoR I to 3'- Sal I fragment of keratin 19 cDNA 

was transferred from pUC19-K19 oligo construct into DOR-neo 

vector to generate the keratin 19 containing recombinant retrovirus 

DORK19-neo.

Keratin 19 coding sequence is illustrated as dotted bar

The thick line ( ^ )  is used to represent the untranslated sequence

of keratin 19 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DORK19-oeo 

are shown as follows: E: EcoR I; X: Xho I ; S: Sal I ; C: Cla I and 

B: BamH /.
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Diagram of the construction of the recombinant retrovirus DORK8-hyg
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2 .3  Production of keratin containing recombinant
re t rov i ruses

The DORK19-neo DNA was transfected into an amphotropic retrovirus 

packaging cell line PA317, while the DORK18-/7eo, DORK7-hyg and DORK8-hyg DNAs 

were transfected into retrovirus packaging cell line vF -2  separately, by calcium 

phosphate mediated DNA transfer. The transfected retrovirus packaging cell lines 

were grown in the selection medium to select the cells which contain the drug 

resistant gene (G418 resistant cells contain neo gene, hygromycine resistant cells 

contain hyg gene) as well as the keratin gene (K18 or K19 in G418-resistant cells K7 

or K8 in hygromycine-resistant cells). Since the retroviruses can only be produced, 

and secreted into the culture medium, by the packaging cells, they were collected by 

harvesting the cell culture medium from the pooled resistant cells or from resistant 

cloned cells. The DORK18-neo, DORK7-hyg and DORK8-hyg ecotropic retroviruses 

were obtained by harvesting cell medium from the pooled resistant ¥ - 2  cells. The 

titers of collected retroviral supernatants were analysed by infecting NIH 3T3 cells 

and counting the drug resistant (G418 or hygromycin here) colonies 20-30 days 

after the selection. The titers of DORK18-neo, DORK8-neo, DORK8-hyg and DORK7- 

hyg supernatants were about 104 cfu/ml (colony forming unit/ml of supernatants) 

on NIH 3T3 cells. The DORK19-/7eo was produced by PA317 cells as amphotropic 

retrovirus, since they were intended for use to infect human cells. As the retrovirus 

titers produced from this cell line is generally lower than that from ¥ - 2  (Miller and 

Buttimore, 1986), six G418 resistant clones were picked and the retrovirus titers 

of their supernatants were checked on NIH 3T3 cells as above. The supernatants 

from two cell clones gave the titer of 104 cfu/ml and these two cell clones (PA317 

DORK19-neo (2) and PA317 DORK19-neo (3)) were used to produce all the keratin 

19 containing retroviruses.

2 .4  Expression of human keratins in mouse epithelial cells using 

keratin containing retroviruses

In order to check the keratin containing recombinant retroviruses, a mouse 

prostate epithelial cell line MPYK (Kubota et al., 1981) was infected by retroviruses 

DORK18-neo or DORK19-neo. The retrovirus infection and selection steps were 

carried out as described in chapter 7 section 7.2.4.D. The infected MPYK cells were 

grown in the selection medium containing 1 mg/ml of G418. For MPYK cells, G418
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selection is very efficient, and the resistant clones can be seen within 15-20 days 

after infection. All the resistant clones infected by the same retrovirus were pooled 

together, and grown in 5 cm diameter petri dishes. When the cells grew to 

confluence, one of the plate was fixed and stained with monoclonal antibodies specific 

for the human keratins. For DORK18-neo or DORK19-neo infected MPYK cells, the 

human keratin 18 specific monoclonal antibody DA7 (Lauerova et al., 1988) or human 

keratin 19 specific monoclonal antibody A53-B/A2 (Karsten et al., 1985) was used 

to detect the expression of human keratin 18 or 19 separately. The majority of the 

cells were stained positively; control MPYK cells do not react with either DA7 or 

A53-B/A2. The staining showed that the expressed human keratin was incorporated 

into the pre-existing mouse keratin intermediate filament network. The staining 

pattern, however, also showed that a few patches of cells stain more intensively 

than others. Since the cells were pooled together from many different G418 

resistant clones, this phenomena may reflect the influence of different integration 

sites at the gene expression (transcription) level. This effect is discussed later in 

this chapter, section 2.5. In spite of the heterogenerity of the expression level of the 

introduced human keratin cDNA, it is clear that the human keratin containing 

retrovirus DORK18-neo and DORK19-neo can be expressed, i.e. transcription and 

translation of the gene occurs. These results validate the further use of these two 

retroviruses. Due to lack of human-specific antibodies to keratins 7 and 8, DORK7- 

hyg and DORKQ-hyg retroviruses were not tested in MPYK cells, but were both 

proven to be functional (see chapter 3 section 3.2, and chapter 4 section 4.5).
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Figure 2 .9

( A ) :  The expression of introduced human keratins 18 and 19 in the mouse prostate 

epithelial cell line MPYK was demonstrated by immunofluorescence staining with 

monoclonal antibodies DA7 and A53-B/A2, which are specific to human keratins 18 

and 19 respectively.

( B ) :  Total RNA loaded on the denaturing agarose gel was visualised by ethidium 

bromide staining. The picture was taken before blotting, and shows that each sample 

loaded contained a similar quantity of RNA.

The positions of 28S and 18S ribosomal RNAs are indicated by the upper and 

lower arrows respectively. On the top row, the first 8 samples (from left to right) 

were probed with keratin 18 cDNA, and the remaining 9 samples were probed with 

keratin 14 cDNA (see figure 2.10 for detail). All 12 samples on the bottom row were 

probed with keratin 7 cDNA and the result is shown in figure 2.11.

( C ) :  Immunoblotting to show specificity of monoclonal antibody A53-B/A2 to 

human keratin 19. The arrow indicates the position of human keratin 19 protein.
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2.5  Establishing single keratin-containing mouse fibroblast lines

The DORK18-neo or DORK19-neo or DORKQ-hyg or DORK7-hyg retroviruses 

were used separately to introduce human keratin 18 or 19 or 8 or 7 into mouse 

fibroblasts (NIH 3T3). After 20-30 days selection with G418 or hygromycin, 

resistant clones were observed in the retrovirus infected NIH 3T3 cells and human 

keratin mRNAs were detected by northern blot hybridization from each of six 

selected clones of these resistant NIH 3T3 cells. The human keratin mRNA was 

transcribed from integrated viral genomic DNA, so the transcripts started from the 

initiation site in the 5' LTR and terminated at the polyadenylation site on the 3' LTR 

within the vector to give an mRNA species of 4.9-5.1 kb, including the sequences 

encoding keratin and neo/hyg  genes as well as the flanking sequences of the 

retroviral vector. These keratin containing transcripts are readily distinguishable 

from the endogenous mouse intermediate filament transcripts by their larger size, 

about 4.9-5.1 kb (figure 2.10, and 2.11), (compared to endogenous mouse keratin 

mRNA at 1.5-1.7 kb) which made the cloning of single keratin fibroblast cells was 

possible. The expression level of the human keratin mRNA was reflected from 

northern blot hybridization data. In figures 2.9(B) for example, the amount of total 

RNA loaded on the gel are shown to be the same among all lanes. The first 8 lanes on 

the top (left) represent the RNAs derived from keratin 18 recombinant retroviruses 

infected NIH 3T3 cell clones plus one positive (MPYK here) and one negative (NIH 

3T3) control RNAs. Thus they were probed with human keratin 18 cDNA and the 

result are shown in figure 2.10(B). The next 9 lanes on the top (right) consist RNAs 

from the NIH 3T3 cells infected with keratin 14 recombinant retroviruses plus the 

same two control RNAs as above. All these RNAs were probed with human keratin 14 

cDNA and generated figure 2.10(C). Similarly, the bottom 12 lanes contain RNAs 

isolated from the keratin 7 recombinant retroviruses infected NIH 3T3 cell clones 

and two control RNAs. After probed with human keratin 7, the results are shown in 

figure 2.10(E). Comparing the figures 2.9(B) with 2.10(B, C, E), it becomes clear 

that the expression level of keratin containing retroviral mRNA varies from clone to 

clone, even though similar amount of total RNA from each cell clone was used to 

carry out the northern blot analysis, reflecting the environmental influence of 

different integration sites in the genome. Therefore in each experiment the clone 

expressing the highest level of the human keratin mRNA was selected for further 

study from 6 drug-resistant clones isolated from each pool of cells infected with a 

keratin-containing retrovirus. A series of single keratin fibroblast lines were 

established in this way: K19-neo(5) and k19-rteo(3), K18-r?eo(5), K8-hyg{3) and 

K8-neo(4), K7-hyg(2) containing sequences of human keratin 19, 18, 8 and 7 

respectively. In spite of the unequivocal mRNA expression, no keratin protein was
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detected in any of the single keratin fibroblast clones using immunoblotting or 

immunofluorescence staining, this was found later that due to a rapid degradation of 

single keratin in the cells. Lacking of any detectable amount of keratin protein in 

single keratin fibroblasts also indicated that the induction of endogenous 

complementary keratin expression is unlikely in this case.

2 .6  Endogenous mouse keratins in NIH 3T3 ceils

Two other laboratories have recently reported keratin expression in 

fibroblasts (Albers and Fuchs, 1989). Since such a phenomenon would compromise 

the results of these experiments, it was necessary to ascertain whether the NIH 3T3 

cells used in this study were also making any keratins. They were always found to be 

negative for endogenous mouse keratins by different assays. As shown in figure 2.10 

(A-C), when the full length type I keratin cDNA probes of K18, K19 or K14 (see later 

in chapter 3) were used to hybridize the total RNA from NIH 3T3 cells or single

keratin-containing NIH 3T3 cells, only one band of -5 .0  kb was seen in the keratin 

containing fibroblasts. This hybridization band is of the expected size of keratin- 

containing retroviral mRNA, suggesting that no mouse keratin mRNA of K18 or K19 

or K14 were expressed in this particular NIH 3T3 cells. When type II keratin cDNA 

(full length) of K7 or K8 was used to probe the keratin mRNA among the total RNAs 

isolated from NIH 3T3 cells and single keratin 7 or 8 containing NIH 3T3 cells, two 

hybridization bands were observed (figure 2.10 (D) and (E)). The upper band (band 1) 

of -5 .0  kb is equivalent to the keratin containing retroviral mRNA in size but the 

lower band (band 2) of -1.5 kb shows a similar size of endogenous keratin mRNA. 

Several lines of evidence suggested however that it is not endogenous keratin 7 or 8 

mRNA. Firstly, if it was keratin 7 or 8 mRNA, then in single keratin 18 or 19 

containing fibroblasts, keratin proteins should be detected since the two 

complementary protein can stabilize each other (see chapter 3), unless the fibroblast 

has its own unique translational control for keratin protein synthesis. Recent reports 

from Oshima's group argue against this possibility (Kulesh et al., 1989; Kulesh and 

Oshima, 1988). Secondly, the hybridization band 2 is slightly smaller than both 

endogenous keratin 7 and 8. Thirdly, the hybridization stringency of this band with 

both keratin 7 or 8 is much lower (see figure 2.10 D, E), suggesting that the signal 

may be due to cross hybridization with some other kind of RNA species in the cells. 

To investigate this matter in more detail, polymerase chain reaction, a more specific 

and sensitive technique for detecting the presence of trace amount of DNA, was used
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to analyse the presence of keratin mRNA in the following three cell lines: NIH 3T3 

cell fibroblasts, keratin 8 containing NIH 3T3 cells and mouse epithelial MPYK cells. 

To avoid the cross reaction, a number of PCR primers (see chapter 7, section 

7.2.2.D) were synthesized specifically recognizing the tail domain of keratin 8, one 

of the most variable sequence regions within the intermediate filament gene family. 

After reverse transcription of the mRNA from the three cell lines into DNA (methods 

are described in chapter 7, section 7.2.2.D), a set of mouse keratin 8 tail domain 

specific primers were used to amplify any mouse keratin 8 cDNA present. As shown 

in figure 2.10 (F), a -250 bp fragment of mouse keratin tail domain was amplified in 

MPYK cells but not in NIH 3T3 cells. Furthermore, when a set of human keratin 8 tail 

domain specific PCR primer was used, a fragment of -250 bp was amplified in 

keratin 8 containing NIH 3T3 cells but not NIH 3T3 cells. Taking these and previous 

northern hybridization results together strongly implies that the NIH 3T3 cell line 

used in this work does not contain endogenous keratin mRNA, at least not for keratin 

8, 18, 19 and 14. Similar conclusion may also apply to keratin 7.
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Figure 2.10

Northern blot hybrid ization data to dem onstrate the steady state  

level of human keratin mRNA in keratin containing NIH 3T3 cells (A-E)

( A ) :  The expression level of human keratin 19 mRNA in different DORK19-neo 

retrovirus infected NIH 3T3 clone cells (single keratin fibroblasts) was analysed by 

probing the total RNA with human keratin 19 cDNA. The arrow on the left hand side 

indicates the position of endogenous human or mouse keratin 19 mRNA in control 

epithelial cell lines MCF7 or MPYK, while the arrow on the right hand side indicates 

the position of human keratin 19 containing retroviral mRNA. Individual samples are 

labelled based on the cells from which the total RNA was extracted. RNA samples 

extracted from keratin 19 containing NIH 3T3 cell clones 2 to 6 are labelled as 

K19(2) to K19(6). K19(p) means that the RNA was extracted from a pooled 

population of single keratin 19 NIH 3T3 cell clones.

( B ) :  The expression level of human keratin 18 mRNA was analysed in variety of 

keratin 18 containing NIH 3T3 cells. The labelling principle of RNA samples is similar 

to that in figure (A). Single keratin 18 containing NIH 3T3 cell clones 1, 2 and 5 are 

labelled as K18(1), K18(2) and K18(5) respectively. K18(5)+K8 means that the RNA 

was extracted from DORK8-hyg retrovirus infected keratin 18 containing NIH 3T3 

cells (K18(5)-neo), which contain both keratin 8 and 18 and are resistant to both 

hygromycine and G418. Similarly, K18(5)+K14 means that the RNA was extracted 

from DORK14-hyg retrovirus infected keratin 18 containing NIH 3T3 cells (K18(5)- 

neo). Both keratin 14 and 18 should be present.

( C ) :  The expression level of human keratin 14 mRNA was probed with human 

keratin 14 cDNA. The RNA samples extracted from keratin 14 containing NIH 3T3 

cell clones 1 to 6 are labelled as K14(1) to K14(6) respectively. K18(5)+K14 means 

that the RNA was extracted from a cell population which has infected with both 

keratin 14 and 18 containing retroviruses.

In both figure (B) and (C), the upper arrow indicates the human keratin containing 

retroviral mRNA while the lower arrow indicates the endogenous keratin in control 

epithelial cells.

In (B), the RNA labelled as 204K18+204K7 was extracted from a NIH 3T3 cell line 

which contains the head domain truncated keratin 7 and 18 mutants. Further 

investigations of this cell line are not shown in this thesis.
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Figure 2.10

N orthern  b lo t h yb rid iza tio n  data  to  d em onstrate  the  s teady  state  

level of human keratin mRNA in keratin containing NIH 3T3 cells (A-E)

( D ) :  The expression of human keratin 8 mRNA in keratin 8 containing NIH 3T3 

cells. RNAs extracted from DORK8-hyg  infected NIH 3T3 cell clones 2 and 3 are 

labelled as K8hyg{2) and K8hyg(3) respectively. RNA sample derived from DORK8- 

neo infected NIH 3T3 cell clone 4 is labelled as K8neo(4). The RNA derived from the 

keratins 8 and 7 containing NIH 3T3 cells is labelled as K8+K7.

( E ) :  The expression of human keratin 7 in keratin 7 containing NIH 3T3 cells. The 

RNA samples K7(1), K7(2), and K7(4) to K7(7) were extracted from keratin 7 

containing NIH 3T3 cell clones 1, 2, and 4 to 7 respectively. The RNA K8neo+K7 

(K8+K7 in figure (D)) was obtained from DORK7-hyg infected keratin 8 containing 

NIH 3T3 cells K8neo(4). The presence of human keratin 7 and 8 is shown both here 

and in figure (D).

In figures (D) and (E), the big arrows indicate the keratin containing retroviral mRNA 

(upper arrow) and endogenous keratin 8 mRNA from MPYK cells (lower arrow). The 

hybridization signal indicated by the small arrow may be due to non-specific cross 

hybridization.

( F ) :  Polymerase Chain Reaction (PCR) to detect any existing endogenous mouse 

keratin 8 mRNA in the mouse fibroblast cell line NIH 3T3.

In order to increase the specificity of detection, as one of the most variable 

region in intermediate filaments, the encoding region of the tail domain of keratin 8 

was chosen to carry out the PCR amplification. Two sets of PCR primer were 

designed, one specific to the tail region of mouse keratin 8 (NIH 3T3 and MPYK cells) 

and the other specific to the same region of human (K8neo(4)) keratin 8. As shown in 

the picture, no endogenous keratin 8 mRNA could be detected in NIH 3T3 cell using 

either sets of PCR primers. The amplified tail region of keratin 8 cDNA is indicated 

by the arrow. The molecular weight markers are the Hea III digested <|>x 174 

fragments and the size of each band is shown in base pairs on the right hand side.

The RNA labelled as K8ABglll+204K18, (D), was extracted from a NIH 3T3 cell line 

which contains a helical domain deleted keratin 8 plus a head domain truncated 

keratin 18. The RNA labelled as K8 + 204K18, (D ), was extracted from a NIH 3T3 

cell line which contains a intact keratin 8 and a head domain truncated keratin 18 

mutant. The RNAs labelled as 204AK7A(p) + 204AK18 or 204AK7A(2) + 204AK18, 

(E), were extracted from two seperate NIH 3T3 cell lines which contain a head and 

tail domain truncated keratin 7 plus a head domain truncated keratin 18. Further 

investigations of these cell line are not shown in this thesis.
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2 .7 The fate of single human keratins expressed in NIH 3T3 

cells

One of the reasons for being unable to detect single keratin protein in any of 

the single keratin mRNA containing NIH 3T3 clones was presumed to be the existence 

of some kind of fibroblast-specific translational control machine on keratins. To 

investigate this possibility, single human keratin containing NIH 3T3 cell lines (single 

keratin fibroblast lines) were pulse labelled with 35S-methionine, at 200pci/ml for 

keratin 18 and 500pci/ml for keratin 8. The cells were labelled for 30 minutes and 

two identical plates of each cells (same cells at the same density) were labelled at 

the same time. One plate of the cells was labelled for 30 minutes and lysed 

immediately, while the other plate of the cells was chased with cold methionine for

3.5 hours before lysis. The cell lysates were immunoprecipitated with keratin 

specific antibodies. Because of the insolubility of keratins, all immunoprecipitation 

reactions of keratins were carried out in the presence of SDS ( This is described in 

detail in chapter 7, section 7.2.3.C). After extensive searching, the only reagents 

found to work were a polyclonal serum made in the presence of SDS to specifically 

against keratin 18 (a gift form R. Oshima) and one monoclonal antibody TS-1 

specifically recognising keratin 8 (a gift from T. Stigbrand). The results are shown 

in figure 2.11 where the single keratin proteins keratin 18 (figure 2.11 (B)) or 8 

(figure 2.11 (A)) could both be detected when 33S-methionine was used to pulse 

label the newly synthesized keratins in the single keratin fibroblast cell lines for 30 

minutes. This result confirms that the accumulation of keratin proteins is not blocked 

at the translational level. The newly-synthesized single keratin protein is however 

turned over very rapidly. From figure 2.11 it is clear that the 3 5 S-methionine  

labelled single keratin proteins disappeared (were degraded) within 3.5 hours. This 

suggests that the half life of single keratin proteins in fibroblast cells is very short, 

is shorter than 3.5 hours. In contrast to the fate of single keratins in single keratin 

fibroblasts, the half life of keratin proteins in the fibroblasts where both type I and 

type II keratins were present is much longer, it is longer than 3.5 hours. Figure 2.11 

shows that the amount of keratin 8 or 18 was kept the same even after chasing with 

cold methionine for 3.5 hours.
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Figure  2.11

Pulse-chase and im m unoprecipitation of keratins 8 and 18 in NIH 3T3 

c e l l s .

Cells were labelled with 35S methionine for 30 minutes and half of each populations 

were subsequently chased with cold methionine for 3.5 hours. The chased and un

chased total cell lysates were then immunoprecipitated with an anti-K18 antiserum 

(A) and a monoclonal antibody specific to keratin 8 (TS-1) (B). In both (A) and (B), 

the first track from the left is 14 C-labelled protein molecular weight markers. The 

molecular weight of individual proteins (in kilodaltons) is indicated on the left hand 

side. The positions of human keratins 8 and 18 from MCF7 cells are indicated on the 

right hand side. Arrows indicate the keratin protein bands of interest.

( A ) :  In keratin 8 containing NIH 3T3 cells, the newly synthesized keratin 8 protein 

was detected and is indicated by the arrow in lane K8neo(4). This protein was 

completely degraded within 3.5 hours as shown in next lane, K8/7eo(4)(chased). In 

NIH 3T3 cells containing both keratins 8 and 18 however, (as pointed by arrows), 

the level of newly synthesized keratin 8 protein (lane K18(5)+K8) remained 

unchanged after 3.5 hours (lane K18(5)+K8(chased)).

( B ) :  In keratin 18 containing NIH 3T3 cells, the newly synthesized keratin 18 

protein was detected and it is indicated by the arrow in lane K18(5). This protein 

was completely degraded within 3.5 hours as shown in next lane K18(5)(chased). 

However NIH 3T3 cells containing both keratin 8 and 18, the level of newly 

synthesized keratin 18 protein (lane K18(5)+K8) remained unchanged after 3.5 hours 

(lane K18(5)+K8(chased)).
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2 .8  Summary of results

1. Human keratin containing recombinant retroviruses were constructed. 

DORK8-hyg, DORK7-hyg, DORK18-neo or DORK19-neo contains human keratin 8, 7, 

18 or 19 respectively, and the recombinant retroviruses were produced at the titer 

of '104 cfu/ml. DORK8-/7yfif, DORK7-hyg and DORK18-neo were produced as 

ecotropic retroviruses from XP -2 cell line while DORK19-neo was produced as 

amphotropic retroviruses from PA317 cell line.

2. Human keratins 18 and 19 were expressed and incorporated into the existing 

mouse keratin network in the mouse prostate epithelial cell line MPYK, through 

DORK18-neo and DORK19-neo retroviral mediated gene transfer.

3. A series of single human keratin containing NIH 3T3 cell lines (single keratin 

fibroblast lines) were established based on the northern hybridization data of the 

expression of human keratin containing retroviral mRNA, which is distinguishable by 

its larger size compared to that of endogenous mouse keratins.

4. No endogenous keratin mRNA for K8, K18, K19, K14 and possibly K7 was 

detectable in the NIH 3T3 cell line used in this work, by either northern blot 

hybridization or polymerase chain reaction.

5. Human keratin protein could not be detected in any of the single keratin 

fibroblast lines by immunoblotting or immunofluorescence staining.

6. After pulse labelling the single or both type keratin containing fibroblast lines 

with 35S-methionine and chasing with cold methionine, it was observed that the half 

life of both keratin 8 and 18 in single keratin fibroblasts was less than 3.5 hours. On 

the other hand, when both keratin 8 and 18 were coexpressed in the same cells, the 

half life of these two proteins were observed to be longer than 3.5 hours.
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CHAPTER THREE: STABILIZATION OF KERATIN PROTEINS AND

FORMATION OF KERATIN FILAMENTS

3 .1  In tro d u c tio n

Taken the results from chapter 2 together with the fact that all keratin 

filaments are consisting of a type I and a type II keratin proteins, suggests that the 

presence of two complementary type keratin proteins (type I and type II) within the 

same cell may be essential for the accumulation of stable keratin proteins to form 

keratin filaments. In another words, the stabilization of keratin protein may totally 

rely on the presence of its complementary keratin protein partner. Having shown 

that both human keratin 8 and 18 were degraded rapidly in single keratin fibroblast 

lines, an attempt was made to introduce a complementary type keratin into the same 

cell line to stabilize the keratin protein and to form the keratin filaments. 

Additionally, the essential requirement for the stabilization of keratin protein was 

studied by introducing two keratins from the same subtype. Finally, a-helical domain 

deleted, and non-a-helical end domain truncated,keratin mutants were constructed to 

investigate the critical regions of keratins involved in protein stabilization as well as 

their contribution in filament formation.

3 .2  Type I with type II keratins form stable complexes

Introducing a second complementary keratin cDNA into one of the single 

keratin fibroblast led immediately to detectable levels of both keratins, without a 

discernible alteration in the single keratin mRNA level observed before infection. An  

example of this was shown in figures 3.1 and 3.2, where the keratin 18 mRNA level 

was kept the same between K18-neo(5) and K18-neo(5) + K8 cell lines (figure 3.1

A), while keratin proteins were only detected in latte*’ cell line. As the keratin cDNA 

are driven by retroviral LTR within these cells, it was unlikely that the accumulation 

of keratin proteins can have any effects on the transcriptional regulation of keratin 

containing retroviral mRNA. The results obtained here however indicate that the 

steady state level of keratin mRNA is not affected by the presence or absence of 

keratin proteins. Taken together with the data discussed in chapter 2, this suggests 

that the regulation of keratin expression in these single keratin fibroblast cells is
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purely post-translational. Thus, similar features should be seen when any other 

complementary keratin partner ;s coexpressed within the same cells. Introducing 

a complementary type II keratin K7 or K8 into the single type I keratin 18 or 19 

containing NIH 3T3 cell lines K18-neo(5) or K19-neo(5), resulted in the formation of 

keratin intermediate filaments which were visualized by immunofluorescence 

staining (see figure 3.2). In K18-neo(5) + K8 and K18-^eo(5) +K7 cells, keratin 

filaments were recognised by keratin 8 specific antibody Cam 5.2 and keratin 7 

specific antibody LP1K separately (figure 3.2 A, B). The keratin filaments in those 

two cells were detected by human-keratin 18 specific monoclonal antibody DA7 as 

well. In addition to the human keratin 19 specific antibody A53-B/A2, the same two 

monoclonal antibodies (Cam 5.2 and LP1k) against keratin 8 and 7 were also used to 

detect the keratin filaments in K19-neo(5) + K8 and K19-neo(5) + K7 cells 

respectively (figure 3.2 C, D). The appearance of keratin filaments in the single 

keratin fibroblast cell lines after the introduction of its complementary partner, 

indicates that the stabilization of keratin protein occurs. This keratin protein 

stabilization process was shown to be complementary-type specific (see next 

section for evidence), but not keratin pair specific. For example, both K8 + K14 or 

K7 + K14 proteins were stably expressed together in NIH 3T3 cells and formed 

keratin filaments, even though they are not naturally expressed keratin pairs in vivo 

(figure 3.1). Based on the results obtained here, questions could then be asked about 

the mechanism of keratin protein stabilization within the cells. First, is filament 

formation necessary for keratin protein stabilization? Second, which regions of 

keratin proteins are critical for the protein stabilization? Third, can keratin proteins 

of the same type stabilize each other?
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Figure 3.1

( A ) :  A comparison of the mRNA level of human keratin 18 in keratin 18 

containing NIH 3T3 cells (lane K18) and NIH 3T3 cells containing the complementary 

keratin pair 8 and 18 showed that the steady state level of human keratin 18 mRNA 

was unaffected by either the presence of stable keratin protein K8 or K18, or by the 

presence of keratin 8 mRNA. The arrow labelled vK is used to indicate the position of 

human keratin 18 containing retroviral mRNA while the arrow labelled cK is used to 

indicate the position of endogenous mouse keratin 18 mRNA in MPYK cells.

(B ) ,  ( C ) :  Stabilization of keratins is type specific but not pair specific. Keratins 

8 and 14 (B) or 7 and 14 (C )  are mismatched complementary type keratin pairs and 

the stable production of these two keratin pairs in transgenic NIH 3T3 fibroblasts 

was detected by immunofluorescence staining with a monoclonal antibody (LL001), 

specific to keratin 14.
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Figure 3.2

Detection of the expression of stable keratin 7 or 8 by 

im m unofluorescence  sta in ing.

Production of stable human keratin 8 in: NIH 3T3 cells co-expressing keratins 

8 and 18 (K18-neo{5)+K8) ( A ) ,  and NIH 3T3 cells co-expressing keratins 8 and 19 

(K19-neo(5)+K8) (C ).

Detection of human keratin 7 in: NIH 3T3 cells co-expressing human keratins 

7 and 18 (K18-neo(5)+K7) ( B ) ,  and NIH 3T3 cells co-expressing human keratins 7 

and 19 (K19-neo(5)+K7) (D).

Magnification: 61 Ox.
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3 .3 Keratins of the same type cannot form stable com plexes

Keratins of the same type were introduced into the single keratin fibroblast 

line to investigate the ability to form stable keratin protein complexes. When keratin 

14, a type I keratin, was introduced into K18-neo(5), a type I single keratin 

fibroblast cell line, both K18 and K14 mRNAs were detected by northern blot 

hybridization (see figure 3.3 C, D). The keratin proteins, however, were never 

detected by immunoblotting (figure 3.3 G, H) or immunofluorescence staining. The 

expression level of keratin 18 mRNA in the K18 + K14 fibroblast cell line was not 

affected by the introduction of keratin 14 (figure 3.3 D). Similar results were 

obtained when two type II keratins, K7 and K8, were expressed together within the 

same cells. The presence of both keratin 7 and keratin 8 mRNAs within KQ-neo{4) + 

K7 cell line was detected by northern blot hybridization and shown in figure (3.3 A,

B). As demonstrated in figure 3.3 B, the mRNA level of keratin 8 in both KQ-neo(4) 

and K8-/7eo(4) + K7 cell lines are similar. Like K18-/7eo(5) + K14 cells, no keratin 

protein was ever detected in K8-r?eo(4) + K7 cell line (figure 3.4 E, F). The 

observations that the steady-state level of keratin mRNA expression was not 

affected by introducing a second keratin, either of the same type or of the 

complementary type (see figure 3.2 A in previous section), suggest that the 

formation of stable keratin protein complexes was controlled at the protein level. 

Lack of detectable levels of keratin proteins in both K18-/7eo(5) + K14 and K8-neo(4) 

+ K7 cell lines provides strong in vivo evidence that the keratin protein stabilization 

mechanism is type-specific and it requires certain interactions between two 

complementary type keratins, a type I and a type II proteins. The question therefore 

arises as to which regions of keratin protein molecules are involved in these specific 

heterotypic interactions. Some preliminary findings have begun to accumulate 

(Hatzfeld et al., 1987; Magin et al., 1987), but these studies have depended heavily 

on in vitro assay. Some experiments addressing this question were carried out in 

this study in in vivo conditions in cultured cells, and will be described in following 

sections.
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Figure 3.3

Two d ifferen t keratin  mRNA species from  the sam e type (K8 and K7 

or K18 and K14), do not prom ote  s ta b le  p ro d u ctio n  of kera tin s : 

fu rther evidence that s tab ilization  of keratins is type specific .

In NIH 3T3 cells containing both keratins 7 and 8 (K7+K8), the expression of keratin 

7 and 8 mRNAs were detected, (A )  and (B), but not the proteins ((E ), (F)). Similar 

results were seen in NIH 3T3 cells coexpressing keratins 18 and 14 mRNAs 

(K19+K14) as shown in (C ) and (D); keratins 18 and 14 were never detected within 

this cell line by immunoblotting, as illustrated in (G ) and (H ). In (B ) ,  the expression 

ievel of keratin 8 mRNA was unchanged after the introduction of a second keratin, 

K7; a similar result is also shown in (D ), where the steady state level of keratin 18 

was the same with either keratin 18 only present or with both keratins 18 and 14 

present.

Probes: Full length human keratin cDNAs K7, K8 , K14 and K18 were used in

figures (A), (B), (C), and (D )  separately.

Monoclonal antibodies LP1K, Cam 5.2, LL001, and RCK106 specific to keratins 7, 8 , 

14 and 18 respectively were used in (E), (F), (G ), and (H ) to detect any existing 

keratin proteins in immunoblotting analysis of the whole cell lysates. The control 

keratin proteins were extracted from epithelial cell lines MCF7 and TR146.
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3 .4  Parts of the rod domain are essential for protein

s ta b iliz a tio n

In trying to determine the critical regions of keratin proteins which may be 

involved in their stabilization within cells, the most obvious candidate is the highly 

conserved a-helical rod region. Previous in vitro binding assays have shown that (a) 

type I and type II proteins are able to bind to each other and form heterotypic 

complexes, (b) the a-helix of a keratin protein molecule contains binding capacity for 

complementary type proteins (Hatzfeld et al., 1987; Magin et al., 1987). In 

agreement with this, a number of recent experiments have suggested that both ends 

of the rod domain must be intact to allow heterotypic complex formation (Albers and 

Fuchs, 1987; Albers and Fuchs, 1989; Kulesh et al., 1989). However, it is not 

known whether all the rest of the helical domain of keratin protein is equally 

important. In order to investigate the necessity for the central regions (non-terminal 

sequences) of the rod domain of keratin proteins during filament formation, two ot- 

helical deleted keratin mutants were made.

Deletions from the regions encoding a-helical domains were made using 

existing restriction enzyme sites in the cDNA clones for keratins 8 and 18. A 204 bp 

Bgl II restriction fragment of keratin 8, encoding the entire a-helical domain 2A, 

part of a-helical domain 2B as well as linkers L12 and L2, was excised to give the 

deleted keratin 8 cDNA, K 8A{Bgl I!) (figure 3.4); A Bgl II to BamH I restriction 

fragment (606 bp) encoding most of a-helix 1B, the whole helix 2A and a small 

portion of helix 2B was deleted from keratin 18 cDNA, giving the construct 

K18A {Bgl-Bam) (figure 3.5). The keratin 8 mutant K8A(Bgl II) was cloned into 

D O R -hyg and the keratin 18 mutant K18A(Bgl-Bam) was cloned into DOR-neo 

retrovirus vectors. The retroviruses containing the mutant keratins K8ABgl II or 

K18ABgl-Bam were produced in ¥ -2  cells at titer of 104 cfu/ml.

The a-helical deleted keratin mutant K18A(Bg/-Ba/7?) was introduced into NIH 

3T3 cells by DORK'\8A(Bgl-Bam)-neo retrovirus mediated gene transfer. 20 days 

after infection, six G418 resistant clones were picked and the total mRNA were 

analysed by northern blot hybridization with 32P labelled keratin 18 full length cDNA 

probe. A specific mRNA transcribed from DOW\QA{Bgl-Bam)-neo was seen (figure 

3.6 A). This mRNA migrates slightly faster than that transcribed from DORK18-/7eo. 

Two cell lines were established which have the detectable steady-state level of 

deleted keratin K18A{Bgl-Bam) mRNA. No keratin protein was ever detected within 

these cell lines, even after the introduction of a type II keratin K8 (figure 3.7 C and 

D). In K18A(£g/-Ba/77)-neo(5) + K8 cells, the failure to detect any of the keratin 

proteins, either keratin 8 or deleted keratin K18A(B<7/-Bar77), was not due to the DNA
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construction itself. As shown in chapter 2, the same keratin 8 recombinant 

retrovirus DORK8-hy<7 was found producing keratin 8 proteins in infected K18- 

neo{5) + K8 cell line. For the deleted keratin 18 mutant K\8A{Bgl-Bam), both 5'- and 

3'-ends untranslated sequence are the same as that in the full length keratin 18, and 

the latter cDNA was shown, in chapter 2, to be translated properly into keratin 18 

proteins. Furthermore, the capability to producing p-galactosidase-keratin fusion 

protein by this deleted keratin 18 mutant in E.coli, as detected by monoclonal 

antibodies (RCK106, DA7) specific to keratin 18 epitopes occurring before deletion 

(D. Harrison unpublished data), ruled out the final possibility of construction error 

such as frame shifting. The same antibodies failed to detect the existence of this 

keratin mutant in K‘\8A{Bgl-Bam )-neo + K8 cells (figure 3.6 C, D). The only 

explanation of these results is that in the deleted keratin K18A{Bgl-Bam), the major 

interaction regions for the stabilization of complementary type keratin proteins are 

lost.

In contrast to ^QA(Bgl-Bam), the a-helical deleted keratin 8 mutant K8A{Bgl 

II), when introduced into single keratin fibroblast lines of K18 or K19, can stabilize a 

previously unstable single type I keratin, K18 or K19, and then forms abnormal 

looking keratin filaments. The keratin proteins of K18 or K19 or K8A{Bgl II) were 

detected by immunoblotting or immunofluorescence staining (see figure 3.7).

By making a series of deleted keratins (results from here and below) and 

combining them in fibroblasts in various ways (Table 4.1) it became apparent that 

the only critical domain for this stabilization by heterotypic complex formation was 

the a-helical rod domain. The entire a-helical domain 2A and the beginning of 2B 

therefore appear not to contain regions that are essential for stabilization 

interactions.
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Figure 3.4

Diagram  of the construction of the recom binant retrovirus,

D O R K 8 A (Bgl If)-hyg, c o n ta in in g  a -h e lix  deleted keratin 8

The entire a-helical domain 2A, part of a-helical domain 2B and 

linkers L12 and L2 were deleted by removing the 204 bp Bgl II 

fragment from the keratin 8 cDNA in pUC19-K8-oligo. The deleted 

keratin 8 sequence was then cloned into the retroviral vector 

DOR-hyg using the EcoR I and Sal I sites (5'- to 3'- ends respectively) 

to generate DORK8A(Bgr/ II)-hyg.

The construction of pUC19-K8-oligo is shown in detail in figure 2.4.

Keratin 8 coding sequence is illustrated as striped bar ( V fS A  )

The thick line ( —  ) is used to represent the untranslated sequence 

of keratin 8 cDNA.

The vector sequences are drawn as circles using thin lines ( — ). 

Restriction enzyme sites used during the construction of recombinant 

retrovirus DORK8A(Bg/ II)-hyg  are shown as follows: E: EcoR I; A: Aat II; 

S: Sal I ; C: Cla I ; Bg: Bgl II and B: BamHI.
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Figure 3.5

Diagram  of the construction of the recom binant retrovirus,

D O R K 18A (Bgl-Bam)-neo, containing a -h e lix  deleted keratin 18

Most of a-helical domain 1B, the entire domain 2A, part of a-helical 

domain 2B and linkers L12 and L2 were deleted by removing the 606 bp 

Bgl II -BamH I fragment from the keratin 18 cDNA in pUC19-K18' . The 

deleted keratin 18 sequence was then cloned into the retroviral vector 

DOR-neousing the EcoR I  and S a il  sites (5'- to 3'- ends respectively) 

to generate the DORK18A{Bgl-Bam)-neo.

The construction of pUC19-K18' is shown in detail in figure 2.5.

The a-helical and non a-helical domains of keratin 18 are indicated 

as striped bars ( E s M )  and open bars ( I I ) respectively. 

The thick line (— ) is used to represent the untranslated sequence 

of keratin 18 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of 

DORK18A{Bgl-Bam)-neo are shown as follows: E: EcoR I, S: Sal I,

B: BamH I, Bg: Bgl II and K: Kpn I.
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Figure 3 .6

The effects of the a -h e lix  deletions of keratins in the s tab iliza tion  of 

k e ra tin s

(A ) :  Northern blot hybridization to detect the presence of the mRNA for the a- 

helix deleted keratin 18, K18A (Bg-B), as indicated by the middle arrow. The full 

length keratin 18 mRNA is indicated by the top arrow.

( B ) :  The stabilization of keratin 19 by helix-deleted keratin 8, K8A{Bg). The weak 

staining of the keratin 19 in both K19neo(5)+K8A(£?g) and MCF7 cells are due to the 

fading of the DAB reaction product stained on the nitrocellulose membrane.

(C ), (D ): Stabilization of keratin proteins by helix-deleted keratin 8, K 8A (Bg).

In (C ) ,  the stably produced keratin 8 mutant protein, K8A(fl&), was detected by 

keratin 8-specific monoclonal antibody Cam 5.2, as indicated by the arrow on the left 

hand side in lane K18neo(5)+K8A(£?g). In (D ) ,  the production of intact human keratin 

18 was also detected by a human keratin 18-specific monoclonal antibody, DA7. The 

protein band seen in lane K18neo(5)+K8A(Bg) is keratin 18 (arrow on the left hand 

side of figure (D )) . The helix-deleted keratin 18, K18A{Bg-B), on the other hand, 

cannot stabilize keratin 8. In lanes K18A(Bg-B)(4)+K8, no keratin 8 or 18 was 

detected ((C) and (D )) .
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Figure 3.7

S tab iliza tio n  of in tact com plem entary keratin  18 or 19 by a -h e l ix  

deleted keratin  8.

Introduction of the a-helix deleted keratin 8, K8A{Bg), resulted in the 

stabilization of previously unstable keratin 18 or 19 as well as the deleted keratin 8 

itself. As shown in (A) and (B ) ,  in NIH 3T3 cells containing keratins 18 and K8A(Bg) 

or keratins 19 and K8A(Bg), the stably produced keratin 8 mutant K8A (Bg) was 

easily detected by immunofluorescence staining with a monoclonal antibody Cam 5.2 

which is specific to keratin 8.

Magnification: 61 Ox.
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3 .5  N on-a-helical end domains are not essential for protein

s ta b iliz a tio n

To understand the function of non a-helical domains of keratin protein in 

protein stabilization and filament formation (described in chapter 4 in detail), a 

series of truncated keratin mutants were made (see diagrams in figure 3.8, 3.9,

3 .10).

204AK7A (figure 3.8) is a short keratin 7 construct deleted at both ends, 

retaining only 20 codons of the N-terminal head domain followed by the entire helix 

encoding sequence and the first 14 codons into the C-terminal tail domain-encoding 

sequence, (restriction fragment Nar 1-EcoR I, 1070bp long). A 16 bp synthetic 

oligonucleotide sequence containing an in frame stop codon and a BamH I restriction 

site was added to the 3' end of the truncated keratin 7 cDNA, and a 75 bp sequence 

was added to the 5' end of the truncated keratin 7 cDNA. This 75 bp sequence 

contains 10 bp from the 5'-end untranslated sequence of keratin 19, a start codon 

and a 17 amino acid marker sequence of the SV40 large T antigen which can be 

recognized by a monoclonal antibody PAb204. The reason for choosing the keratin 19 

untranslated sequence is that the keratin 19 cDNA full length clone PSE20 (Stasiak 

and Lane, 1987) containing this short 10bp untranslated sequence always gave the 

highest protein expression of any of the cDNA clones currently in use in the 

laboratory. The 204Ak7 (figure 3.9) was made in a similar manner to 204Ak7A 

with the exception that the C-terminal end sequence was left intact. K18A (figure

3 .10 ), a truncated tailless keratin 18, was made using DNA polymerase chain 

reaction (PCR) method. This tailless keratin 18 encodes the intact N-terminal head 

and rod domains and 7 amino acids into the C-terminal tail domain beyond the helix 

termination peptide.

All the truncated type II keratin mutants 204AK7 and 204AK7A were cloned 

into the DOR-hyg retrovirus expression vector at the EcoR 1-Sal I sites (5’-3 ’), 

while the type I keratin mutant K18A was cloned into the DOR-neo retrovirus 

expression vector at EcoR 1-Sal I sites (5'-3'). All the keratin containing retrovirus 

constructs were transfected into the retrovirus packaging cell line xP-2 cells as 

described in chapter 7, and the retroviruses were produced at the titer of 104 

cfu/ml (colony forming unit per ml ).

It was found that the N- and C-terminal truncated keratin 7 mutant 204AK7A 

contains all the capacity to stabilize its complementary type keratins K18 or K19 in 

single keratin fibroblast cells. When 204AK7A was coexpressed with keratin 18 in 

the K18-neo(5) cell line, both 204AK7A and K18 proteins were detected by
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immunofluorescence staining with monoclonal antibodies LP1K and DA7, specific for 

keratin 7 and 18 respectively, keratin filaments were seen within the same cells 

(figure 3.11). This result suggests that most of the N- and C-terminal domain 

structure of keratin 7 is not required for the stabilization of K18. Similar 

conclusions were drawn from the coexpression of the other pair of keratins as well. 

In construct to keratin 18, keratin 19 has no tail domain. It is the only 'tailless' 

keratin existing naturally in vivo, and its amino acid sequence shows higher 

homology to stratified epithelial keratins 13, 14, 15 and 16 than to the simple 

epithelial keratin 18 (Stasiak et al., 1989). Because of the unique features of keratin 

19, it was important to investigate the potential ability of 204AK7A in protein 

stabilization (here) and filament formation (chapter 4). When 204AK7A was 

introduced into the keratin 19 containing fibroblasts K19-neo(5), both 204AK7A and 

K19 proteins were detected by immunoblotting with monoclonal antibodies LP1K and 

BA17 (figure 3.11 B, C), which are specific for keratin 7 and 19 respectively. 

Unexpectedly however, keratin filaments were never seen within these cells, only 

diffuse cytoplasmic staining (see figure 3.11 D). The results obtained from 204AK7A 

+ K19 fibroblast cells indicate that the stabilization of keratin protein and the 

formation of keratin filaments may be two separate processing steps, and that 

different domains of keratin protein may have different contributions towards each 

step.
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F ig u re  3 .8

Diagram of the construction of the recombinant retrovirus, 

D O R 2 0 4 A K 7 A - h y g ,  containing head and tail domain deleted 

keratin 7

The tail domain of keratin 7 was deleted by inserting a synthesized 16 bp 

oligonucleotide sequence ( H ). which contained a modified EcoR I site, 

a stop codon and a BamH I site, to replace the keratin 7 encoding sequence 

from the unique internal EcoR I site to the 3'-end.

The resulting construct pUC19-K7A-oligo , had thus lost one of its 3'- EcoR I 

sites. This construct was then used to make the deletion within the head 

domain of keratin 7.

The head domain of keratin 7 was deleted by replacing the pUC19-K7A-oligo 

5 '-EcoR l-Nar I sequence with a 75 bp synthesised oligonucleotide ( I ) .  

The oligonucleotide contained a EcoR I site at its 5'- end, a start codon, a 

peptide coding sequence which can be recognized by a monoclonal antibody 

PAb204, and a Nar I site. The resulting construct, pUC19-204AK7A , was 

then used to generate the head and tail domain deleted keratin 7 fragment 

for the construction of DOR204AK7A-/7/g.

The a-helical and non a-helical domains of keratin 7 are indicated 

as striped bars ) and open bars 11 \) respectively.

The thick line (— ) is used to represent the untranslated sequence 

of keratin 7 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DOR204AK7A-/7/g 

are shown as follows: E: EcoR I, S: Sal I, C: Cla I, B : BamH I and N; Nar I.
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F ig u re  3 .9

Diagram  of the construction of the recom binant retrovirus,

D O R 204A K 7-A iyg , containing head domain deleted keratin 7

The head domain of keratin 7 was deleted by replacing the EcoR I - Nar I 

fragment from the keratin 7 head domain with a synthesised 75 bp 

oligonucleotide ( ■  ). The oligonucleotide contained an EcoR I site 

at its 5'- end, a start codon, a sequence encoding a peptide specifically 

recognized by the monoclonal antibody PAb204, and a Nar I site.

The resulting construct, pUC19-204AK7, was used to generate a head 

domain deleted keratin 7 fragment which was inserted into DOR-hyg to 

produce DOR204AK7-hyg.

The a-helical and non a-helical domains of keratin 7 are illustrated 

as striped bars ) and opene bars ( I I) respectively.

The thick line (— ) is used to represent the untranslated sequence 

of keratin 7 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DORK204AK7-hgy 

are shown as follows: E: EcoR I, S: Sal I, B: BamH I and N: Nar /.
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Figure  3.10

Diagram  of the construction of the recom binant retrovirus,

D O R K 1 8 A -/ie o , containing tail domain deleted keratin 18

A small portion of the p-galactosidase coding sequence from pUR292, 

and keratin 18 5'-end untranslated sequence and entire head and rod 

domains were amplified by a polymerase chain reaction (PCR).

The 5'- to 3'- ends PCR primer, indicated by the arrow head ( ) ,  

was complementary to the p-galactosidase coding sequence . The 3’- 

to 5'-ends PCR primer, indicated by the arrow head ), was 

complementary to the border region of the a-helix 2B and the tail 

domain of keratin 18 and contained a stop codon and a Sal I site.

The a-helical and non a-helical domains of keratin 18 are indicated 

as striped bars and open bars ( I I) respectively.

The thick line (— ) is used to represent the untranslated sequence 

of keratin 18 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DORK18A-/?eo 

are shown as follows: E: EcoR I and S: Sal I .
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F igure 3.11

N o n -a -h e lica ! end dom ains are  d isp en sab le  fo r the  s ta b iliza tio n  of 

keratin  prote ins

( A ) :  Deletion of both head and tail domains from keratin 7, 204AK7A , does not 

prevent stabilization and filament formation with its complementary keratin 18. 

Magnification: 61 Ox.

( B ) :  Stabilization of keratin 19 by the head and tail domain deleted keratin 7,

204AK7A. The deleted keratin 7 can be seen in lane K19neo(5)+204AK7A and is 

indicated by the arrow labelled AKA.

( C ) :  The production of keratin 19 was detected in K19neo(5)+204AK7A cells but 

not in K19neo(5) cells.

( D ) :  Immunofluorescence staining to show the stable production of keratin 19 and

204AK7A: only diffuse staining is seen. No keratin filaments were observed, 

indicating that the stabilization of keratin proteins and the formation of keratin 

filaments are two distinguishable steps.

Magnification: 61 Ox.

In (B), the lane labelled MCF7, the keratin 19 specific monoclonal antibody BA17 was 

used, while in the lanes labelled K19neo(5) and K19neo(5)+204AK7A, the keratin 7 

specific monoclonal antibody LP1K was used. In (C), all lanes were stained with the 

keratin 19 specific monoclonal antibody BA17.
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3 .6  Stabilization of keratin protein and formation of

keratin filaments are two distinguishable processing 

steps.

The hypothesis based on the observations from 204AK7A and K19 co

expressing NIH 3T3 cells, was further tested here. It was not clear in the beginning, 

whether 204AK7A + K19 had some peculiar behaviour to cause the interesting 

phenomena mentioned above or whether the experiment indeed reflect some general 

features of certain kinds of mutated keratin pairs. If the latter suggestion was right, 

the other mutated keratin pairs should give similar results, that is the stabilization 

of keratin protein should be seen but not the formation of keratin filaments. In 

204AK7A + K19 keratin pair, apart from the fact that K19 has higher sequence 

homology to stratified epithelial keratin than to simple epithelial keratin, both tail 

domains were missing and only the N-terminal domain of K19 was intact, whilst in 

the case of the 204AK7A + K18 keratin pair, where the normal-looking keratin 

filaments were formed, both N- and C-terminal domains were intact in one of the 

keratins. What was the real reason for this difference, the lack of both tail domains 

in the 204AK7A + K19 pair or a difference in behaviour between simple epithelial 

K18 and the stratified keratin related K19?

204AK7 was constructed and introduced into the same K19 containing 

fibroblast cell line K19-neo(5). Both 204AK7 and K19 protein were produced stably 

and could be detected by immunoblotting (see figure 3.12 A). Like 204AK7A + K19, 

the 204AK7 + K19 pair failed to form keratin filaments in NIH 3T3 cells. In contrast 

to the 204AK7A + K19 pair, the 204AK7 + K19 pair consists one intact tail domain 

from 204AK7 and one intact head domain from K19. Therefore, the inability to form 

filaments implied that the presence of intact terminal domains of one keratin protein 

within a pair are necessary for the formation of keratin filaments, although they are 

not essential for the stabilization of keratin proteins.

A tailless keratin 18 mutant K18A was made and introduced into a cell line 

which only contains 204AK7A, to eliminate the possibility that all the phenomena 

observed here were simply caused by the fact that K19 is a stratified epithelial 

keratin other than simple epithelial keratin, even though it was able to form keratin 

filaments with intact keratin 7 (see this chapter, section 3.2 and figure 3.1 D). When 

204AK7A + K18A were coexpressed within the same cells, the proteins for 

204AK7A and K18A were detected by immunoblotting analysis but once again, no 

keratin filaments were ever seen. The same K18A was shown to be competent to 

form normal keratin filaments with intact keratin 7 or 8 in NIH 3T3 cells (see
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chapter 4, figures 4.5 B and 4.8 A ). In the 204AK7A + K18A pair, K18A is a simple 

epithelial keratin and its intact form is known to be able to form normal keratin 

filaments with 204AK7A (see this chapter, section 3.5, figure 3.11 A). Therefore 

the only explanation for its disability to form keratin filaments is the lack of certain 

important functional domains of keratin proteins, which were caused by truncations.

From these experiments it became clear that protein stabilization (complex 

formation) and filaments formation are two distinct and separate processes within 

the cytoplasm, a-helical domain of keratin proteins are essential for the stabilization 

of proteins while the non a-helical domain may play a very important role in the 

formation of keratin filaments.
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Figure  3.12

Total cell protein from  NIH 3T3 cells containing keratins:

( A ) :  K19 alone (track 1), K19 + 204A.K7.A (tracks 2, 3), K19 +204A.K7 (track 

4), K18.A +204A.K7.A (tracks 5, 9) or HeLa total cell protein (tracks 6, 7) or MCF7 

cytoskeleton extract (track 8) were immunoblotted with monoclonal antibodies BA17 

to keratin 19 (tracks 1, 2), LP1K to K7 (tracks 3-6) or DA7 to K18 (track 9). 

Tracks 7 & 8 are stained with Coomassie Blue. Transition from unstable K19 in the 

single keratin fibroblast (track 1) to stable K19 on addition of 204A.K7.A can be seen 

as the appearance of a positive signal in track 2. Note the size differences between 

the increasingly deleted K7 and K18 recombinant proteins. In track 6 (HeLa cells), 

LP1K stains keratin 7 and the major degradation fragment, which is similar in size to 

204A.K7.A and is thought to consist of the protease-resistant a-helix.

( B ) :  In NIH 3T3 cells, keratin pair K18A+204AK7A produce only diffuse 

immunofluorescence staining detected by a monoclonal antibody LP1K specifically 

against keratin 7. This is similar to that observed in figure 3.11 D 

(K19neo(5)+204A K7A).

Magnification: 61 Ox.

(C ) :  Immunofluorescence staining data to show that in NIH 3T3 cells, the head 

domain deleted keratin 7, 204AK7, cannot form a keratin filament network with  

keratin 19, despite the presence of two complementary proteins; neither protein has 

full-length head and tail domains.

Magnification: 61 Ox.
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3 .7  Summary of results

1. Single keratin protein can be stabilized by the presence of its complementary 

type keratin protein ( K8 can stabilize K18 or K19 as well as K7 can stabilize K18 or 

K19).

2. The stabilization of keratin proteins are type-specific but not pair-specific. 

For example, K7 cannot stabilize K8, K14 cannot stabilize K18, but K14 can stabilize 

K8 or K7.

3. Using the a-helical deleted keratin mutants K18A(£?<7/-£?am) and K8A(Bglll), 

the following conclusions were reached: (i) all deletions to the rod domain tested 

here had a detrimental effect on filament formation; (ii) only part of the rod domain 

is required to stabilize its own and its complementary type keratin protein in NIH 

3T3 cells; (iii) there are no critical binding sites or crucial interaction sites for 

stabilization of a type I keratin protein located within the subdomain 2A of type II 

keratin 8.

4. A type I keratin (K18 or K19) can be stabilized by a both N- and C-terminal 

truncated type II keratin 204AK7A. A result suggesting that the rod domain of a 

keratin protein is sufficient to stabilize its complementary keratin partner, and that 

the non a-helical domains of keratins may not play an important role in the 

stabilization of keratin protein.

5. Expressing a few terminal truncated keratin pairs (204AK7A + K19, 204AK7 

+ K19, 204AK7A + K18A), it became clear that the stabilization of keratin protein 

and the formation of keratin filaments are two distinct separate process within the 

cytoplasm, the non a-helical domains may have an important contribution towards 

the formation of keratin filaments (more evidence for this can be seen in chapter 5).
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CHAPTER FOUR: FUNCTION OF KERATIN DOMAINS IN FILAMENT

FORMATION

4 .1  In tro d u c tio n

Having shown that the stabilization of keratin protein and the formation of 

keratin filaments are two distinct separate processtvequiring the involvement of 

different domains of keratins, it becomes possible to investigate the function of 

individual subdomains of keratins at different stages of keratin filament network 

assembly.

Early in vitro studies indicated that the highly conserved a-helical domain 

contains important binding sites which are sufficient for the specific recognition of a 

complementary type of keratin protein: for example, under certain conditions, 

proteolyticalt/ prepared rod domain fragments of bovine or rat keratin 8 and 18 

were able to form a heterotypic complex on nitrocellulose paper (Hatzfeld et al., 

1987). A number of recent in vivo experiments have also suggested that both ends of 

the rod domain must be intact to allow normal keratin filament formation (Albers and 

Fuchs, 1987; Kulesh et al., 1989). In agreement with this, the latest studies with 

neurofilaments show that a dominant disruptor neurofilament mutant can be made by 

simply removing a few amino acids from the carboxy terminus of the rod domain 

(Gill et al., 1990; Wong and Cleveland, 1990). Nevertheless, a mutant deleted from 

the amino terminal end of the rod domain can partially disrupt the wild-type NF-L or 

endogenous vimentin network moderately (Wong and Cleveland, 1990). Taken 

together with the results described in chapter 3 , section 3.4, it is obvious that not 

all parts of the a-helical domain of keratin protein are equally important.

Up to now, all the in vitro and in vivo studies have suggested that the N- 

terminal head and the C-terminal tail domains of keratin protein play no significant 

role in the keratin filament formation (Albers and Fuchs, 1987; Albers and Fuchs, 

1989; Hatzfeld et al., 1987; Magin et al., 1987). In contrast, the results described 

in chapter 3, section 3.6 in this study strongly indicate that both the N-terminal head 

and the C- terminal tail domains of keratin do play an important role in the 

polymerization of keratin filaments. Thus a study of a series of a-helical domain- 

deleted or terminal domain-truncated keratin mutants, in various combinations of 

intact or handicapped keratins provides a useful route towards investigating the 

function of different keratin domains in keratin filament formation.
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4 .2 End domain truncation

K8A423: (figure 4.1) tail domain truncated keratin 8 was made by 

removing 58 codons from the 3' end of the tail domain (Sac I site) and replacing it 

with a 66 bp synthetic oligonucleotide sequence containing a stop codon and a 17 

codon marker sequence from the SV40 large T antigen, which was predicted to 

encode the epitope recognized by a monoclonal antibody PAb423. K8A423 was 

cloned into DOR-hyg retrovirus vector and retrovirus DORK8A423-/7yg was 

produced as described in chapter 7 section 7.2.4.C.

Terminal truncated keratin mutants used were 204AK7A, 204AK7 and 

K18A, which were described in chapter 3 section 3.5. All the deleted and truncated 

keratin mutants used in this study are illustrated in figure 4.2.

4 .3  Importance of the integrity of the a -h e lica l domains

When keratin 8 mutant K8A(Bgl II) (helical 2A-deleted) was introduced into 

the single keratin fibroblast cell line K19-/7eo(5) or K18-r7eo(5), apart from its 

ability to stabilize its complementary keratin K18 or K19 as mentioned in chapter 3 

section 3.4, short, broken, linear keratin filaments were seen, but no extensive 

filament network (figure 4.3). In spite of the abnormality of the keratin filaments, 

the filaments seen here five totally distinguishable from protein aggregates formed non 

specifically. Nevertheless, within K8A(Bgl //)+ K18 or K8A(Bgl I I ) + K19 containing 

NIH 3T3 cells, normal looking keratin filament networks were never observed. This 

suggests that the lack of the entire a-helical domain 2A and part of domain 2B of 

keratin 8 do not have the vital effects on the initiation of the formation of keratin 

filaments, although the presence of these a-helical regions is essential for the 

formation of a normal looking keratin filament network. As reported by Hatzfeld et 

al, keratin filaments are formed by a heterodimer of type I and type II keratins, so 

that any deletions within the a-helical domain of keratin arc likely to cause the 

destabilization of keratin heterodimers, therefore to interfere the formation of 

normal keratin filaments and network. The defects on the formation of keratin 

filaments are dependent on where and how long the deletion is. As seen in chapter 3 

section 3.4, a large a-helical deletion of keratin 18, K18A (Bgl-Bam), can cause the 

defects n the formation of keratin heterodimer of K8 and K18A (Bgl-Bam).
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F ig u re  4.1

Diagram  of the construction of the recom binant retrovirus,

DORK8A4 2 3 - /iy &  c o n ta in in g  tail domain deleted keratin 8

The tail domain of keratin 8 was deleted using a synthesized 66 bp 

oligonucleotide ( I ) to replace the keratin 8 encoding sequence 

from the unique internal Sac I site to the 3'-end. The oligonucleotide 

sequence contained a Sac I site, an 18 amino acid peptide sequence 

which was presumed to be recognized by a monoclonal antibody PAb423, 

a stop codon, a Cla I site and a BamHI site. The resulting recombinant 

retrovirus was called DORK8A423-/?y<7.

The a-helical and non a-helical domains of keratin 8 are represented 

by striped bars ( and open bars (I f) respectively.

The thick line ( ^ )  is used to represent the untranslated sequence 

of keratin 8 cDNA.

The vector sequences are drawn as circles using thin lines (— ). 

Restriction enzyme sites used during the construction of DORK8A423-/7yg 

are shown as follows: E: EcoR I, S: Sat I, C: Cla I, B :B am H land  Sa; Sac I.
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DORK3A423-/?yq

DORKB-hva

LTR LTR
S V 4 0 pB R ori

cap site polyA siteBamHI $ al1 
EcoRI

Amp

BE

PORK8-hyfl (SaB)

LTR LTR

BamHI ^ a!l 
EcoRI

m pBRori

cap site polyA site

Amp

Sac I
GAGCT C GG AT C AAT AAT C AGCC AT A 
CCACATTT GT AGAGGTTTT ACTT GC 
TTT AAAAAACCTT G AAT CGAT GG AT CC  

~Cla I BamHI

Synthesized o ligonucleotide

PORK8A423-/ryq

LTR LTR

cap site polyA siteSailBamHI
EcoRI

Amp

S V 4 0 j pBRori

■
V
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Figure 4.2

Diagram of all deleted or truncated keratin mutants

Diagram to show the structure of the recombinant keratin derivatives 

expressed in NIH3T3 cells in this thesis. Consensus intermediate filament structure 

shown at the top. Keratin 19 was not deleted but naturally lacks a tail domain. 

Numbers above diagrams refer to amino acid number of the relevant full-length 

keratin; annotations below denote restriction enzyme sites in the cDNAs used to 

derive the deletion constructs. Thick bars denote the 17 amino acid SV40 T antigen 

tags seen by PAb204 (head deletions) or PAb423 (tail deletions). (A indicates 

alterations from the normal protein.)
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Figure 4.3

Inability of a-helix deleted keratin 8, K8A ( B g l  II) to form normal 

keratin filaments with intact keratin 18 or 19.

( A ) :  In NIH 3T3 cells, short, disrupted keratin filament fragments formed by intact 

keratin 18 and a-helix deleted keratin 8, K8A(Bgl II), were visualised by 

immunofluorescence staining with a keratin 8 specific monoclonal antibody Cam 5.2.

( B ) :  In NIH 3T3 cells, broken, and severely disrupted keratin filament fragments 

formed by intact keratin 19 and a-helix deleted keratin 8, K8A {Bgl II), were 

detected by immunofluorescence staining with a keratin 8 specific monoclonal 

antibody Cam 5.2.

Magnification: 900x
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4 .4  The function of non a-helical terminal domains:

im p o rtan ce  fo r the fo rm atio n  of kera tin  filam en t

n e tw o rks

Based on all the results mentioned in chapter 3 and this chapter section 4.3, it 

is clear that the intact a-helical domain of both complementary keratin proteins is 

essential for the formation of stable keratin heterodimers and normal keratin 

filaments. In the absence of one or more non a-helical domains however, will the 

intact a-helical domains from a keratin pair be sufficient to carry out the formation 

of keratin filament network? This question was addressed by expressing a series of 

terminal truncated keratin mutants in various combinations with intact or mutant 

keratins in NIH 3T3 cells.

When a keratin 7 mutant, 204AK7A, was introduced into the single keratin 18 

containing NIH 3T3 cell K18-/7eo(5), a normal keratin filament network was formed 

(figure 4.4 A). The same keratin 7 mutant 204AK7A could stabilize its 

complementary keratin protein, K19, when introduced into single keratin fibroblast 

cell line K19-neo (5), in this case is was not able to form keratin filaments (figure

4.4 B). As keratin 19 has higher sequence homology to keratinocyte keratins K14 or 

K13 than to K18, (simple epithelial keratin), this fundamental sequence difference 

between K18 and K19, may be responsible for the difference in results obtained with 

K18 + 204AK7A and K19 + 204AK7A pairs. On the other hand, there are major 

structural differences between these two keratin pairs at the protein level. First of 

all, within K18 + 204AK7A pair, K18 is intact, with a complete N-terminal head 

domain, a-helical rod domain and C-terminal tail domain, whilst within the K19 + 

204AK7A pair, neither of the keratins have their all domains intact, since K19 lacks 

the carboxy terminal domain. The second structural difference is that in the K19 + 

204AK7A pair, both C-terminal domains of keratin are missing whilst in K18 + 

204AK7A pair, one C-terminal domain (from K18) is still intact. Since K18 + 

204AK7A pair can form normal keratin filament network in NIH 3T3 cells and this 

process was regarded as filament 'elongation', so K19 + 204AK7A pair was 

regarded as a defective keratin pair in the elongation of keratins. Investigating the 

real cause of the deficiency of K19 + 204AK7A pair may help us understand more 

about the function of different terminal domain of keratins in the assembly of 

filaments.

With the introduction of intact keratin 7 into single keratin 19 containing K19- 

neo (5) cells, it was clear that K7 can form a keratin filament network with K19, in 

spite of the fact that the sequence of K19 is more like a keratinocyte keratin. This 

result indicates that the disability to form keratin filaments with K19 + 204AK7A 

pair is more likely to be due to the truncation within keratin proteins other than K19
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being a keratinocyte keratin. Another pair of keratins were therefore co-exprssed in 

NIH 3T3 cells, to address the same question. Since K19 naturally lacks the C- 

terminal tail domain, co-expressing C-terminal truncated keratin 18 mutant K18A 

with 204AK7A should distinguish between a keratinocyte relatedness effect and a 

tailless keratin effect. It was observed that the K18A + 204AK7A pair behaved 

similarly to the K19 + 204AK7A pair (figure 4.4, 4.5), even though the same keratin 

18 mutant K18A was shown to be able to form a normal keratin filament network 

with intact keratin 7 (figure 4.5 B). Thus, the incapability to carry out the elongation 

of keratin filaments within the K19 + 204AK7A pair is probably due to the lack of 

structural domains within the pair, (both tail domain of keratins), or due to the lack 

of an intact keratin within the pair.

From all the results obtained so far, it became obvious that the N- and C- 

terminal domain of keratins do play an important role in the formation of keratin 

filament network. Inability to form keratin filaments with K19 + 204AK7A pair may 

due to the lack of both tail domain of keratins or due to the lack of an intact keratin 

within the pair. To understand this in more detail, further keratin pairs were 

coexpressed in NIH 3T3 cells. When K19 + 204AK7 was coexpressed (figure 3.12 C), 

the result obtained was similar as K19 + 204AK7A and K18A + 204AK7A pairs. The 

stable production of K19 and 204AK7 proteins were seen but no keratin filaments 

were ever observed. In K19 + 204AK7 pair, K19 contains an intact N-terminal head 

domain and 204AK7 contains an intact C-terminal tail domain, but they still failed to 

form keratin filaments. These data imply that keratin filaments can be formed and 

elongated only if one of the keratin within a pair is intact, like the situation within 

K18 + 204AK7A pair.
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Figure 4.4

Keratin filament networks can only be formed if one of the keratins 

within the pair is intact

The head and tail deleted keratin 7, 204AK7A, can form a normal looking 

keratin filament network with intact keratin 18 in NIH 3T3 cells (A ) ,  but not with 

the naturally tailless keratin 19 (B).

Magnification: 900x
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Figure 4.5

Keratin filament networks can only be formed if one of the keratins 

within the pair is intact

The tailless keratin 18, K18A, was used to extend the experiment shown in 

figure 4.4. Once again, the head and tail deleted keratin 7, 204AK7A, failed to form 

keratin filaments with tailless keratin 18, K18A, (A), even though the tailless 

keratin 18 can form normal keratin filaments with intact keratin 8 (figure 4.8, (A)) 

and 7 ( B ) .

Magnification: 900x
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4 .5  Preferences for correct pairing: qualitative difference

between networks formed by different keratin pairs

Previous in vitro studies have shown that a wide variety of type I and type II 

keratins can bind to each other to form heterotypic complex and 10 nm keratin 

filaments (Hatzfeld and Franke, 1985). The filaments formed with mismatched 

keratin pain were never studied in vivo. As described earlier in chapter 3, section

3.2 , keratins K8 + K18, K7 + K18,,K8 + K19, K7 + K19 were able to form keratin 

filament networkJ.When these networks were observed at higher magnification in the 

light microscope, a distinct difference . the network organization between K8 + K18 

and K8 + K19 pairs was observed (figure 4.6). In K8 + K18 networks, keratin 

filaments appeared to be more organised and elongated while in K8 + K19 pairs, 

keratin filaments are shorter and disrupted. The reason for this phenomenon was 

studied further.

The difference between the two different keratin networks, K8 + K18 and K8 

+ K19, may be due to the unique features of keratin 19, it being a tailless keratin as 

well as a keratinocyte-like keratin. The subtle difference between the two keratin 

networks, K8 + K18 and K8 + K19, became obvious when a terminal-truncated 

keratin 8 mutant, K8A423, was used. When K8A423 was introduced into the single 

keratin fibroblast line K18-neo(5), a normal keratin filament network was seen 

(figure 4.7) which was indistinguishable from the network formed by K8 + K18 

(figure 4.6). The same truncated keratin 8 mutant K8A423 was also introduced into 

single keratin 19 containing NIH 3T3 cell line K19-neo(5), whereupon keratin 

filaments were formed, but no network (figure 4.7). To investigate the difference 

between these two keratin pairs, K8A423 + K18 or K8A423 + K19, K18A was 

coexpressed with K8A423 in NIH 3T3 cells. Interestingly the network formed by 

K18A + K8A423 pair was somewhere between K8A423 + K18 and K8A423 + K19 

(figure 4.7). As shown in figure 4.8, the tailless keratin 18, K18A can form^normal 

keratin filament network with intact keratin 8 but not with K8A423. Some form of 

keratin filament network can be seen in K18A + K8A423 co-expressing cells, but it 

is abnormal and distinguishable from the network formed by K8A423 + K18 or K8 + 

K18A. On the other hand, the keratin filaments formed by K18A + K8A423 were 

better organized than those of K8A423 + K19< Since K18A is structurally 

homologous to K19 (even contains the same length of tail fragments), the only 

remaining difference to account for the different appearance of the filament 

organization between the two keratin pairs, (K18A + K8A423 pair and K8A423 + 

K19 pair), is that K18A is still a simple epithelial keratin while keratin 19 is more
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like a keratinocyte keratin. As a simple epithelial keratin, K8 may polymerize with 

K18 with higher affinity than with K19.

To test the ability to form keratin filament networks between simple 

epithelial and keratinocyte keratins, keratin 14 was coexpressed with keratin 8 or 

7. Keratin filaments were formed with K14 + K8 or K14 + K7, but the keratin 

filament network was not normal (figure 4.9). This result suggests that mismatched 

keratin pair can form filaments but not the normal keratin filament network.

Based on all the results described here, it is clear that the best keratin 

filament network can only be formed by natural pairing keratins, K8 + K18 for 

example. K19 can form a normal-looking keratin filament network with K7 or K8 but 

not as well organized as K18 + K8. This may imply that this network is less stable in 

vivo and can only be formed in the presence of the other stable keratin network such 

as K8 + K18. It may be that it is only at this stage that it becomes critical which 

type I keratins are interacting with which type II keratins. The differences between 

some mismatched pairs, such as keratin 8 + keratin 19, are quite subtle, and may 

only become apparent in a network subjected to some torsion as in a living cell. 

However this difference may be biologically quite significant enough to make this 

keratin combination unacceptable in a primary filament network. In reality, keratin 

19 has never been detected making filaments with keratin 8 in a cell or tissue where 

there is no keratin 18: keratin 19 may be a matchmaker, rather than a promiscuous 

keratin (Stasiak et al., 1989)1 The appearance of the network produced by 

mismatched keratins (K14 + K8 and K14 + K7) suggests that these filament arrays 

may be unstable in some way which may explain why in vivo keratin pairing is 

effectively selective.
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Figure 4.6

Qualitative difference between networks formed by different pairs of 

kerat ins

At higher magnification, a qualitative difference between the keratin filament 

networks formed by K18 + K8, (A), and K19 + K8, (B), becomes apparent.

Magnification: 1800x
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Figure 4.7

Effects of the tail domain of keratin 8 on keratin filam ent network  

elongation

In NIH 3T3 cells, the tail domain deleted keratin 8, K8A423, can form a 

normal keratin filament network with intact keratin 18 ( A) ,  but not with the 

naturally tailless keratin 19 (B ).

Magnification: 900x
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Figure 4.8

Effects of the tail domain of keratins on keratin filam ent network  

e lo n g a t io n

Despite the ability to form normal keratin filament network with intact 

keratin 8 ( A ) ,  the deleted tailless keratin 18, K18A, like keratin 19, failed to form 

an elongated keratin filament network when combined with the tail domain truncated 

keratin 8, K8A423, (B) .

Magnification: 900x
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K14 + K8-hyg(3)

Antibody: LLOQ1

B K14 + K7-hyg(2)
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Figure 4 .9

Preferences fo r correct pairing

When mismatched keratin pairs K8 + K14 (A )  and K7 + K14 (B )  

coexpressed in NIH 3T3 cells, only abnormal keratin filament networks 

observed.

Magnification: 900x

were

were
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Table  4.1:

Summary of results: table shows degree of polymerization competence of different 

combinations of keratins and their deleted derivatives (described in Figure 4) 

expressed in NIH3T3 cells. H (=head domain), R (= rod domain), T (=tail domain) 

denotes domains which are intact in the type I or type II keratin. + or - denotes 

presence or absence of protein detected or observed elongation as indicated; quality 

of network formation is graded 0-3, where 3 is not significantly distinct from 

filaments in natural simple epithelial cells and 0 means no evidence of linear 

assembly by immunofluorescence.
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TABLE 4.1 SUMMARY OF RESULTS

Experiment:
keratins and derivatives
introduced into NIH 3T3 cells

Domains intact: Immunofluorescence observations:

type I type II protein
detected

elongation
occuring

network
forming

K18 + K8 H R T H R T + + 3
K18 + K7 H R T H R T + + 3
K18 + K8.A H R T HR + + 3
K18.A + K8 HR H R T + + 3
K18.A + K7 HR H R T + + 3
K18 + A.K7.A H R T R + + 3
K18 + A.K7 H R T R T + + 3

K19 + K8 HR H R T + + (3)
K19 + K7 HR H R T + + (3)

K14 + K8 H R T H R T + + 2
K14 + K7 H R T H R T + + 2

K18.A + K8.A HR HR + (+ ) 1
K19 + K8.A HR HR + (+ ) 1
K18 + K8(ABglll) H R T H T + (+ ) 1
K19 + K8(ABglll) HR H T + (+ ) 1

K19 + A.K7 HR R T + - 0
K19 + A.K7.A HR R + - 0
K18.A + A.K7.A HR R + - 0

K18(ABgl-Bam) + K8 H T H R T _ - 0
K18(ABgl-Bam) + K7 H T H R T - - 0

K14 + K18 H R T - - - 0
K14 + K19 H R T - - - 0
K7 + K8 - H R T - - 0
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4 .6 Summary of results

1. A deletion within a-helical domain of keratin can result in the failure of 

normal keratin filament formation. The effects depend on the position and the length 

of the deletion, for example, a large deletion of keratin 18 can cause failure to form 

stable keratin heterotypic complexes with keratin 8, whilst a smaller deletion, of 

the a-helical domain 2A and part of domain 2B of keratin 8, only has effects on the 

formation of filaments and the network.

2. Expressing terminal truncated keratin mutants in NIH 3T3 cells, it was found 

that the N-terminal head and C-terminal tail domains of keratin play an important 

role in the elongation of keratin filaments and the formation of keratin networks. 

Normal keratin filaments and network will be formed only if within a keratin pair, 

one of the keratin contains intact N- and C-terminal domains, in addition to an intact 

a-helical domain in both keratins, e.g. K18 + 204AK7A can form normal keratin 

filament networks but not K18A + 204AK7A or K19 + 204AK7A or K19 + 204AK7, 

which can only form stable keratin heterotypic complexes.

3. Optimal keratin filament networks are only formed by naturally (correctly)

paired keratins, e.g. the network formed by K18 + K8 or K18 + K7 is better

organized than that formed by K19 + K8 or K19 + K7. The subtle difference between

these two kinds of network became more obvious when a tail-truncated keratin 8
etr.4

mutant (K8A423) and keratin 18 mutant (K18A) were used. Not only a K18 +
A

K8A423, K18A + K7 or K18A + K8 form apparently normal keratin filament 

networks, but also K18A + K8A423 can form better filaments than K19 + K8A423.

4. Mismatched keratin pairs can not form normal keratin filament networks. K8 

+ K14 or K7 + K14 were never be able to form normal keratin filament networks in 

the NIH 3T3 cells when they both were coexpressed.
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CHAPTER FIVE: DIFFERENCE BETWEEN INCORPORATION AND DE

NOVO ASSEMBLY OF INTERMEDIATE FILAMENTS

5.1  In tro d u c tio n

The ability of exogenous intermediate filament protein to become incorporated 

into an existing endogenous intermediate filament network has been used as an 

indicator of the ability of intermediate filament proteins in filament assembly 

(Albers and Fuchs, 1987; Albers and Fuchs, 1989). Results demonstrated in this 

thesis however indicate that for an intermediate filament protein, the ability to 

become incorporated into a pre-existing network can only reflect its ability to 

assemble under certain conditions. This is at least true with keratin intermediate 

filaments. Keratins from which both head and tail domains had been deleted, keratin 

14 (Albers and Fuchs, 1989) and keratin 7 (204AK7A, this study), were found to 

become incorporated into pre-existing keratin filament networks, but the results 

obtained in chapter 4, show that 204AK7A can participate in de novo assembly only 

if its complementary keratin partner does have the head and tail domains. Thus 

different conclusions were drawn from these two studies. The results obtained in the 

study of keratin 14 were interpreted to mean that both the head and the tail domains 

of keratin 14 are dispensable for its filament formation. The data accumulated in this 

study however, strongly argue for the importance of the head and the tail domains of 

keratin proteins in their filament assembly. It seems that the requirements of 

intermediate filament proteins for their incorporation and filament assembly can be 

quite different. If this is a general phenomenon,then it should not only be restricted to 

the heterotypic keratins, but the same phenomenon should be also observed with the 

other homopolymeric types of intermediate filaments, although it may not be so easy 

to follow, such as type III intermediate filament GFAP for example. In contrast to 

vimentin, GFAPaonly rarely coexpressed with keratins. Like other type III filaments, 

GFAP will not polymerize with keratins. Very few studies have been done on GFAP 

filament formation, but its antigenic distribution makes it a good target for hybrid 

molecule studies. Exploring the ability of incorporation and assembly of the terminal 

truncated or exchanged intermediate filament mutants, such as the head and tail 

domains deleted keratin mutant 204AK7A and the head domain exchanged GFAP 

mutant K19GFAP, might throw light on the different requirements of intermediate 

filament proteins during on the one hand their incorporation into an existing network, 

and filament assembly on the other hand.
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The dependence of keratin filament assembly on the simultaneous presence of 

two proteins has been discussed in detail earlier in this study. In contrast to 

keratins, type III intermediate filaments of vimentin, desmin, GFAP (glial fibrillary 

acidic protein) and peripherin are all formed as homopolymers, and both vimentin 

and desmin or vimentin and GFAP can be co-localized within the same intermediate 

filament network inside the cells (Gabbiani et al., 1981; Shaw et al., 1981). But 

GFAP is generally not coexpressed with keratin in epithelial cells. Previous in vitro 

studies have suggested that the N-terminal domain of vimentin protein is essential 

for the filament assembly (Traub and Vorgias, 1983). Is the N-terminal domain of 

GFAP also important for its filament assembly? Will GFAP form filaments in 

epithelial cells? If the N-terminal domain of GFAP is replaced by a keratin N-terminal 

domain, can the keratin-GFAP hybrid become incorporated into a keratin network, or 

into a vimentin network? If the introduced keratin-GFAP protein can not form 

filaments in epithelial cells, will it be degraded in a similar fashion to a single keratin 

in fibroblast cells? Attempts to address such questions are described below.

5 .2  Ability of the head- and tail-truncated keratin 7,

204A K 7A , to associate with keratin filaments

Experiments with deleted recombinant keratins indicated that the ability to 

associate with an existing keratin filament network was primarily a property of the 

a-helical rod domain. The keratin mutant 204AK7A was introduced into a mouse 

prostate epithelial cell line MPYK, to check for correct expression and to study its 

incorporation ability. As expected, the both head and tail domains deleted keratin 7 

mutant 204AK7A contains all the potential ability to incorporate into the existing 

keratin intermediate filament network in MPYK cells. The incorporated keratin was 

detected by a monoclonal antibody PAb204 which was raised against the large T 

antigen of the DNA tumour virus SV40 (Mole et al., 1987). This antibody normally 

cross-reacts with a nuclear protein p68, giving nuclear staining (Ford et al., 1988). 

As p68 is an RNA binding protein (Iggo and Lane, 1989), the antibody PAb 204 lo ses 

its p68 reactivity after RNase treatment of the cells. The sequence encoding the 

SV40 T antigen epitope of this antibody was synthesized as an oligonucleotide and 

tagged to the 5'-end of the truncated keratin 7 mutant (see figure 3. for detail). As 

shown in figure 5.2, the localization of 204AK7A is indistinguishable from any other 

normal epithelial keratin filament network. It is clear that the truncated keratin 7, 

204AK7A, is competent to associate with the endogenous keratin filament networks 

even though it was demonstrated earlier (chapter 3 and 4) to be a "handicapped" 

keratin mutant in filament assembly with keratin 19 or K18A. An explanation of such
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difference could be that in the situation of incorporation, the complementary keratin 

partner (in this case one of the endogenous keratins) is intact and it overcomes the 

disability of the deleted keratin 7 itself during the filament polymerization. In 

another words, the 204AK7A was co-assembled in MPYK cells, probably with the 

intact mouse keratin 18 , just like the situation where K18 + 204AK7A w ere  

coexpressed in NIH 3T3 cells and normal-looking keratin filaments were formed. 
Different from incorporation, in the assembly study where there is no intact 

complementary keratin partner, the disability of the deleted keratin 7, 204AK7A, 

becomes significant when its complementary keratin partner is not intact (keratin 19 

for example). The same mechanism may also apply to the other keratins or 

intermediate filament proteins, where head or tail or both head and tail truncated 

mutant can behave like a wild type intermediate filament protein to incorporate into 

endogenous filament network. As reported by Albers et al, both head- and tail- 

deleted keratin 14 mutant was able to become incorporated into the existing keratin 

filament networks of Ptk2 cells. Similar observations were made with head or tail 

domain truncated neurofilaments NF-L and NF-M (Gill et al., 1990; Wong and 

Cleveland, 1990), and also with the tail domain exchanged vimentin and desmin 

hybrids (van den Heuvel et al., 1987). Collectively, one conclusion was drawn from 

all the results shown here, that is that the non-a-helical terminal domains of 

keratins, probably of all intermediate filament proteins, are not required for the 

incorporation of the protein into a pre-existing endogenous filament network, even 

though the terminal domains do play an important role in the de novo assembly of an 

intermediate filament network. In other words, the incorporation process may 

be dependent more upon helix-helix interactions than on terminal interactions between 

intermediate filament proteins. This hypothesis was tested in more detail with the 

head domain exchanged GFAP mutant K19GFAP.

5 .3  Production of K19HGAP containing recombinant

r e t r o v ir u s

DO RK l9G FA P-neo/hyg: K19GFAP cDNA was constructed as follows. The 

head domain of bovine keratin 19 (Bader et al., 1986) was synthesized as 

oligonucleotides with an Nco I site at its 5'-end and a Sac I site at its 3'-end. This 

keratin 19 fragment was ligated into the GFAP-JKK-1 plasmid at Nco I {5'-) and Sac 

I (3'-) sites; the latter site is located at the border region of between the head and 

rod domains of GFAP, to replace the N-terminal head domain of GFAP. This work was 

done by R. Quinlan. The K19GFAP insert was removed from the plasmid JKK-1 by
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cutting the BamH / - Sal I (5'-3') sites and was cloned into DOR-neo/hyg retrovirus 

vector at BamHI-Sal I (5'-3') sites.

Both ecotropic and amphotropic retroviruses were made for DORK19GFAP- 

neo. Ecotropic retroviruses were produced from yV-2 cells as described in chapter 7 

section 7.2.4.C, amphotropic retroviruses were made by infecting PA317 cells with 

the ecotropic retroviruses produced by ¥ -2  cells and harvested as described in 

chapter 7 section 7.2.4.C. For DORK19GFAP-/?y^, only ecotropic retroviruses were 

made. The titers of all DORK19GFAP retrovirus-containing supernatants are around 

104 cfu/ml on NIH 3T3 cells.

5 .4  Association of K19GFAP with vimentin filament

n e tw o rks

To investigate the incorporation properties of the keratin-GFAP hybrid, 

K19GFAP was first introduced into NIH 3T3 cells by retrovirus mediated gene 

transfer, as described above. By immunofluorescence with a GFAP-specific 

monoclonal antibody it was observed that the introduced K19GFAP can be 

incorporated into the existing fibroblast vimentin networks in spite of the keratin 

head domain (figure 5.4). This again supports the idea that the terminal domains are 

not important for simple incorporation into, or association with the existing filament 

networks. Within the K19GFAP hybrid, does the head domain of keratin 19 posses the 

ability to initiate de novo filament assembly with a complementary type keratin such 

as keratin 8?
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Figure 5.1
Diagram of the construction of the recombinant
retrovirus, DORK19GFAP, containing keratin 19 

head and GFAP rod and tail domains

The head domain of GFAP was replaced by a synthesized 

oligonucleotide ( E"51), encoding the entire head

domain of bovine keratin 19. The keratin 19-GFAP hybrid,

K19GFAP, was then cloned into DOR-neo at the unique 

Sac /  site.

The a-helical and non a-helical domains of GFAP are indicated 

as shaded bars ( l l l l i i  ) and open bars ( I I )

respectively.

The vector sequences are drawn as circles using thin lines (

Restriction enzyme sites used during the construction DORK19GFAP-neo 

are shown as follows: E: EcoR I, S: Sal I, X: Xho I, N: Nco I  and Sa: Sac I.

3 6 H1 ,*

155



DORK19GFAP-neo
Xho I Nco I

5 ’- CTCGAGTAATTTACCAACACTACTACGTTTTAACTGAAACAAAGGACCCTGGAGACTGCCATGG 
GGA TCC ATC GAG CCT AGG ATG ACT TCC TAC AGC TAT CGA CAG TCT TCT TCT ACC TCG TCT 
TTC TGT GGT ATG GGC GGC GGC TCT ATG CGA TTC GGA GCT GGA GGA GCA TTC CGC GCG CCA 
AGT ATC CAT GGC GGT TCA GGT GGC CGA GGC GTT TCT GTT TCA TCA GCT CGA TTC GTG TCT 
TCC TCA GGC GGT TAC GGT GGT GGT TAT GGT GGT GCT CTG GCC ACC TCA GAC GGT CTG CTG 
GCT GGT AAC GAG AAG CTC GAG ATG ATG GAG CTC -3' (Bovine keratin 19 head domain)

Sac I

XN S&

xn sa

JKK1-K19GFAP

Amp r

6  XN Sa

' / / / / . \

od

DORK19GFAP-neo

LTR LTR

cap site polyA siteSailBamHI
EcoRI

Amp

S V 4 0 p B R o rl
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Figure 5.2

A ssociation of m utant in term ediate filam ent proteins with an existing  

in te rm ed ia te  fila m e n t netw ork

( A ) :  The head and tail domains deleted keratin 7, 204AK7A, is fully competent to 

associate with an existing keratin filament network in the mouse epithelial cell line 

MPYK. The associated keratin filaments were detected by the monoclonal antibody 

PAb204, which recognized the added sequence tagged at the beginning of the deleted 

keratin 7 ( see figure 3.8 for detail).

( B ) :  The head exchanged GFAP mutant, K19GFAP, was found to retain the ability  

to associate with the existing vimentin filament network in NIH 3T3 cells. The 

filament network formed can be detected by an antibody specific to GFAP (originally 

described as G-A-5).

Magnification: 900x.
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MPYK: 204AK7A

Antibody: PAb204

NIH 3T3: K19GFAP

Antibody: anti-GFAP



5 .5  Inability of the head domain alone to stabilize keratin

com plexes

The K19GFAP mutant was introduced into single keratin fibroblasts (chapter 

2), to address the question of function of the head domain of bovine keratin 19 in 

such a context. As discussed in chapter 3, the stabilization of keratin proteins relies 

on the complementary type interactions between the rod domains of two proteins. 

Thus, the K19GFAP protein should be incapable of stabilizing the existing single 

keratin proteins. This predicted result was obtained when K19GFAP was introduced 

into the keratin 8-containing NIH 3T3 cell line, K8-hyg(3). The keratin 8 protein was 

never detected within such K19GFAP + K8 cells (figure 5.4 B) although the K19GFAP 

protein was observed incorporated into the vimentin filament network (figure 5.4 

A). This suggests that the helical domain interactions must be stronger and more 

directive, while the terminal domain interactions may be secondary events. That 

head domain of bovine keratin 19 in K19GFAP protein is unable to provide the keratin 

protein stabilization in combination with normal complementary type K8, provides 

further supporting evidence that head domain interactions of complementary type 

keratins are not involved in heterotypic shielding from degradation.

The knowledge that the keratin proteins are degraded rapidly within single 

keratin fibroblasts, focuses interest on investigating the protein degradation target 

sites. Early proteolysis studies of keratins and other intermediate filaments showed 

that non-a-helical terminal domains (head and tail domains) are more susceptible to 

protease digestion, indicating that at least some protease target sites may located 

within the head and tail domains of keratins. Therefore the keratin 19-GFAP mutant 

protein K19GFAP was introduced into the single keratin 19 containing NIH 3T3 line, 

K19-neo(5). The K19GFAP protein was once again found to be associated with the 

existing vimentin filament network by immunofluorescence assays with a monoclonal 

antibody specific to GFAP. The result here demonstrated that the protein degradation 

machinery in single keratin 19 containing NIH 3T3 cells may have no specificity 

against the head domain of keratin 19 proteins. Within the cells, this machinery may 

work as a general degradation system to digest any unstable proteins, rather than 

certain keratin proteins specifically, and it may also work through different protein 

digestion processes. Therefore the proteases which are often involved in the specific 

digestion of the N-terminal domain of keratin filaments may not included in such 

protein degradation machinery.
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5 .6  Inability of K19GFAP hybrid to incorporate into a

keratin filament network

In order to explore the function of domain of type III intermediate filaments in 

polymerization and incorporation, the real behaviour of K19GFAP in the formation of 

GFAP filament network was investigated under more stringent conditions, such as 

without any interference or assistance from endogenous vimentin. A human 

carcinoma cell line MCF-7 was used to meet such demands. MCF-7 cells are widely 

used as an epithelial model system; they express keratins 8, 18 and 19 in large 

amounts but have never been found to express any detectable amount vimentin mRNA 

or proteins.

K19GFAP was introduced into MCF-7 cells by amphotropic retrovirus 

mediated gene transfer and the mRNA of K19GFAP was detected within the infected 

MCF-7 cells by northern blot hybridization (figure 5.3 C). The K19GFAP protein 

however was never detected by immunofluorescence or immunoblotting assays, 

suggesting that the head domain sequence of GFAP is very important for the 

assembly of GFAP intermediate filaments. This result also implies that the 

incorporation specificity is directed by the interactions of domains other than the 

head domain, since the K19GFAP protein failed to incorporate into the existing 

keratin network within MCF7 cells. Other closely related type III intermediate 

filament proteins vimentin and desmin are known not to copolymerize with keratins, 

so the absence of any detectable K19GFAP protein in the infected MCF7 cells may 

impliys that the unincorporated K19GFAP proteins are unstable and susceptible to 

proteolysis. They may be degraded in the similar manner to single keratin proteins in 

NIH 3T3 cells (see chapter 2 for details). Under normal circumstances, it would be 

difficult to detect this instability in a cell whose filaments are homopolymeric. The 

fate of the K19GFAP protein in epithelial cells was also explored in another epithelial 

cell line MPYK.
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Figure 5.3

Expression of K19GFAP protein and mRNA in transgenic cells

( A ) :  The expression of K19GFAP protein in transgenic NIH 3T3 cells was detected 

by a monoclonal antibody (G-A-5) specific to GFAP. The photograph labelled 

K19GFAP shows NIH 3T3 cells were infected with K19GFAP recombinant retrovirus. 

The photograph labelled K8hyg(3)+K19GFAP shows K8hyg(3) cells were infected 

with K19GFAP recombinant retrovirus. The K8hyg(3) cell line is a derivative of NIH 

3T3 cells containing keratin 8 only.

(B ) :  Comparison of the protein expression level of K19GFAP in different cell lines. 

Due to the association with the existing vimentin filament network, K19GFAP protein 

was present as a stable protein and accumulated to a high level (lane 3T3-K19GFAP). 

In the vimentin-free epithelial cell line MCF7 the K19GFAP protein was never 

detected (lane MCF7-K19GFAP). In MPYK, which may contain vimentin, a small 

amount of K19GFAP was detected (lane MPYK-K19GFAP).

(C ) :  Despite the absence of K19GFAP protein, the mRNA level of K19GFAP in both 

NIH 3T3 and MCF7 cells was the same, suggesting post-traslational regulation by 

protein degradation, as was observed for keratins (chapter 2).
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Figure 5.4

Inab ility  of keratin  19 head dom ain to s tab ilize  the com plem entary  

keratin  8

( A ) :  Immunofluorescence staining to demonstrate the presence of keratin 19-GFAP 

mutant protein K19GFAP and its ability to associate with an existing vimentin 

filament network.

( B ) :  No immunofluorescence staining of keratin 8 in NIH 3T3 cells coexpressing 

keratin 8 with K19GFAP , suggesting that the head domain of keratin 19 does not 

possess significant ability to stabilize its complementary partner keratin 8.

Magnification: 900x.
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A

B K8-hyg(3) + K19GFAP

Antibody: Cam5.2

+K19GFAP



5 .7 Production of K19-GFAP protein in MPYK epithelial cells

The mouse prostate epithelial cell line MPYK was also used to express the 

keratin-GFAP hybrid K19-GFAP. 20-30 days after infection with ecotropic 

DORK1 9G FA P-neo containing recombinant retrovirus, MPYK cells which were 

resistant to G418 were fixed and stained with GFAP specific monoclonal antibody G- 

A-5 (purchased from ICN). Some cells were found to contain GFAP filament networks 

but the others were negative. The heterogeneity of GFAP expression in 

DORK19GfFAP-neo infected MPYK cells was presumed to be due to the existence of 

a trace amount of vimentin protein in some of the MPYK cells. This cell line always 

gives a relatively high background staining with vimentin antibodies, even though 

vimentin filaments were never seen within it (figure 5 .5 ). Interestingly, the 

K19GFAP-decorated intermediate filament network within MPYK cells appears to be 

less stable than that seen in NIH 3T3 cells. A few GFAP filament network containing 

cell clones were expanded and frozen down, and when these cell lines were thaw&fcnd 

regrown again, some cells appeared to lose their K19GFAP intermediate filament 

networks. This phenomenon was never seen with the K19GFAP network in NIH 3T3 

cells. Immunoblotting assays were carried out with the total proteins extracted from 

K19GFAP-containing NIH 3T3 and MPYK cells, to study steady-state levels of 

K19GFAP protein (figure 5. 3 B). Higher levefcof K19GFAP proteins were detected in 

NIH 3T3 cells than that in MPYK cells, this again supporting the possibility that 

K19GFAP protein is more stable in NIH 3T3 cells. Nevertheless, K19GFAP protein 

can at least be translated properly in an epithelial cell background. If the mechanism 

of post-translational proteolytic regulation seen for keratin is also being used to 

regulate the fate of type III intermediate filament proteins such as GFAP, then this 

might be one situation where such regulation can be seen. This result may also help 

us to explain the observation that the K19GFAP protein was undetectable in MCF7 

cells, but in NIH 3T3 cells it was produced at an easily detectable level.
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Figure 5.5

Production of K19GFAP protein in epithelial cell line MPYK

The production of K19GFAP proteins was seen in the mouse epithelial cell line 

MPYK by both immunoblotting (Figure 5.3 B) and immunofluorescence staining (B ). 

The expressed K19GFAP proteins may be stabilized by small amounts of existing 

vimentin protein in MPYK cells, since a rather high background of 

immunofluorescence staining with vimentin specific antibody 1118 was always 

observed (A ) .

Magnification: 900x.
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MPYK

Antibody: 1118 (anti-vimentin)

MPYK: K19GFAP

Antibody: anti-GFAP



5 .8  Summary of results

1. Ecotropic and amphotropic retroviruses of DORK19GFAP-neo and 

DORK19GFAP-/?yg were produced at a titer of 104 cfu/ml on NIH 3T3 cells

2. The non-helical head and tail domains of keratin 7 are not required for the

association of incorporation of this keratin into a pre-existing keratin filament 

network, indicating that domain requirements are different for incorporation as 

opposed to new filament formation.

3. The successful incorporation of the K19GFAP protein into a vimentin filament

network in NIH 3T3 cells suggests that the head domain is also not needed for this

process in type III proteins.

4. The failure of K19GFAP protein to stabilize keratin 8 protein in a single

keratin fibroblast line indicates that heterotypic keratin interactions involving the 

head domains, if they exist, are not sufficient for the heterotypic stabilization of 

keratin proteins.

5. The ability of K19GFAP protein to associate with the endogenous vimentin

filament network in single keratin containing NIH 3T3 cells (K8-hyg{3) and K19- 

neo{5) cell lines) suggests that the incorporation specificity of K19GFAP protein may 

be determined by helical domain interactions between two type III proteins, GFAP and 

vimentin, rather than the interaction between the head domains of keratin proteins.

6. The incorporation competent protein K19GFAP is incapable of polymerizing

into intermediate filaments in the absence of vimentin, as in MCF7 epithelial cells, 

although this protein can be produced properly in epithelial cell background, 

implicating the importance of the head domain of GFAP in the initiation of filament 

assembly.
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CHAPTER SIX: GENERAL DISCUSSION AND MODELS FOR FILAMENT

POLYMERIZATION

This thesis presents a study of the control mechanisms of intermediate 

filament polymerization, particularly keratin filament assembly in a cell culture 

system, using retrovirus mediated gene transfer. The transcription characteristics 

of retroviral vectors enable one to distinguish between the introduced exogenous 

mRNAs and any endogenous intermediate filament mRNAs by the larger size of the 

viral transcript. Thus the establishment of single keratin containing fibroblast lines 

becomes possible. The single keratin fibroblast cells make a simple system in which 

to investigate keratin interactions, since any productive interaction with a second 

transgenic keratin can be scored by immunofluorescence, and large numbers of cells 

can be assayed simultaneously to avoid misinterpretation of cell-to-cell variability 

of staining intensity, as can occur in epithelial tissue culture lines (Lane & 

Klymkowsky, 1982). Within this experimental system protein expression and 

function can be examined outside the context of gene regulatory mechanisms. 

Detectable protein is only present when two complementary keratins interact to 

form a heterotypic complex, and the effectiveness of subsequent filament formation 

can be scored qualitatively by immunofluorescence on a population of cells. The 

moderate expression levels of keratins obtained using retroviral vectors probably 

also allowed better resolution for recognizing specific interactions, than the 

over-expressing cells which can result from direct transfections. Three discrete 

levels of assembly or molecular association leading to de novo filament network 

formation could be distinguished in these studies. In each of these stages, the role of 

the a-helical rod domain is quite distinct from that of the non-helical head and tail 

domains. These levels of association can be considered as protein stabilization, 

filament elongation, and filament network organization. This study also yielded 

information concerning the differential requirement of intermediate filament protein 

subdomains in the process of secondary incorporation (into a pre-existing network) 

as opposed to de novo filament network assembly.
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6.1 The fate of single keratin in fibroblast cells

Single keratins synthesized in the absence of a complementary type keratin 

fail to polymerize and are rapidly degraded (Domenjoud et al., 1988; Knapp and 

Franke, 1989; Kulesh et al., 1989; Kulesh and Oshima, 1988). A half-life of less 

than 3.5 hours (Kulesh et al., 1989; see chapter 2, section 2.7) is very short for 

keratins 8 and 18, as compared to 90-100 hrs for these proteins in mouse 

hepatocytes (Denk et al., 1987). In transfection experiments unpolymerized 

aggregates of single keratins were readily observed, but in the present experiments 

keratin levels remained below the threshold of detection by immunofluorescence and 

sensitive immunoblotting assays with strong monoclonal antibodies. This is 

interpreted as reflecting a lower steady state level of the single keratins in these 

cells than that usually induced by transfection. These observations support the 

possibility that in vivo, the quantitative balance of protein levels between two paired 

keratins may be at least partly regulated by post-translational mechanisms such as 

proteolysis. Other examples are known to exist in the cell where unassociated 

subunits of protein complexes are unstable and become degraded, such as T-cell 

antigen receptor components (Minami et al., 1987) and protein kinase C (McKnight et 

al., 1988).

Some reports have suggested that ubiquitination may be one of the pathways 

involved in the degradation of keratin proteins in vivo (Ohta et al., 1988). Rapid 

degradation and targeting of the N-terminal region of proteins are characteristics of 

the ubiquitin proteolysis system (Finley and Varshavaky, 1985), increasing the 

possible involvement in the degradation of single keratin proteins in fibroblast cells. 

It is not known at this time whether or not ubiquitin plays a significant role in keratin 

degradation in the single keratin fibroblast lines.

6 .2  Protein stabilization by heterotypic association depends

on a-he lices

The experiments described here indicate that stabilization of a keratin is 

effected by interaction between the a-helical rod domains of complementary type 

keratins, directly or indirectly. Deletion of internal segments of the a-helix can 

render a keratin incompetent to form heterotypic complexes if the deletion is large 

enough and/or includes essential heterotypic recognition sequences, such as in the 

case of the deleted keratin K18A(Bgl-Bam) lacking most of helix 1B and most of helix 

2 (amino acids 139-340). Helix 1, and the middle of helix 2, of the keratin 8 rod
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domain have been reported to contain sequences with the ability to bind to a 

heterotypic keratin (Magin et al., 1987); possibly K18A(Bgl-Bam) has lost some 

critical binding sites. A smaller deletion (deletion of the entire helix 2A and part of 

helix 2B) from keratin 8 did not however prevent heterotypic recombination between 

K18 and K8. Therefore although some regions are important for the interaction 

between the two complementary rod domains (probably including both ends of the a- 

helical rod domain (Albers and Fuchs, 1987; Albers and Fuchs, 1989; Kulesh et al., 

1989)), the subdomain 2A and part of 2B of keratin 8 is probably not such a region.

In contrast to the a-helical rod domains, the non-helical N- and C-termini 

are not essentially involved in the stabilization of keratins: a type II keratin with 

both termini truncated (A.K7.A) could still stabilize type I keratins. Co-expressing 

keratins 19 with A.K7.A, or keratins K18A with A.K7.A in NIH 3T3 cells showed that 

the stabilization of complementary keratin proteins occurs without the 

polymerization of keratins into a filament network. These results provided the first 

evidence to suggest that two keratins need not form filaments in order to stabilize 

each other and protein stabilization and polymer elongation can be distinguished as 

two separate processes.

Data obtained in this study also show that the stabilization of keratin 

proteins is type-specific but not pair-specific. Combinations of two keratin proteins 

of the same type, such as type II keratins 8 plus 7 or type I keratins 18 plus 14, 

failed to stabilize each other in NIH 3T3 fibroblast cells. The second keratin must be 

of the alternate or complementary type (type II to stabilize type I, or type I to 

stabilize type II), although this second keratin need not be the naturally coexpressed 

partner of the first keratin. The heterotypic keratin protein complexes formed by 

keratins 8 plus 14 or keratins 7 plus 14 are examples.

6.3 Distinction between de novo polymerization and

secondary incorporation into a network

Based on the results obtained in this study, it becomes obvious that the 

competence of intermediate filament proteins to become associated with a pre

existing network does not necessarily reflect their real ability to polymerize de 

novo into intermediate filaments. This is seen in experiments with a both head and 

tail truncated keratin 7 mutant, 204AK7A. As shown in chapter 3 and 4, this mutant 

keratin can polymerize into keratin filaments only if its complementary partner is 

intact keratin 18, but not keratin 19 or K18A. Thus this keratin 7 mutant protein 

204AK7A is incompetent in the formation of keratin filaments. When the same
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keratin mutant 204AK7A was introduced into epithelial cells however, it behaves 

like a wild-type keratin protein and readily becomes incorporated into the existing 

keratin filament network. The totally different results obtained from the study of the 

same keratin mutant in different intermediate filament contexts strongly argues for 

the first time that the requirements of intermediate filament protein incorporation 

differ from that of de novo assembly of filaments. The helix-helix interactions will 

determine whether a mutant intermediate filament protein can become incorporated 

into a filament network, but helix interactions alone are not sufficient to drive 

complete assembly. The non-helical domain interactions do not play a crucial role in 

the determination of this process. The competence of K19GFAP with its type I 

keratin head domain and its type III rod and tail domains to become incorporated into 

the existing vimentin filament network in NIH 3T3 cells, but not in MCF7 cells, 

provides supporting evidence for this.

Thus, studying the ability of incorporation as a route to understanding the 

function of the protein, particularly the non-helical terminus truncated proteins, in 

filament assembly may be misleading. Based on an assessment of the ability of the 

head- and tail-domains truncated keratin 14 to become incorporated into a preformed 

keratin network, this keratin 14 mutant was interpreted to behave as a wild type 

keratin protein in filament assembly (Albers and Fuchs, 1989). Similar conclusions 

were also derived from the study of the incorporation ability of desmin and vimentin 

(van den Heuvel et al.,1987).

The absence of endogenous keratin filaments may therefore be an important 

factor to consider when studying keratin filament assembly. To avoid any artifacts 

arising from the presence of endogenous keratin proteins and mRNAs in the NIH 3T3 

cells, like those encountered in the fibroblast cell lines used in previous keratin 

transfection studies (Albers and Fuchs, 1989; Giudice and Fuchs, 1987), the 

presence of endogenous keratin proteins and mRNAs were thoroughly checked with 

the most sensitive techniques available, such as northern blot hybridization, 

polymerase chain reaction (PCR), immunoblotting and immunofluorescence staining. 

No endogenous keratin proteins or mRNAs were ever detected. Keratins do not 

copolymerize with vimentin (Aubin et al., 1980; Kreis et al., 1983; van den Heuvel 

et al., 1987), so that keratin filaments in these NIH3T3 cells will therefore only 

arise by de novo polymerization of a complementary pair of keratins.
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6.4 Effective filament formation involves homotypic head

and tail interactions

Polymer elongation proceeds between intact keratins provided that 

heterotypic complexes can be formed. The observations described here suggest that 

to proceed to the effective formation of a filament network, a binding site on the 

keratins is required in addition to that used for heterotypic complex formation. For 

effective polymerization, at least one head and one tail domain must be intact, but 

these intact domains must also both be on the same keratin species. N- and C- 

terminal deletions could be tolerated in one of the two interacting keratins (either 

the type I keratin or the type II), but deletions across a pair (K19 + 204AK7, K19 + 

K 8 A , K18A + K8A) were catastrophic.

This

argues for direct homotypic head-to-tail interaction of like polypeptides as an 

important step towards efficient elongation. When only the tail domains were absent 

but head domains were intact (K19 + K8A, K18A + K8A), crooked filaments or 

filament fragments resulted but long filaments were not formed. The residual 

potential for partial elongation by K8A may be a consequence of the incomplete 

removal of the tail domain from this construct (about 2/3 was left), or it could 

reflect the greater importance of the head domain in polymerization than the tail 

domain, as was suggested for desmin (Kaufmann et al., 1985). Further experiments 

are needed to clarify this matter.

Most studies on head and tail functions have been carried out in vitro. A 

number of studies have addressed the question of the function of intermediate 

filament non-helical terminal domains, but so far only one report began to suggest 

that the C-terminal "tail" domain does play an important role in the polymerization 

of intermediate filaments (Quinlan et al., 1989). In one recent study, a bacterially 

produced GFAP-Xcll fusion protein lost its ability to polymerize when the tail domain 

was deleted from the expression construct. Chemical proteolysis experiments on 

type III filament proteins have implicated the head domain of vimentin and desmin, 

but not the latter part of the tail domain, in in vitro filament assembly (Kaufmann et 

al., 1985; Traub and Vorgias, 1983).

Other experiments have been done in vivo, but in cells which already possess 

a normal intermediate filament network of a type with which the introduced 

defective protein could associate (Albers and Fuchs, 1987; Albers and Fuchs, 1989; 

Krimpenfort et al., 1988; van den Heuvel et al., 1987). The experiments on keratins 

(Albers and Fuchs, 1987; Albers and Fuchs, 1989) would appear to suggest that 

neither the N-terminus nor the C-terminus are essential for filament formation, but
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since the affinity of type I rod domains for type II rod domains is very high, the 

observed incorporation of mutant keratins into epithelial filaments is at least as 

likely to involve a lateral interaction between the helical domains of complementary 

keratins as to occur by integration through a "treadmilling" process. Therefore the 

real significance of the terminal domains may have been masked in most of these 

experiments by the presence of a parallel or pre-existing normal filament system.

The observations presented it this study however strongly suggest that both 

head and tail domains of keratin play an crucial role in the formation of normal 

keratin filament network. In agreement with the findings in this study, a very recent 

transfection study with neurofilament NF-L also illustrated that both head and tail 

domains of NF-L are essential for the assembly of neurofilaments (Gill et al., 1990).

6 .5  P a i r - s p e c i f ic i t y

"Filament network organization" is used here to described a third level of 

keratin assembly and association, and relates to the quality of the filament network 

that is formed. It has been shown that many combinations of mis-matched type I + 

type II keratins will associate with each other in vitro (Bader et al., 1986; Hatzfeld 

and Franke, 1985). However when assayed within the cytoplasm as described here, 

it is clear that the matched (i.e. naturally coexpressed) keratin pair make the best- 

formed higher order filament network: mismatched type l-type II pairs produce 

inferior networks in which filaments or filament bundles are variably fragmented 

and inadequately aligned, as viewed by immunofluorescence. In combination with 

keratins 7 and 8, keratin 18 is superior to keratin 19, which is better than the 

keratinocyte keratin K14. From the immunofluorescence staining pattern it appears 

that the network of mismatched keratins is less stable in a living cell. Since in all 

cases both proteins are protected from the proteolytic degradation that clears single 

keratins, the problem with mis-matched keratins may arise from steric hindrance in 

the filament packing as the sequence and size of the head and tail domains of keratin 

14 is different from that of K18 (the usual partner of K8). It may be that it is only at 

this stage of filament assembly that it becomes critical which type I keratins are 

interacting with which type II keratins.

Previous polymerization studies with mismatched K19 + K8 in vitro had 

not detected such differences in the quality of the filaments produced when they 

were analysed by electron microscopy (Bader et al., 1986; Hatzfeld and Franke, 

1985), in spite of the obvious deficiencies demonstrated here. Subtle defects may 

only become apparent in a network subjected to some torsion as in a growing and
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replicating cell; the difference may be significant enough in a tissue to make this 

keratin combination unacceptable as the primary filament network. In vivo, keratin 

19 has never been detected polymerizing with keratin 8 in a cell or tissue where 

there is no keratin 18, and it is never expressed as the major type I keratin (with 

one possible exception in a vestigial oral epithelium (Gao et al., 1988)). The 

relatively poor filament network formed between K19 and K8 supports the earlier 

hypothesis put forward by Stasiak and Lane that keratin 19 has not been conserved 

primarily for its filament-forming properties but rather as a switch or buffer 

keratin, to stabilize the protein of supernumary type II keratins in a transitional 

situation (Stasiak et al., 1989).

6 .6  Models for polypeptide alignments in polymerization

The heteropolymeric keratins provide a unique opportunity for distinguishing 

between stable tetramers and earlier stages of assembly. It is not known whether or 

not the one- or two-chain states of type III proteins are as unstable as the keratins 

since there seems to be no way of suspending them in a monomeric state, and there 

is very little unpolymerized intermediate filament protein in the cytoplasm (Soellner 

et al., 1985).

The degree of secondary structural conservation between intermediate

filament proteins suggests that the principles governing subunit packing within 

filaments are unlikely to differ significantly between different types. Yet the 

obligatory heteropolymeric assembly of type I with type II keratins must be 

accommodated within any plausible model. Several possible alignments of a-helices 

have been described which are compatible with known intermediate filament

sequences (Steinert and Steven, 1985), but recent studies lend strength to one 

particular alternative. Studies on paracrystals of a type III protein, GFAP, (Stewart 

et al., 1989) have revealed a preferred alignment of the a-helical rod domains 

involving an overlap of the N-terminal end of the rod between antiparallel adjacent

strands and a short overlap of the C-terminus of the helix at the other end. This

arrangement is intellectually appealing because it implies essential interactions 

between regions which are highly conserved, in GFAP as well as in other types of 

intermediate filaments. A role as primary interaction sites would explain why these 

regions have been so conserved.

Although this model was devised for type III intermediate filament proteins it 

is also attractive for keratins, since the principle region of interaction between 

antiparallel strands (spanning helix 1) contains conserved specific differences
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between type I and type II keratins, making this a candidate target site for 

heterotypic pairing. Conversely, the section of helix 2 which is omitted from this 

interaction contains the most variable section of intermediate filament helix 

sequence. Other existing data are compatible with the application of the GFAP-based 

model to keratins: (i) deletion of either end of the rod domains (in keratins 14 and 

18) stops these proteins forming filaments (Albers and Fuchs, 1987; Albers and 

Fuchs, 1989; Kulesh et al., 1989), (ii) helix 1, containing the major overlap site, 

has been identified as capable of recognizing heterotypic helices in keratins (Magin et 

al., 1987), and (iii) helix 2A, which is not in the overlap region, is not essential for 

heterotypic recognition or protein stabilization (this study). (Magin et al. (1987) 

have however reported that a second heterotypic recognition region exists in the 

middle section of helix 2, outside the antiparailel overlap in the GFAP model: more 

information is required in order to clarify this point.)

From such a generally acceptable helix alignment model we can extrapolate to 

construct a hypothesis for the stages of molecular assembly of keratins which 

explains our results quite simply. This is illustrated in Figure 6.1. The two-chain 

coiled-coil of keratins is now believed to be a parallel heterodimer of type I with 

type II protein (Hatzfeld & Weber, 1990); the minimal stable particle for 

intermediate filament protein appears to be a four-chain particle or tetramer, which 

is probably antiparallel (Geisler et al., 1985; Geisler and Weber, 1982; Ip et al., 

1985; Quinlan et al., 1984; Quinlan et al., 1985). To allow alternate strands in the 

filament to interact across the most type-specific region, this complex would be 

staggered and antiparallel as in the GFAP model. The exact length of the overlap may 

vary from one intermediate filament type to another according to how far the a- 

helical secondary structure extends towards the amino-terminus of the protein, 

provided that the distance between the heterotypic binding sites is maintained. 

Estimations of the amino-terminal extent of the a-helix vary between different 

intermediate filament proteins although the carboxy terminal end of the helix usually 

conforms to a tight consensus.

Elongated chains are formed secondarily as staggered antiparallel 

heterotetramers are assembled. At this point, the tetramers may interact via (i) the 

second area of helix overlap at the conserved helix termination peptide and (ii) 

sequences in the head and tail domain. To account for the ability of a type l-type II 

complex to assemble into linear filaments even though one of the proteins lacks one 

or both terminal domains, it is predicted that a head-to-tail interaction between 

sequential keratins of the same type is important for filament stabilization (Figure 

6.1): the high affinity between the helical domains would keep the deficient protein 

associated with the competent one, and homotypic head-to-tail interactions of the
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intact protein would reinforce the filament elongation. The shorter helix overlap at 

the helix termination peptide must also be important for polymerization, but it is 

probably too well conserved to represent a binding site important for selective 

keratin assembly. Overexpression of recombinant protein lacking this site has been 

shown to lead to disruption of the entire cytoplasmic keratin network (Albers and 

Fuchs, 1987; Kulesh et al., 1989); it may represent an interaction site which 

ensures parallel alignment of tetramers.

This model for filament assembly involving head and tail interactions implies 

two different kinds of interaction sites, lateral site/s along the a-helix (H) and 

terminal site/s (T) within the non-helical domains (Figure 6.2). The location of the 

N- and C-terminal T-type sites is unknown; T sites need not be at the extreme 

termini, and may even be repeated. The characteristic tissue-specific repeat motifs 

in the V1 and V2 terminal subdomains (Steinert and Roop, 1988 and chapter 1, figure 

1.3) are obvious possible candidates for T-type binding sites which could account for 

tissue-specific functional features of keratins, since it appears from our 

observations that efficiency of binding at T sites can determine physical 

characteristics of the cytoplasmic keratin network, such as fragility. Head-to-tail 

binding between V1 (in the head) and V2 (in the tail) repeated motifs could give rise 

to keratin affinity which is proportional to the length of the V1/V2 subdomains. This 

could be one explanation for the residual activity in the deleted K8.A which retains 

1/3 of its C-terminal tail domain: this protein is truncated after the SGYAGGLS(S) 

(subsequently crudely repeated as (S)AYGGL) within the V2 domain; the deleted 

keratin 7 is truncated within the H2 domain before the serine-/glycine-rich V2 

domain starts.

The contribution of T-type interaction sites may reflect the qualitative 

difference between different keratin filament networks. As mentioned earlier in the 

introduction, the variable length of non-helical domains account for the size 

difference of keratins. Thus based on the model here, the filament networks formed 

by a larger sized keratin pair, (usually a stratified keratin pair), K1 plus K10 for 

example, may contain more T-type interaction sites and the strength of the network 

should be more resistant to physical stresses than that formed by a smaller sized 

keratin pair such as simple epithelial keratins 8 and 18. The variable plasticity of 

different keratin filament networks may thus meet the functional demands of 

epithelial cells during cell differentiation. This may help to explain the differential 

selective expression of keratins. Keratin pair 1 and 10 for example is only 

expressed in suprabasal keratinocytes,which impart the rigidity needed in skin, but 

not in dividing cells, whilst keratin pair 8 and 18 is only expressed in simple 

epithelial cells, the cells which are involved in active secretory processes.
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The existence of two interaction sites along different axes also gives the 

system an added degree of flexibility in that one of the sites could be temporarily 

disrupted without breaking the filament or lo sing the subunit: whilst H-type sites 

may retain a subunit within one filament, a T site may simultaneously form an 

interfilament bridge with a T site of a neighbouring filament. There is evidence that 

some intermediate filament terminal domains extend out of the body of the filament 

(Hisanaga and Hirokawa, 1988; Steven et al., 1985; Willard and Simon, 1981), 

which could allow termini (or subterminal sites within a loop) to interact between 

parallel 10nm filaments (figure 6.1). The possibility for two-way interactions of 

keratin polypeptides may explain the characteristic branched network patterns 

observed in keratins, as distinct from other cytoskeletal filament systems such as 

actin and tubulin, in which the macromolecule can only extend along one axis. The 

characteristic anastomosing and bundling morphology of keratin filaments may 

therefore be an intrinsic property of the proteins themselves, and may not be 

entirely dependant on the additional presence of any associated proteins.

The major intermediate filament associated proteins in epithelial cells are the 

desmosome proteins. In K18-neo(5) + K8 NIH 3T3 cells, despite the presence of a 

normal-looking keratin filament network, no desmosomes were ever seen by 

immunofluorescence. Clearly the association between keratins and desmosome 

proteins are not required for the formation of a keratin filament network but the 

presence of intermediate filament associated proteins such as desmosome proteins 

may lead to a better organised filament network within the cells.

In summary, the results presented in this thesis have shown that a simple 

system has been established and an investigation of intermediate filament assembly 

has also been carried out. The functions of subdomains of intermediate filaments 

have been analysed based on the behaviour of deleted proteins during filament 

network formation. The information accumulated from this study may help to design 

and introduce a dominant disrupting keratin mutant to explore the biological function 

of keratins in cellular differentiation.
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Figure 6.1 Model for polypeptide alignments in polymerization

Single keratin polypeptide chains (susceptible to rapid proteolysis) assemble 

into coiled-coil dimers and then tetramers. To utilise the most conserved type- 

specific regions for selective pairing between type I and type II keratins and to 

comply with the model recently proposed for GFAP (Stewart et al., 1989), these 

tetrameric complexes should be antiparallel and staggered. This arrangement will 

then support homotypic head-to-tail interactions in the elongation stage. The model 

shows that even tetramers in which one of the two species is deleted at both ends 

will polymerise, as long as the other species is intact.
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Figure 6.2 Model for two types of interaction sites

Two types of interaction sites may be involved in polymerization of keratin 

intermediate filaments, H for helical sites and T for terminal domain sites, as 

implied by the necessity for the head and tail domains in filament formation: these 

sites determine two axes for molecular assembly. The position of the T site(s) 

within the terminal domains is undetermined; they could be repeated.
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CHAPTER SEVEN: MATERIALS AND METHODS

7 .1  M a te r ia ls

7 . 1 . 1  Strains of bacteria

DH5 (Hanahan, 1983) (Genotype: F-, end A1, hsd R17 (r^- , m^*), sup E44, 

thi -1, X-, rec A1, gyr 96, rel A1) is a rec A- E.coli host and was used here for pUC 

series plasmid and retrovirus plasmid.
DH5a (Hanahan, 1983) (Genotype: F-, end A1, hsd R17 (r^- , m|<+ ), sup E44,

f/?/-1, X-, rec A1, gyr 96, rel A1, A (argF-laczya) U169, 08OdlacZAM15) is a rec  

A' and Lac Z~ E.coli host and was used here for Bluescript plasmid to select the 

clones which contains the insert not the vector itself.

7 . 1 . 2  Vec tors

Because of the known sequence and multiple restriction enzyme sites, pUC19, 

pl)C18 (Yanish-Perron et al., 1985) and Bluescript (Biochemicals purchased from 

Stratagene) plasmids were used here to subclone the keratin genes and construct 

keratin mutants.

Two mammalian cell expression retrovirus vectors DOR-neo and DOR-hygro 

were used here to clone the keratin gene or its derivative and to express them in 

mouse or human fibroblasts or epithelial cells.

7 . 1 . 3  Cell lines

NIH 3T3 is a mouse fibroblast cell line (Todaro, 1963) derived from an NIH 

strain mouse embryo. The primary cells were grown under the same conditions, such 

as split the cells 1 into 3 every three days (3T3)

¥ -2  is an ecotropic retrovirus producer cell line (Mann et al., 1983) derived

from NIH 3T3 cells, by transfecting a y  sequence deleted molony murine leukemia

virus (Mo-MLV, an ecotropic virus) genome into the cells. 'V -l cells will produce 

ecotropic retroviruses only if foreign DNA contains the missing y  sequence, which is 

present in retrovirus vector such as DOR-neo or DOR-hygro.
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PA317 is an amphotropic retrovirus producer cell line (Miller and Buttimore,

1986) derived from NIH 3T3 cells in the similar way as *¥-2 cells, except that the

transfected retroviral genome is an amphotropic murine leukemia virus genome 

(AM-MLV) without its packaging signal y  sequence.

MPYK is a mouse prostate epithelial cell line (Kubota et al., 1981) which 

expressshigh levels of stratified epithelial keratins including K14. This cell line was 

used here to study the formation of type III intermediate filaments and also used as a 

control cell line to study the expression of human keratin constructs.

MCF-7 is a human mammary gland carcinoma cell line (Soule et al., 1973) 

derived from a metastatic mammary gland adenocarcinoma. Its keratin expression 

has been well characterized, and only it expresses three simple epithelial keratins 

K8, K18 and K19. This cell was used to extract keratin. 8 , 18 and 19 proteins as 

standard keratin protein molecular weight markers and also used to express type III 

intermediate filament genes such as GFAP or vimentin, to investigate processing of 

their polymerization in more detail.

7 . 1 . 4  Isotopes

32P dCTP - deoxycytidine 5' [a-32P] triphosphate at 3000Ci/mmole.

33S Methionine - L-[33S] Methionine

7 . 1 . 5  Antibod ies

All antibodies used in studies described in this thesis are listed in Table 7.1, 

together with their protein specificity.
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Table 7.1 Antibodies used and their specificities

ANTIBODY SPECIFICITY REFERENCE

LP1K keratin 7 (Lane et al., 1985)

CAM 5.2 keratin 8 (Makin et al., 1984)

TS -1 keratin 8 (Sunstrom et al., 1989)

LL001 keratin 14 (Purkis et al., 1990)

RCK106 keratin 18 (Ramaekers et al., 1987)

DA7 Hu-keratin 7 (Lauerova et al., 1988)

BA17 keratin 19 (Bartek et al., 1985)

KM4.6 keratin 19 (Gigi-Leitner and Geiger, 1986)

A 53-B /A 2 Hu-keratin 19 (Karsten et al., 1985)

1118 vimentin Gift from Dr. C. Viebahn

G-A-5 GFAP (Altmannsberger et al., 1982)

PAb204 SV40 LT (Mole et al., 1987)

PAb423 SV40 LT (Mole et al., 1987)

All conjugated second antibodies were purchased from Sigma or DAKO.
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7 . 1 . 6  Enzymes

Restriction enzymes were purchased from New England Biolabs, Pharmacia, 

Boehringer Mannheim and Bethesda Research Laboratories (BRL).

Calf intestinal alkaline phosphatase, RNase A and glycogen were purchased 

from Boehringer Mannheim.

Sequenase kit (a modified form of T7 DNA polymerase) was purchased from 

Cambridge Bioscience (United States Biochemical Corporation).

T4 DNA ligase (6u/p.l) was purchased from Pharmacia.

Thermal stable Taq DNA polymerase was purchased from Perkin Elmer Cetus.

7 . 1 . 7  Serum and cell culture medium

Foetal calf serum and new born calf serum were all purchased from Gibco, 
BRL. DMEM (Eulbecco’s Modified Eagle’s essential Medium) medium was produced in

the Medium Production Laboratory of the I.C.R.F..
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7 .2  Methods

7 . 2 . 1  DNA manipulations

7 . 2 . 1 . A Gel electrophoresis of DNA (Maniatis et al., 1982)

A i  Flat-bed horizontal agarose gel electrophoresis

Rapid analyses of DNA samples were performed using horizontal agarose 

mini-gels (8 x 10.5 cm gel of 50ml). The percentage of agarose depended on the size 

of the DNA fragments to be analysed and ranged from 0.7 - 2.0% (10kb-200bp). 

Certain percentage agarose (BRL electrophoresis grade) gel stock was made by 

boiling the agarose in 400ml of TAE solution (appendix 7.2.1 .Ai). Ethidium bromide 
was added from a 5mg/ml stock (dissolved in H2O and kept in dark at 4°C) to a final

concentration of 0.5jig/ml in the electrophoresis running buffer (TAE). 2|il of 10 x 

loading buffer (appendix 7.2.1.Ai) were added to 15pl of DNA samples to be 

electrophoresed. The gels were run at 60-70mA for 50-40 minutes. DNA was 

visualized by either short-wave (260nm) UV light and Polaroid photographs taken 

(Type 57 4x5 Land film 3000 ASA; 1/2 second, f=5.6), or under long-wave 

(306nm) UV light when the DNA in the gel was to be manipulated later. Hind III 

fragments of lambda DNA and Hae III fragments of <f>X174 purchased from BRL were 

used as molecular weight markers.

A i i  Vertical polyacrylamide geis.

To analyse DNA samples containing smaller size fragments (50bp-400bp), 

vertical 5 - 8% polyacrylamide gels 1mm thick were often used. DNA samples in 

loading buffer (appendix 7.2.1 .Ai) were run at 250-300V for 1 to 2 hours. Hae III 

fragments of <J>x174 were used as molecular weight markers. The DNA was 

visualised after staining the gel in distilled water containing 0.5pg/ml of ethidium 

bromide for 10-20 minutes, and exposed under short or long-wave UV light (same 

conditions as described for agarose gel).
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7 . 2 . 1 . B  DNA ligation

Bi Preparation of plasmid DNA as a vector for ligation (based on 

(Chaconas and van de Sande, 1980), (Maniatis et al., 1982) and with 

modifications)

Normally, 1-3pg plasmid DNA was digested with appropriate restriction 

endonuclease in conditions recommended by the manufacturor, to generate the 

linearized vector. In order to minimize the recircularization of plasmid DNA 

(regardless of whether both ends of the vector were generated by the same or by 

two different types of restriction enzyme), 1-2u of calf intestinal phosphatase was 

added to the restriction enzyme digestion mixture and incubated at 37°C for 30 

minutes. If the vector was generated for the ligation with synthesized 

oligonucleotides, the phosphatase treatment step was omitted. 1M EGTA was added 

to inactivate the phosphatase at the final concentration of 20mM (1pl of 1M EGTA in 

50pl digestion mixture), and incubated at 65°C for 10 min. TE was added to bring the 

total volume up to 100jil. An equal volume of phenol was used to extract this plasmid 

DNA and to inactivate the phosphatase totally. The plasmid DNA was precipitated 

with 100% ethanol in the presence of 20pg glycogen (1pl of glycogen stock 

purchased from Boehringer , 20mg/ml) and 0.3M of sodium acetate in dry ice for 5 

minutes. The plasmid DNA was dissolved in 30|il TE and loaded onto a 0.5% low 

melting point agarose (LMA) gel, to purify the plasmid DNA. The gel was always run 

in freshly made TAE electrophoresis buffer (appendix 7.2.1.Ai) containing 0.5pg/ml 

ethidium bromide. The linearized plasmid DNA band was cut out from LMA gel using 

4. razor blade, under long wave length UV (300nm). The plasmid-containing LMA was 

melted at 68°C for 10 minutes. After vortexing, 1-2pl of the plasmid DNA-LMA 

mixture was added to the ligation reaction with appropriate insert DNA.

Bii Preparation of insert DNA

The insert DNA was prepared by enzymatic digestion of DNA. After 2-5 hours 

incubation, the digested DNA mixture was loaded onto a LMA gel in TAE buffer with 

0.5p.g/ml ethidium bromide and run at the same conditions as mentioned in 7.2.1 .Ai, 

to separate the insert DNA from any unwanted DNA fragments. The insert DNA band 

was cut out from the LMA gel under long wave length UV(302nm) and melted at 68°C 

for 10 minutes. 10-15pl of this insert DNA was used for each ligation.
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Bi i i  Preparation of synthesized oligonucleotide insert

The synthesized oligo pellets were dissolved in TE at 3. concentration of 

1|ig/|il. About 40pg of each oligonucleotide was suspended in loading dye (50mM 

Tris-borate pH8.3, 1mM EDTA, 2M urea and bromophenol blue and xylene) and 

heated to 90°C for 3 minutes. After running on a 15% polyacrylamide (20:1 of 

acrylamide : bis) DNA denaturing gel which contains 7M urea, the completed form of 

the synthesized oligonucleotide was separated from its uncompleted forms. The 

oligonucleotides were visualized by placing the gel under long wave length UV briefly. 

The position of the most prominent upper band was marked, and this band represents 

the completed form of the synthesized oligonucleotides. The oligo-gel band was 

isolated and placed into a 1.5ml eppendorf tube and crushed finely with the larger 

ends of an inoculating needle. 1 ml of TE was added to the tube and then incubated at 

37°C  for 15-30 minutes. After a brief centrifugation at 12,000 rpm, the upper 

aqueous layer was collected and another 1ml of TE was added. The incubation step 

was repeated. Both upper aqueous layers prepared from the same oligonucleotide 

were pooled together. The two solutions, containing complementary strand 

oligonucleotides, were mixed and incubated at 95°C for 5 minutes. The solution 

mixture was then cooled down to room temperature slowly to allow annealing. The 

annealed double-stranded oligonucleotides were precipitated with ethanol in the 

presence of 20pg glycogen and 0.3M sodium acetate in dry ice for 10 minutes. After 

centrifugation at 12,000 rpm for 10 minutes, the pellets were dissolved in 40pl of 

TE and loaded onto a LMA gel to purify the oligonucleotides again. (This step was 

always needed in order to remove the inhibitory factors for DNA ligation). The 

oligonucleotides was cut out from LMA gel and melted at 68°C, ready for the ligation 

reaction.

Biv DNA Ligation

Ligations were carried out in 20jil volumes using 2p.l of 10x ligase buffer 

(appendix 7.2.1.B), 1-2pl of vector DNA (from LMA gel at 68°C), 10-15|xl of insert 

DNA (from LMA gel at 68°C), 1pl of T4 DNA ligase (6u/jxl, Pharmacia), and distilled 

water to bring the final volume to 20pl. The reaction was thoroughly mixed by 

pipetting to disperse the LMA. The reaction was incubated at room temperature for 2 

hours to overnight. The reaction was stopped by heating the reaction mixture to 68°C 

for 10 minutes just before adding it to competent bacterial cells for transformation
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7 . 2 . 1 .C Transformation of E. coli by plasmid DNA (based on 

Mandell and Higa, 1970)

Ci Preparation of competent bacterial cells

The host strains of E.coli used in this work are DH5 (LacZ+) and DH5a (LacZ~

). The bacteria were first plated onto VF-agar and incubated at 37°C overnight. A 

single colony was picked and put into 20ml 'F-medium and grown overnight in a 37°C 

shaker at 200-250 rpm. The following day, the culture was added to 800ml of *F- 
medium in a 2 litre flask and shaken vigorously until the OD550 reaching 0.5 (This

step usually takes about 3-4 hours). The culture was centrifuged at 5000 rpm for 20 

minutes at 4°C. The supernatant was discarded and the tube was dried with clean 

tissue. Cold Tfb I (320ml) (Appendix 7.2.1 .Ci) was added to 2/5 of the volume of the 

bacterial pellet to resuspend it on ice. The bacteria were spun down again as above, 

and the bacterial pellet was then resuspended in 1/25 volume of Tfb II (32ml). The 

competent bacterial cells were then frozen down immediately by aliquotting them 

into Nunc Freezing tubes (400|il/tube) held on dry ice or liquid nitrogen. These 

competent bacterial cells were stored at -70°C for up to one year.

The transforming efficiency of the competent bacteria made in this way was 

approximately 107 - 5x10T colonies/pg plasmid DNA.

C ii DNA transformation (based on Maniatis et al., 1982)

The competent bacterial cells were thawed on ice and a 200p.l aliquot was 

added to each ligation reaction (20pl), which had just been stopped at 68°C. This was 

mixed well by pipetting. Each transformation tube was then incubate on ice for 30- 

40 minutes. The bacteria were heat shocked at 37°C for 5 minutes (or 42°C for 2 

minutes), then returned to an ice bath. 1ml of 'F-medium (Appendix 7.2.1.C) was 

added and the bacteria were gently resuspended. The tube was incubated in a 37°C 

bath or shaker for one hour. 150-200jil of the resuspended bacterial sample was 

spread onto an LB-agar plate (A) containing the relevant selective drug (or drugs). 

When the expression vector containing LacZ gene was used, Bluescript for example, 

the LB-agar plate was first spread with 50p.l of 100mM IPTG and 20p.l of 2% X-gal 

(20mg/ml in dimethyl formamide) and dried at room temperature for 30 minutes 

before the bacteria were spread. The remaining bacteria were centrifuged at low 

speed (6500 rpm) for 1 minute and 800-850^1 of the 'F-medium supernatant was 

removed. The bacterial pellet was resuspended in the remaining 150-200pJ of y¥-
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medium and spread onto another LB-agar plate (B) as above. The plate was inverted 

and incubated overnight at 37°C.

7 .2 .1 .D  Isolation of plasmid DNA

Di Small scale isolation (miniprep) of plasmid DNA by

alkaline lysis (based on Birnboim and Doly, 1979)

After DNA transformation, the drug-resistant colonies (white colonies from 

the IPTG and X-gal containing plates) were picked from the LB plates and transferred 

to 10ml of LB broth plus the appropriate selection drugs. 6-10 colonies were usually 

picked from each DNA transformation. If the ligation was a direction-oriented one, 6 

colonies were enough, otherwise 10 colonies were picked. The cultures were grown 

in a 37°C shaker overnight. 1.5ml of each culture were aliquoted into an eppendorf 

tube and spun for 1 minute at 12000 rpm, room temperature. The supernatant was 

aspirated off and 10Ojxl of solution 1 (appendix 7.2.1.D) was added to resuspend the
b C tn S

bacterial pellet. AfterAmixed thoroughly with solution 1, the bacterial pellet was 

incubated at room temperature for 3-5 minutes, when 200pl of solution 2 (Appendix

7.2.1.D) was added to lyse the bacterial cells. The well-lysed bacteria were 

incubated on ice for 5 minutes and then the bacterial proteins were precipitated by 

adding 150pl of cold solution 3 (Appendix 7.2.1.D). This bacterial lysate was 

incubated on ice for 5 minutes and a protein pellet was spun down at 12000 rpm for 

at least 3 minutes. The supernatant was transferred into a new tube carefully, 

avoiding any contamination by the white precipitate. When the plasmid DNA was 

prepared for double stranded DNA sequencing, equal volumes of 50% phenol and 50% 

chloroform were used to extract DNA once at this step. 1ml of 100% ethanol was 

added to the supernatant to precipitate the plasmid DNA on dry ice for 5-10 minutes. 

The DNA pellet was spun down at 12,000 rpm for 10 minutes, and washed with 

0.5ml of 70% ethanol once. After air drying for 3-5 minutes, the DNA pellet was 

dissolved in 20|il of TE. Normally, 2-3pl of this plasmid DNA was used for DNA 

digestion to check the existence of insert, and 10pl of this plasmid DNA was used for 

DNA sequencing to confirm the sequences of interest.
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Dii Large scale isolation (maxiprep) of plasmid DNA

(based on Maniatis et al., 1982)

A 10ml overnight culture from a single colony of bacteria transformed with 

the relevant plasmid, was added to 500ml of fresh LB broth plus antibiotics as 

appropriate. The culture was grown in shaking suspension at 250 rpm at 37°C for 
4.5-5 hours until the OD550 was between 0.8-1.0. Amplification of the plasmid was

achieving by addition of chloramphenicol (prepared as a 15mg/ml solution in 100% 

ETOH) to a final concentration of 15p.g/ml, allowing the plasmid to amplify for 16- 

20 hours in the above shaking conditions. This amplification step was eliminated 

however when the plasmid was BlueScript vector or pUC vector series.

The amplified bacterial culture was spun at 6000 rpm for 15 minutes and the 

supernatant was discarded. The bacterial pellet was resuspend in 14ml of solution 1 

plus 40-50mg of lysozyme, which was freshly made in 50mM Tris-HCI pH8.0, and 

incubated at room temperature for 5-10 minutes. 28ml of solution 2 was added and 

mixed by inverting the tube several times. The bacterial lysate mixture was kept on 

ice for 5-10 minutes until it became clear. 21ml of cold solution 3 was then added 

and a heavy white precipitate was formed. After 10 minutes incubation on ice, the 

chromosomal DNA and bacterial debris were pelleted by centrifugation at 10,000 

rpm for 5 minutes in the sorvall GSA rotor at 4°C. The supernatant was filtered 

through plastic wool. 0 .8-1.2 volumes isopropanol was added to precipitate the 

plasmid DNA at room temperature for 10 minutes. The DNA pellet was centrifuged at

10,000 rpm for 5 minutes and dissolved in 8ml of TE. The plasmid DNA was further 

purified by centrifugation through caesium chloride gradient or by passing through an 

ion-exchange column (Quiagen coiumn).

Caesium chloride gradient:

For every ml of DNA solution, 1.11g of solid caesium chloride was first added 

and dissolved in it with a short time incubation at 37°C, 0.1 ml of 5mg/ml ethidium 

bromide (made up in water) was then added and some purple protein aggregates were 

precipitated. By centrifugation at 10,000 rpm at 15°C for 10 minutes, the proteins 

were pelleted at the bottom of the centrifuge tube and the clear supernatant was thus 

transfered into a new 5ml ultracentrifuge tube (Quick seal from Beckman). The 

sealed tube was then centrifuged in the Beckman VTi65.2 or VTi65.1 rotor at 55,000 

rpm overnight or 65,000 rpm for 4 hours, at 15°C. Linder long wavelength UV (260- 

300nm) the plasmid DNA band was harvested by side-puncture with a 19 guage
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needle and a 2ml syringe. For re-banding, the harvested plasmid DNA was transferred 

into a new 5ml quick-seal tube and topping with already made caesium chloride 

(CsCI) solution (1.05g CsCI in 1.1ml water). The plasmid DNA was rebanded at

55,000 rpm for 10-12 hours or 65,000 rpm for 3.5-4 hours at 15°C. At this stage, 

normally only one 'pink' plasmid band was left. For every 2ml of CsCI-DNA solution, 

1ml of TE was added and the plasmid DNA was precipitated overnight at room 

temperature or 30 minutes at -20°C in the presence of 6 ml 100% ethanol. The 

precipitated DNA was spun at 4,000 rpm for 10 minutes. The DNA pellet was 

dissolved in 400jxl of TE and extracted twice with 400pl of both phenol and 

chloroform.The plasmid DNA was finally precipitated again in the presence of 40|il of 

3M sodium acetate (NaOAc)and 1ml of 100% ethanol on dry ice for 10 minutes. By 

spinning down at 12,000 rpm for 10 minutes, the DNA pellet was collected and 

washed with 70% ethanol. After dissolved in appropriate amount of TE, the yield of 

DNA was determined by measuring the OD of a diluted aliquot at the wavelengths 

260nm and 280nm.

7 .2 .1 .E  DNA Sequencing (based on (Chen and Seeburg, 1985),

and protocols recommended by the manufacturers of the 

Sequenase).

Ei Double-stranded DNA sequencing reaction

2-3pg of maxiprep plasmid DNA or 10jxl of miniprep plasmid DNA was 

denatured in 40-50pl of 0.2M sodium hydroxide (NaOH) for 5 minutes at room 

temperature. 0.4 volume (16-20pl) of 5M ammonium acetate pH7.5 was added to 

neutralize the reaction. The denatured DNA was precipitated with 4 volumes of 

ethanol in the presence of 20pg (1pl) of glycogen. The precipitated DNA was spun 

down and the pellet was washed with 70% ethanol once and dissolved in 10pl of 

Sequenase buffer and primer mixture (2pl of 5x Sequenase buffer, 1-5p.l of primer 
and distilled water (dh^O) to 10pl). The annealing step was carried out while the

DNA was dissolving. The sequencing reaction mixture was made from 1pl of 0.1 M 

DTT, 0.4|il of labelling mix, 3 units (0.25pl) of sequenase (13u/|xl), 1.75jxl of 
enzyme dilution buffer, 0.5pl (5pCi) [a-35S] dATP and dF^O to final volume of 5pl,

and added into the annealed templet-primer above (10p.l). The sequencing reaction 

was then incubated at room temperature for 5-20 minutes, depending on the distance 

between the primer and interested DNA sequence. Bigger the distance are longer the 

reaction time are required. 2.5pl of ddATP or ddCTP or ddGTP or ddTTP was added
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into each reaction which was then labelled with A or C or G or T respectively. All 

these tubes were pre-warmed at 37°C for more than 1 minute. 3.5p.l of the 

sequencing reaction mixture was added into each ddNTP containing tube and mixed 

thoroughly. The extension of sequence labelling was terminated by ddNTP after 

incubating at 37°C for 5-30 minutes. The sequencing reaction was finally terminated 

by adding 4pl of stopping solution (which contains loading dye) into each tube. The 

reaction mixture was then either stored at -20°C or used for loading a sequencing 

gel.

E.ii Running DNA sequencing gel

The well-cleaned glass plate sandwich with a 0.25 mm thick spacer was 

assembled and its bottom was sealed 50jxl of 25% APS, 50pl of TEMED and 10ml of 

0.5x TBE 6% polyacrylamide gel (Appendix 7.2.1 .E). The sequencing gradient gel was 

made by mixing 4ml 0.5x TBE 6% gel mix (which was made from 40ml of 0.5x TBE 

6% gel, 40jil of 25% APS and 40pl of TEMED) with 8ml 2.5x TBE 6% gel mix (10ml 

of 2.5x TBE 6% gel, 10p.l of 25% APS and 10pl of TEMED). The Q.5xTBE and 

2.5xTBE 6% gel solutions were mixed by pulling a few bubbles through the pipette 

and then poured between the two gel plates. The gel plates were filled with the rest 

of 0.5x TBS 6% gel mix. The plates was laid down and a comb was inserted. After 1- 

2 hours of polymerization, the gel was ready for loading samples. Before loading the 

samples were all denatured again at 85-90°C for 2 minutes and transferred on ice 

immediately. Usually 4-8pl of the sequencing reaction mixture was loaded in each 

well and the gel was run at 1800 volts for 3-4 hours, depending on the position of 

the sequences interested. The sequencing gel was soaked in 10% acetic acid and 10%

methanol solution for 15-20 minutes before being lifted with a dry 3mm Whatman

paper. The gel was dried in a gel dryer and the radioactivity was often around 50- 

100 counts per second. The gel was exposed for autoradiography at room

temperature overnight.

7 . 2 . 2  RNA techniques

7 . 2 . 2 . A Preparation of total RNA from cells

Cells were grown to confluent in a 15cm diameter Petri dish and lysed with 

2.5ml of GTC solution (Appendix 7.2.2.A). The lysate was scrapped with cell scraper
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and transferred into a 5ml Falcon tube. The lysate was either stored at -70°C for up 

to a few months or directly used to prepare total cellular RNA. The RNA was 

separated from chromosomal DNA and proteins in the lysate by equilibrium density 

centrifugation through a caesium chloride gradient. For doing this, 1.5ml of 5.7M 

caesium chloride solution was first added into a Polyallomer 1/2x2 inch 

ultracentrifuge tube of SW50 or SW40 rotor. All the tubes were autoclaved or 

washed with GTC solution before use. The lysate was sheared with a 19 guage needle 

and a 5ml syringe (sterilized) for 5-10 times to break the chromosomal DNA and 

then layered carefully on top of the caesium chloride solution with the syringe and 

needle, avoiding any disruption of the surface between the lysate and caesium 

chloride. The tubes were balanced with GTC solution and spun at 35,000 rpm for 

more than 16 hours at 15°C in SW50 or SW40 rotor in Beckman ultracentrifuge. The 

upper layer solution of proteins and DNA was aspirated and the top part of the tube 

was cut off with razor blade. The tube was washzlwith 70% ethanol 3-4 times and a 

white RNA pellet appeared on the bottom of the tube. The RNA pellet was then 

dissolved in 400pl of DEPC treated water and transfertgd into an autoclaved 

eppendorf tube. The RNA precipitation was carried out in the presence of 40pl of 3M 

NaOAc (made with DEPC treated water) and 1ml of 100% ETOH in dry ice for 30-60 

minutes. The RNA pellet was spun down at 4°C for 30 minutes and washMwith 70% 

ETOH. The RNA pellet was dissolved in DEPC treated distiled water and the 
concentration of the RNA was determined by measuring the OD260- Tfie RN^ 

concentration was calculated by multiply the OD260 w'th 40 x 100 (1 OD26O = 40M-9 

RNA/ml and the dilution of the sample is 100 when measured). The RNA was stored 

at -70°C and 10-20jig of RNA was often used for northern blot hybridization or 

reverse transcription.

7 .2 . 2 . B Northern blotting (Lehrach et al., 1977)

10-20pg of RNA (5-1 Opl) was mixed with 15pl of RNA loading buffer 

(Appendix 7.2.2.B) and incubated at 68°C for 5 minutes. Subsequently 2pl of loading 

dye (Appendix 7.2.2.B) was added to it and the RNA sample was then ready for 

loading. Meanwhile, the 1% formaldehyde agarose gel was made as follows: 1) 1g of 

agarose, 5ml of 20M MOPS and 55ml of DEPC dH20 were added into a 500ml Schott 

bottle and heated in microwave oven, 2) the melted agarose was incubated at 55°C, 

3) 18ml of formaldehyde (38%) and 22ml of DEPC dH20 were mixed together and 

incubated at 55°C, 4) the melted agarose and formaldehyde solutions were mixed 

together and poured into the already cast and levelled gel plate in a fumehood. RNA
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samples prepared earlier were loaded onto the gel and run in electrophoresis buffer 

containing 50ml of 20x MOPS, 125ml of 38% formaldehyde, 10|xl of ethidium 

bromide (5mg/ml) and 825ml of distilled water per litre. After running at 25-30 mA 

overnight, the gel was washed and soaked in distilled water for 5 minutes and 

denatured in 50mM NaOH and 1mM NaCI for 20 minutes with shaking (10-20 rpm). 

Finally the gel was neutralized with 100mM Tris-HCI pH 7.4 twice for 20 minute and 

equilibrated with 10xSSC for 60 minutes. Gels were then photograghed with a 

Polaroid camera and a short wavelength UV transluminater. For blotting, the gel was 

inverted on a wet Whatman 3mm paper wick held over a reservoir of 10xSSC. The 

already cut and wetted Genescreen Plus nylon membrane (the size of which is 

slightly bigger than the gel) was then placed on top of the gel. 4 pieces of Parafilm or 

wasted X-ray film was used to cover the edge of the membrane and 2 equally sized 

sheets of Whatmann 3mm paper, soaked in 10xSSC, were also put on top of the gel. 

All bubbles were removed and a large stack of paper towels were placed on top of 

the gel/nylon membrane/3mm paper sandwich. Finally a plate with at least 1kg of 

weight was added on top of the paper towels. Passive transfer then proceeded for 

20-24 hours. The position of the loading RNA samples were then marked on the 

Genescreen membrane with a pencil and the membrane was rinsed in 2xSSC for few 

minutes and dried on 3mm paper. When one extra track was loaded with RNA for 

marking the rRNA migration, this track was cut out at this stage, otherwise the 

baked membrane would give a high background after the staining of RNA with 

methylene blue. The blotted GeneScreen membrane was baked at 80°C for 2 hours. 

The transfered agarose gel was usually exposed under short wavelength UV to check 

the transfer efficiency. Normally, no RNA was left on the agarose gel at this stage. 

For staining RNAs with methylene blue, the cut strip of blotted GeneScreen 

membrane was soaked in 5% acetic acid for 15 minutes and then stained in 0.5M 

NaOAc and 0.04% methylene blue solution for 5-10 minutes at room temperature. 

The membrane was rinsed with tap water for several times and two rRNA bands 

(18s and 28s) appeared.

7 . 2 . 2 . C  H y b r id iza t io n

Ci Labelling DNA by the random hexamer priming method

(based on (Feinberg and Vogelstein, 1983))

50-200ng of DNA (10-15|xl of insert DNA in LMA) was often labelled by the 

hexamer priming method with a-^^PdCTP. The reaction was carried out by adding
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10-15jil of DNA and 1pg (1 |xl) of random hexmer oligonucleotides (Amersham) 

together and boiling for 5 minutes before cooling the mixture down to room 

temperature. 3)il of a 10x reaction buffer (0.5M Tris-HCI pH7.2; 0.1 M MgS04; 1mM 

DTT), 1pl of dATP, dGTP and dTTP mixture (2mM of each) and certain amount of 

distiled water was then added to a final volume of 23|il. Since the reaction mixture 

often contained low melting agarose (LMA), so it was incubated in a 68°C water bath 

before transferring to a 37°C bath. 10 to 15 units (2pl) of Klenow large fragment 

DNA polymerase and 50|iCi (5pl) of a-32P dCTP were added to the labelling mixture 

and thoroughly mixed. The reaction was then incubated at 37°C for 1-5 hours. The 

labelling reaction mixture was put in a 68°C water bath and 170pl of TE was added to 

it, it was then centrifuged through a Sephadex G-50 spin-column at 2,000 rpm for 5 

minutes to separate the labelled DNA probe from unincorporated dNTP. The "spin- 

column" was made by plugged in a small piece of plastic wool into the bottom of a 

1ml syringe and filled the syringe with Sephadex G-50 beads (fine) to the top. The 

packed "spin-column" was put in a 15ml Falcon tube and centrifuged at 2,000 rpm 

for 5 minutes. After the first spinning, Sephadex G-50 beads were packed to 0.8- 

0.9ml mark, if not more beads were added. The column was spun again as above and 

washed twice with TE and centrifugation.In the last washing, the amount of TE put in 

(200pl) was equal to that centrifuged out (200|il), indicating the column was packed 

properly. After loading the labelling reaction mixture on the column, the labelled DNA 

probe was passed through to the centrifuge tube and the unincorporated nucleotides 

remained in the column after centrifugation.

Cii Hybr i d i zat i on

Hybridization was carried out in a sealed plastic bag, following protocols 

recommended by the manufacture of GeneScreen membrane. For hybridization, the 

blotted membrane was first pre-hybridized in hybridization buffer (recommended by 

GeneScreen manual) at 42°C for few hours to overnight. The buffer contains 50% 

formamide, 1% SDS, 1M sodium chloride (5XSSC), 10% dextran sulphate and 

100pg/ml of denatured salmon sperm DNA. After pre-hybridization, the buffer was 

removed and hybridization buffer containing labelled DNA probe was added. Before 

adding to the hybridization buffer, the labelled DNA probe was first denatured by 

boiling for 5 minutes and then put on ice immediately. After the 'hot' hybridization 

buffer was put in, all bubbles were removed from the membrane and the bag was 

resealed and incubated at 42°C with constant agitation overnight. After 

hybridization, the membrane was first washed in 2xSSC solution at room
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temperature for 5 minutes twice with constant agitation and then washed twice with 

pre-warmed 1xSSC plus 1% SDS solution at 65°C for 30 minutes. If the 

radioactivity left on the membrane was more than 100 counts per second detected 

with Geiger counter, the membrane was washed again with 0.5xSSC and 1% SDS at 

65°C for 30 minutes. Usually by this time, the counts were between 20-50 per 

second. The washing step was finished and the membrane was thus sealed in a plastic 

bag while it was still wet and exposed to a Kodak X-ray film in a cassette at -70°C 

for 12-24 hours. The X-ray film was developed using a Fuji X-ray film processor 

(RGII).

7 . 2 . 2 . D Reverse transcription

100ng of primer (complementary to the 3'-end of keratin 8) was 

mixed with 10pg total RNA in 20 pi of annealing buffer, heated to 85° for 5 minutes 

and then incubated at 65° for 15 minutes. The annealed product was diluted into 

200pl of extention buffer and divided into two aliquots, one of which was incubated 

with 10 units of AMV reverse transcriptase (Super RT, Anglian Biotec) at 42° fro 2 

hours. The aliquot lacking reverse transcriptase was used as a control for 

conta mination by extraneous PCR products or genomic DNA.

7 . 2 . 2 . E Polymerase Chain Reaction (PCR)

5pl cDNA or 10ng of plasmid DNA was amplified in the presence of 

500ng of PCR primers by a polymerase chain reaction (PCR) for 30 cycles using 1 

units of Taq polymerase. The amplified PCR products were then extracted once with 

chloroform and 1/10 of the products were analysised by polyacrylamide gel 

electrophoresis.
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7.2.3 Protein analysis

7 . 2 . 3 . A SDS-polyacrylamide gel e lectrophoresis

(based on Laemmli, 1970)

A i Preparation of total cellular proteins for SDS-

polyacrylamide gel

Cells were lysed in sample buffer (Appendix 7.2.3.A) directly: 200p.l or 

500p.l of sample buffer was used to lyse cells grown to confluence in 5cm or 10cm 

diameter petri dish&respectively, and then transferred to an eppendorf tube. 5-10p.l 

of DNase (10mg/ml) was added to the lysate and it was boiled for 5 minutes to 

dissolve all the proteins, especially intermediate filament proteins. For good 

resolution of total proteins on the SDS-polyacrylamide gel, it was important to 

reduce the amount of DNA. Thus sufficient DNase was needed in the lysate. After 

boiling, the sample was totally dissolved in the buffer, which became clear and then 

it was ready to load.

A ii  Cytoskeleton extraction

Cells were grown to confluent in a 15cm diameter petri dish and washed three 

times with PBS plus 5mM EDTA. 10ml of low salt extraction buffer (appendix

7.2.3.Aii) plus 3mM EGTA, 1mM PMSF and 20p.g/ml leupeptin were added to the 

cells and they were scraped off the dish. The cells were then spun down at 3,000 

rpm for 10 minutes and the pellet was resuspended in 1ml of high salt extraction 

buffer (appendix 7.2.3.Aii) containing 3mM EGTA, 1mM PMSF and 20|ig/m l 

leupeptin, and incubated on ice for 5-10 minutes. The pellet was centrifuged down at

5,000 rpm for 5 minutes and washed three times with a PBS solution containing 

3mM EGTA, 1mM EDTA, 1mM PMSF and 20|ig/ml leupeptin. The resulting 

cytoskeleton extract was dissolved in appropriate amount of sample buffer with 

some DNase, and then boiled for 5 minutes and stored at -20°C.
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Ai i i SDS-polyacrylamide gel e lectrophoresis

A small mini-gel (8.5x7x0.075cm) was used for rapid analysis of protein 

(keratin) samples by immunoblotting with a number of different antibodies. First 

10% acrylamide resolving gel was poured and overlaid with isopropanol : water 

(80:20 v/v) to create a flat edge and prevent inhibition of polymerization by 

oxygen. After polymerization at room temperature (30-60 minutes), the gel 

apparatus was assembled and the 5% stacking gel (appendix 7.2.3.A) (1.5ml per 

plate) was poured on top of the separating gel and the well-forming comb, was 

inserted into it. After the stacking gel had polymerized, the SDS running buffer 

(appendix 7.2.3.Aiii) was added and 20pl of total cellular protein sample was loaded 

into each well. A pre-stained high molecular weight protein marker mixture (BRL) 

was often used in an additional track and there were two major advantages for using 

this marker. First the blue bands representing different molecular weight of proteins 

could help to orientate the position and progress of certain bands of interest proteins 

during the running of the gel, and secondly the marker is a very good indicator to 

check the protein transfer efficiency (blue protein bands can be seen at a slight 

different intensity on the membrane or nitrocellulose paper after a successful 

transfer. The higher the molecular weight of the protein, the lower the transfer 

efficiency is and the weaker the blue band shown). For immunoblotting of keratin 

proteins, a keratin 'marker' (cytoskeleton extract of MCF7 cells) of human keratins 

8, 18 and 19 was also used. Gels were run at 20-25mA per plate for about 1 hour. 

The proteins in the resolving gel were then electro-transferred to a Immobilon-P 

nylon membrane (Millipore, 0.45 pm pore size) or nitrocellulose membrane 

(Schleicher & Schuell, 0.2pm pore size).

7 . 2 . 3 . B  Immunoblotting of SDS-polyacrylamide gels

(Towbin et al., 1979) and (Harlow and Lane, 1988)

Following electrophoresis of the SDS-polyacrylamide gel, the gel was soaked 

in the blotting buffer for 10-15 minutes at room temperature with slow shaking. The 

gel was put on top of a Immobilon-P nylon membrane or a nitrocellulose paper which 

was placed between two wet 3mm Whatman papers.The 3mm paper-gel-mambrane- 

3mm paper sandwich was then placed in blotting unit and blotted at 0.25A for 30-50 

minutes. After blotting, the gel was stained with Coomassie Blue solution (10% 

ethanol, 5% acetic acid, 0 .001% Coomassie blue) and the transfer membrane was 

blocked in 10-15% milk solution (10-15g Marvel or low fat milk powder in 100ml

200



distilled water) or 0.2% Tween 20 solution for few hours to overnight, to prevent 

non-specific adsorption of the immunological reagents. The blocked membrane was 

washed with tap water several times and incubated with the first antibody layer, an 

antibody specific for the antigen of interest (keratin or intermediate filament protein 

here). After the incubation with first antibody at room temperature for 1-3 hours, 

the first antibody was washed away and a second antibody layer was applied, 

consisting of an alkaline phosphatase or peroxidase conjugated antibody which can 

recognise the first antibody. After 1 hour incubation with the membrane, the unbound 

second antibody was washed away with water. The antigen was then visualized by 

incubating a substrate for the enzyme on the second antibody, ie. a solution 

containing NBT plus BCIP for alkaline phosphatase conjugated second antibody or a 

solution containing DAB and nickel sulphate and hydrogen peroxide for peroxidase- 

conjugated second antibody.

7 .2 .3 .C  Immunoprecipitation (based on the protocols described

in (Harlow and Lane, 1988) and recommended by Dr. Oshima)

Cells labelled with 35S-methionine in 10 cm petri dish, were washed with PBS 

and then lysed with 1 ml of SDS-lysis buffer (Appendix 7.2.3.C). Just before use, 

the lysis buffer was supplemented with 1/1000 volumes of 0.5M PMSF (174 

mg/ml), 1/1000 volumes of 1M DTT, 20-30^g/ml leupeptin. 5 jil of DNase 1 

(purified by chromatography) was added to the lysate and tilted immediately to mix. 

In the presence of DNase, the viscosity of the lysate was visibly decreased. 40jil of 

10% SDS was then added and the lysate was harvested with a cell scraper and 

transfered into an eppendorf tube on ice containing 100 jil of 0.1 M EDTA. The lysate 

was boiled in a water bath for 2 minutes and 1/10 volume of 10% NP-40 was added 

to it. The lysate was centrifuged at 12,000 rpm for 10 minutes and no pellet was 

seen, indicating that all cellular proteins were dissolved completely. Appropriate 

volume of lysate was incubated with 5-10 jil anti-serum (for keratin 18) or 

monoclonal antibody (TS-1 antibody for keratin 8) at 4°C for a few hours or 

overnight with vortexing. After the addition of 100 |il protein G beads, the 

immunoglobulins of the added anti serum or antibody could bind to them and thus be 

brought down by centrifugation. The spun down protein G beads were washed with 

SDS-wash buffer (appendix 7.2.3.C) twice and NET buffer (appendix 7.2.3.C) three 

times. The protein G beads were then spun at 12,000 rpm for 2 minutes and all the 

wash buffer was totally removed. The protein G beads were resuspended in 30 \i\ of 

protein sample buffer (appendix 7.2.3.Ai) and boiled for 2 minutes to separate the
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anti serum or antibody from the protein G beads. After centrifugation, the 

supernatant were collected carefully and loaded onto the 10% SDS-polyacrylamide 

gel. The gel was run under the same condition as described in section 7.2.3.Aiii, and 

it was dried before exposing to X-ray film to visualize the 35S-methionine labelled 

protein, which was precipitated out specifically by its antibody.

7 . 2 . 4  Tissue culture

7 . 2 . 4 . A Cell culture

Mouse fibroblast cell line NIH 3T3, mouse prostate epithelial cell line MPYK, 

human breast carcinoma cell line MCF7 were all grown in DMEM medium 
supplemented with 10% foetal calf serum at 37°C and 10-14% CO2 . After cells

grown to confluence they were detached by treating with trypsin and EDTA. Cells 

were normally split 1 to 3 for maintenance. The NIH 3T3-derived ecotropic 

retrovirus packaging cell line 4/-2 , and amphotropic retrovirus packaging cell line 

PA317, were grown under similar conditions as all the cell lines above except in the 

presence of 10% new born calf serum instead of 10% foetal calf serum. Cells were 

normally seeded at a density of 7.5 x 105/10cm diameter petri dish for retrovirus 

infection or DNA transfection. Then the cells were grown in the selection medium 

containing either 150-300 jig/ml of hygromycin(150|ig/ml for NIH 3T3, 300pg/ml 

for MPYK or ¥ - 2  cells) or 1 mg/ml of G418 or both 150-300pg/ml of hygromycin 

and 1 mg/ml of G418.

7 . 2 . 4 . B  DNA transfection and drug selection

(based on a modified protocol as described in

(Morgenstern and Land, 1990))

Cells were normally seeded at a density of 7.5-10 x 10^/10cm diameter 

petri dish 12-20 hours before transfection. Medium was changed 5 minutes to 2 

hours before DNA transfection. The DNA-Ca2+-phosphate precipitate was made by 

mixing 10-20jig of DNA, 0.5ml of TSB (Appendix 7.2.4.B) and 26-27pl of 2.5M 

CaCl2 together. 15 minutes after, a fine, slightly cloudy and blue looking DNA-Ca2+- 

phosphate precipitate appeared and this precipitate was then added onto the cells 

drop by drop. The cells were incubatedat 37°C and 4-5 hours later, under a phase 

contrast microscope, lots of fine black particles were seen accumulated on the
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cell surface. The medium was removed at this stage and 2ml of pre-warmed 15% 

glycerol-TSB (Appendix 7.2.4.B) was added to each 10cm plate to "shock" the cells 

at 37°C for 4 minutes, to increase the transfection efficiency. The "shocked" cells 

were then washed with pre-warmed DMEM medium and freshly-made E4 medium plus 

appropriate serum (10% new born calf serum for ¥ 2  cells and 10% fetal calf serum 

for the rest of the cell lines) was finally used to incubate the cells with at 37°C for 

12-20 hours. When the transfected cells were retrovirus packaging cell lines ¥ 2  or 

PA317, the transiently produced retroviruses were harvested at this stage. The 

DNA-transfected cells were then split 1 into 10 and grown in the selection medium 

(1 mg/ml G418 to select neo resistant cells and 150-300pg/ml hygromycine to 

select hygro resistant cells). The selection medium was changed every 4-5 days and 

the resistant cell colonies were seen 20-30 days after selection.

7 . 2 . 4 . C  Retrovirus production

(based on the protocol described in Morgenstern and Land, 1990)

When retroviral vector DNA was transfected into retrovirus packaging cell 

line ¥ 2  (for ecotropic retrovirus) or PA317 (for amphotropic retrovirus), 

retroviruses were produced and secreted into the cell medium. 16-20 hours after 

DNA transfection, retroviruses were produced transiently at low titer (cfu: colony 

forming unit/ml retrovirus supernatant in NIH 3T3 cells). 20 days after DNA 

transfection and drug resistance selection, retroviruses were produced stably at 

higher titer. The highest titer of retrovirus supernatant was obtained by isolating a 

few resistant cell clones. The titer (cfu/ml) varied 10-100 fold from clone to clone. 

When all the drug resistant cell clones were pooled together, the cfu of their 

supernatant reached ~ 104 . For the study presented here however, high titer 

retrovirus supernatant was not essential, and it was quicker and easier to produce 

retroviruses from pooled resistant cell clones, provided that 104 cfu produced in 

this way was reasonable. Thus most of the keratin-containing recombinant 

retroviruses were produced by pooling all the drug resistant ¥ 2  or PA317 cells 

together, and collecting culture medium from them. All retroviruses collected were 

filtered through a 0.45j±m Minipore filter unit to remove the negative charge on the 

surface of the retrovirus particles and to eliminate the possibility of cell 

contamination by retrovirus packaging cells. The retrovirus-containing supernatant 

were then stored at -70°C for later use.
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7 . 2 . 4 . D  Retrovirus infection and drug selection

NIH 3T3 cells, the single keratin containing NIH 3T3 cells or MPYK cells were 

infected by keratin-recombinant retrovirus containing supernatants for 2-5 hours at 

37°C  and in the presence of 8mg/ml of polybrene. The retrovirus-containing 

supernatant was removed and fresh DMEM medium plus 10% foetal calf serum was 

added to the cells to let them grow for 16-20 hours at 37°C. The infected cells were 

then split 1 to 10 and cultured in medium either contains 1 mg/ml of G418 or 

150jig/m l of hygromycin for the selection. Because of the way the keratin- 

recombinant retroviruses were made, all G418 resistant cells would contain one 

type I keratin or its derivative while all hygromycin resistant cells would contain a 

type II keratin or its derivative. Usually six of the resistant cell colonies were 

picked and used for further analysis.

7 . 2 . 4 . E Immunofluorescence staining with antibodies

(based on Harlow and Lane, 1988)

5cm plastic tissue culture plates of G418 resistant cells, hygromycin 

resistant cells or G418 and hygromycin resistant cells were first washed 3 times 

with PBS, fixed with 50% methanol plus 50% acetone for 5-10 minutes and air dried 

at room temperature. The fixed cells were either stored at -70°C indefinitely or 

stained with keratin specific monoclonal antibodies. Monoclonal antibodies LP1K, 

CAM 5.2, RCK106, KM4.62 and LL001 were used to detect the expression of the 

keratin 7, 8, 18, 19 and 14 and to identify the newly formed keratin filaments or 

keratin filament network in the infected NIH 3T3 cells. The human-specific 

monoclonal antibodies DA7 (to keratin 18) or A53-B/A2 (to keratin 19) were used 

to detect the expression of the human keratin 18 or 19 in the mouse epithelial cell 

MPYK. Also a SV40 large T antigen specific monoclonal antibody PAb 204 was used 

to check the expression of the keratin mutants, 204Ak7 and 204Ak7A, which were 

tagged by a sequence from SV40 large T antigen coding for the epitope of the 

monoclonal antibody PAb204, in MPYK cells.
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7 .2 .4 .F. 35S-methionine labelling and pulse chasing

(based on Harlow and Lane, 1988)

Cells grown to 70-80% confluence were washed with methionine-free DMEM 

twice and then labelled with 2-3ml methionine-free DMEM medium plus 200- 

500pci/ml of 35S-methionine for 30 minutes at 37°C. To determine the half life of a 

newly synthesized protein, two identical plates of cells were labelled under the same 

condition. 30 minutes after labelling, the cells on one plate were washed with pre- 

warmed methionine free medium for several times and then chased with normal 

DMEM medium containing unlabelled methionine for 3.5 hours. The cells on the other 

plate were washed with PBSA 30 minutes after labelling and lysed with SDS-lysis 

buffer (Appendix 7.2.3.F). 3.5 hours after chasing, the cells were also washed and 

lysed under the same condition as above and all cell lysates were then ready for 

immunoprecipitation as described in section 7.2.3.F.
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7.3 Appendix

7 . 2 . 1  DNA manipulations

7 . 2 . 1 . A i  Agarose gel e le c tro p h o re s is :

TAE:

Concentrated s tock  Working solution

5 Ox 242g Tris base 1 x 0.04 M Tris-acetate

57.1ml glacial acetic acid 0.002 M EDTA

46.5g EDTA

7 . 2 . 1 . Ai i  Polyacrylamide gel e lectrophoresis:

30% acrylamide stock

Acrylamide

N.N'-methylene bisacrylamide 
H2O to

25% Ammonium persulfate (APS)

Ammonium persulfate 2.5g
l-^O 10ml

aliqouted and stored at -20°C for up to 1-2 years.

TBE

Concentrated stock

10x 545g Tris base

275g boric acid 

46.5g EDTA 

overall pH ~ pH 8.3

7 . 2 . 1 . B DNA ligation:

10x ligation buffer

500mM Tris-HCI pH 7.8 
100mM MgCl2

10mM ATP 

200mM DTT

Working solution

1 x 0.089 M Tris-borate 

0.089 M boric acid 

0.002 M EDTA

29g

19
100ml
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7.2 .1  .C DNA transformation:

¥  medium 

0.5% Yeast extract 

2% Tryptone 
0.5% MgS04

pH to 7.6 with KOH (about 5ml of 3M KOH for 3 litre)

Tfb I

30mM KOAc 

100mM RbCI 
10mM CaCl2 

50mM MnCl2 

15% Glycerol (v/v)

pH to 5.8 with 5M acetic acid (40p.l of 5M AcOH for 160ml) sterilized by filtration 

Tfb II

10mM MOPS (or PIPES)
75mM CaCl2

10mM RbCI 

15% Glycerol (v/v)

pH to 6.5 with KOH (2jil of 3M KOH for 16ml) sterilized by filtration

7 . 2 . 1 .  D DNA purification:

Solution 1

50mM Glucose 

25mM Tris-HCI pH 8.0 

10mM EDTA pH8.0

Solution 2

0.2M NaOH 

1% SDS
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Solution 3

5M Potassium Acetate pH4.8

(made by mixing 2 volumes of 5M acetic acid with 1 volume of 5M potassium 

acetate)

(5M acetic acid is made by glacial acetic acid diluted 1:3.5)

TE

10mM Tris-HCI pH 8.0 

1mM EDTA

7 . 2 . 1 . E Denaturing polyacrylamide gel electrophoresis

(for DNA sequencing)

40% acrylamide (500ml )

190g Acrylamide

10g N,N’-methylene-bis-acrylamide (Bis)

20g Amberlite

0.5x TBE 6% gel (500ml )

230g Urea 

25mls 10x TBE 

75mls 40% acrylamide

2.5x TBE 6% gel (125ml )

57g Urea 

31mls 10X TBE 

19mls 40% Acrylamide 

6g sucrose

6mgs bromophenol blue
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7 . 2 . 2 RNA analysis

7 . 2 . 2 . A Preparation of total RNA from cells:

DEPC dH20

Add DEPC into dH20  to 0.2% and autoclave

GTC solution(4.23M ) (200ml)

Guanidine thiocyanate (1 OOg )

0.5% Sodium N-lauryl sarcosine (1 g)

25mM Sodium citrate (5ml of 1M) 
add DEPC dH20  to 200ml

stir at 60°C for 30 min, filter twice through 0.45ji filter, add 1.4ml 8- 

mercaptoethanol and antiform A to 0.1% (0.66ml of 30% antiform A from Sigma) 

adjust pH to 7.0 with NaOH. Do not autoclave

5.7M CsCI (250m l)

5.7M CsCI (239.91 g)

100mM EDTA (50ml 0.5M EDTA) 
add DEPC dH20  to 250ml

autoclave

7 .2 . 2 . B Denaturing agarose gel electrophoresis

(for RNA):

RNA loading buffer

1pl 20x MOPS

3.5pl formaldehyde (38%)

10|il deionized formamide

Loading dye (1 0x)

50% Glycerol 

1mM EDTA

0.4% bromophenol blue 

0.4% xylene cyanol
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20x MOPS (400ml)

0.4M MOPS (33.48g)

0.02M EDTA (2.98g)

0.1 M NaOAc (3.28g)

adjust pH to 7.0 with glacial acetic acid and add 1 OOjjlI DEPC and autoclave

7 . 2 . 2 . C  H ybr id iza t ion

Prehybridizat ion and hybridization buffer

50% formamide 

1 % SDS

1M sodium chloride (6xSSC)

10% dextran sulfate

7 . 2 . 2 . D  Reverse transcript ion

Annealing buffer

400mM KCI 

10mM PIPES pH 6.4

0.25u/|il of human placental RNAase inhibitor

Extgntion buffer

50mM Tris pH 8.2 

10mM DTT 
6mM MgCI2

0.5mM dNTP

0.25 units/jil RNAase inhibitor

7 . 2 . 2 . E Polymerase chain reaction (PCR)

PCR buffer

50mM KCI 

10mM Tris pH 8.3 
1.5mM MgCI2

0.1% triton X-100
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7 . 2 . 3 Protein analysis

7 . 2 . 3 . A i  Preparation of total protein from cultured cells:

Sample buffer (50m l) 

2% SDS 

10% glycerol 

100mM DTT 

60mM Tris

(5ml of 20% SDS)

(5g of glycerol)

(5ml of 1M DTT)

(3ml of 1M Tris-HCI pH6.8) 

32ml of distilled water

7 . 2 . 3 . A ii Cytoskeleton protein extraction:

Low salt extraction buffer (500m l)

10mM Tris-HCI pH 7.4 

50mM NaCI 

3mM EDTA 

1% Triton X-100 

distilled water to 500ml.

(5ml of 1M Tris pH 7.4) 

(15ml of 5M NaCI)

(3ml of 0.5M EDTA pH 8.0) 

(5g of Triton X-100)

High salt extraction buffer

1.5M KCI

10mM Tris-HCI pH7.4 

50mM NaCI 

3mM EDTA 

1% Triton X-100

7 . 2 .3 . A i i i SDS-polyacrylam ide gel electrophoresis

(for protein):

30% acrylamide stock (500m l)

30% acrylamide (w/v) acrylamide 150g

0.8% bisacrylamide (w/v) bisacrylamide 4g
distilled water to 500ml

stored in the dark at 4°C.
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10% resolving gel (30ml)

10% acrylamide 

375mM Tris 

0.1% SDS 

0.35% APS 

0.066% TEMED 

distilled water to 30ml.

10ml of 30% acrylamide stock

11.2ml of 1M Tris-HCI pH8.8 

0.15ml of 20% SDS 

0.21ml of 5% APS 

20|il of TEMED

5% stacking gel stock (60ml) (stored at 4°C)

5% acrylamide 

125mM Tris 

0.1% SDS

distiled water to 60ml.

10ml of 30% acrylamide stock 

7.5ml of 1M Tris-HCI pH6.8 

0.3ml of 20% SDS

5% stacking gel (1.5ml per plate)

5% stacking gel stock

0.35% APS 5% APS

0.33% TEMED TEMED

SDS-running buffer 

Working solution

0.025M Tris base 

1.92M glycine 

1% SDS

Concentrated stock

1 Ox Tris base 

glycine 

SDS

7 .2 . 3 . B Immunoblotting of SDS-gel 

Blotting buffer

Concentrated stock Working solution

10x 30g Tris base 1 x 25mM Tris

144g glycine 190mM glycine

add H20 to 1 litre 20% methanol

3ml

21 jil 

10pl

30g 

144g 

10o 

1 litre
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7 . 2 . 3 . C Im m u noprec ip ita tion

SD S-lysis buffer 

0.1% SDS

10mM Tris-HCI, pH 7.4 

3mM MgCl2 

0.1 mM CaCl2

0.5M PMSF 174mg/ml in ethanol, stored at -85°C

SDS-wash buffer

0.5% SDS 

1% NP-40

10mM Tris-HCI, pH 7.4 

5mM EDTA 

1% leupeptin

NET buffer

0.15M NaCI 

50mM Tris-Hcl 

5mM EDTA

7 .2 .4  Tissue cultures

7 .2 .4 .B  DNA transfection

Transfection  buffer 

TSB

6mM Glucose 

20mM Hepes 

137mM NaCI 

5mM KCI 
0.7mM Na2HP04

adjust pH to 6.98

15% glycerol-TSB (40m l)

34ml TSB 

6ml glycerol
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7 .4  A b b re v ia t io n s

APS Ammonium persulphate

A TP  Adenosine triphosphate

dATP deoxiadenosine triphosphate

ddATP dideoxiadenosine triphosphate

BSA bovine serum albumin

DMEM Dulbecco’s modified Eagle’s medium

DTT DL-dithiothreitol

BIS N.N’-methylene-bis-acrylamide

bp base pairs

CTP cytidine triphosphate

DNA deoxyribonucleic acid

EDTA diaminoethanetetra-acetic acid, disodium salt

FCS foetal calf serum

GTP guanosine triphosphate

HEPES N-2-hydroxyethylpiperazine-N’-2-

ethanesulphonic acid 

IPTG isopropyl p-D-thiogalactopyranoside

kb kilobase pairs

kD kilo Daltons

LB Luria/Bertani broth

LMA low melting point agarose

M molar

mA milliamps

MOPS 3-[N-morpholino] propanesulphonic acid

mRNA messenger ribonucleic acid

M.W. molecular weight

N P-4 0 Nonidet P-40

nt nucleotide
O D550 optical density at a wavelength of 550nm

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline (150mM NaCI;
3mM KCI; 8mM Na2HP04 ; 1.5mM KH2P04)

pi isoelectric point

RNA ribonucleic acid

rpm revolutions per minute

SDS sodium dodecyl sulphate

214



SSC standard saline citrate (1 x = 150mM NaCI;

15mM tri-sodium citrate)

TE 10mM Tris/1mM EDTA

TEMED N.N.N’.N’-tetramethylenediamine

Triton X-100 octy phenoxy polyethoxyethanol

T r i s  Tris [hydroxymethyl] aminomethane

T T P  thymidine triphosphate

TWEEN 20 polyoxyethylene-sorbitan monolaurate

UV ultra violet

X -g a l  5-bromo-4-chloro-3-indolyl-p-D-

galactopyranoside
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Summary

With retrovirus-mediated gene transfer, we used intact 
and deleted keratin proteins to investigate the molecu
lar basis of intermediate filament function. Three lev
els of assembly show a different stringency for the 
involvement of individual keratin domains: protein ac
cumulation requires the a helix domains; stable fila
ment formation additionally requires both N- and C-ter- 
minal domains of either one of the two interacting 
keratins, suggesting that head to tail homotypic inter
action is important for effective elongation; and higher 
order organization of the cytoplasmic network depends 
on correct type l-type II pairing of keratins. The pres
ence of two distinct interaction sites along potentially 
different axes may explain the characteristic morphol
ogy of keratin intermediate filament networks.

(introduction

linte'mediate filaments are a multigene family of major 
structural proteins. Specific members are expressed at 
def'ned points in tissue and organ differentiation, and im- 
munohistochemical probes for these proteins are widely 
used to monitor the progress of cellular differentiation. 
The link between intermediate filament expression and 
differentiation is so tight that the intermediate filament 
phenotype constitutes a fundamental aspect of tissue dif
ferentiation. Most intermediate filament proteins are kera- 
tiins (cytokeratins), found in different kinds of epithelia, 
where a structural role for intermediate filaments is most 
easy to comprehend: keratin filaments form a transtissue 
metvork through their linkage to desmosomes at the cell 
rmenbrane, which probably contributes to the structural 
rcesiience of epithelia as barrier layers.

Sx groups (types I to VI) of intermediate filament pro
teins are distinguishable in vertebrates, based on amino 
aide sequence relatedness and patterns of expression. 
TThe largest groups of these are keratins, of the type I 
(smaller and acidic, including keratins K9-K19) or the type 
III gioup (larger and neutral or basic, including keratins 
KCI-IC8). These are selectively coexpressed in epithelial 
tiissiies as type I + type II pairs to form heteropolymeric 
kterdin filaments: K8 + K18 are the primary keratins of 
eiarlr embryos and in adult simple epithelia, whereas K5 
-H- K14 are the primary keratins of stratifying nonsecretory 
eppitiielial cells. A number of alternative, secondary keratin 
p>airs are expressed additionally according to tissue. The 
reeason for the selective expression of different intermedi

ate filaments in different tissues is not understood, and 
neither is the functional basis for the need for heterotypic 
filament formation in keratins. Type III intermediate fila
ments consist of the mesenchymal proteins vimentin, des
min, glial fibrillary acidic protein, and peripherin. In con
trast to the keratins, all the type III filament proteins will 
form homopolymers, and they occur predominantly as 
single intermediate filament protein species in the appro
priate cell type. Type IV are the neurofilament proteins, 
type V are the nuclear lamin proteins, and type VI are the 
most recent addition to the family (nestin; Lendahl et al., 
1990).

All intermediate filament proteins share the same struc
tural form with a long a-helical rod domain, which dimer- 
izes to form a coiled coil nearly 50 nm long and which is 
flanked by nonhelical N- and C-terminal domains. The 
a-helical domain is the structural unit of the filament poly
mer and is interrupted at specific points by short, nonheli
cal linker stretches (L1, L12, and L2; Steinert and Roop,
1988) of unknown function to give helical subdomains 1A, 
1B, 2A, and 2B. The nonhelical termini, the N-terminal 
“head” and the C-terminal “tail” domains, are more vari
able in sequence than the helical domain. With such con
served structural features it is likely that there will be com
mon principles governing assembly and polymerization.

Specific functions have not yet been attributed to dis
crete domains of intermediate filaments. However, it is 
known that selective parts of the helix in keratins contain 
heterotypic binding capacity (Hatzfeld et al., 1987; Magin 
et al., 1987), phosphorylation sites lie in the nonhelical ter
minal domains and phosphorylation can interfere with po
lymerization (Bowden et al., 1984; Geisler et al., 1987; 
Geisler and Weber, 1988; Inagaki et al., 1987; Julien and 
Mushynski, 1983), head domains but maybe not tail do
mains are required for polymerization (Albers and Fuchs, 
1987; Bader et al., 1986; Kaufmann et al., 1985; Nelson 
and Traub, 1983; Traub and Vorgias, 1983), and in some 
proteins at least part of the terminal domains protrude out
side the body of the polymerized filament (Hisanaga and 
Hirokawa, 1988; Steinert et al., 1985; Steven et al., 1985; 
Willard and Simon, 1981). It has been suggested that ter
minal domain sequences have evolved under different or 
additional selection pressures from those acting on the a 
helix (Klinge et al., 1987): part of the tissue specificity may 
lie in the sequences of the terminal domains, since in 
coexpressed keratin pairs these domains seem to show 
sequence characteristics according to the tissue in which 
they are expressed rather than to their type (Jorcano et al.,
1984).

To study the function of specific domains of intermediate 
filaments, keratins have been selectively introduced into 
fibroblasts using retrovirus-mediated gene transfer, and 
their subsequent organization in the fibroblast cytoplasm 
monitored with monoclonal antibodies. We have analyzed 
the behavior of the four keratins commonly expressed in 
simple epithelia, i.e., K18 and K19 (type I) and K7 and K8 
(type II). K7 is closely related to K8 and is found in a subset
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Figure 1. Diagram of the DOR Retrovirus 
Vector
This vector was used with either neo or hgr for 
drug selection to introduce keratins and keratin 
derivatives into NIH 3T3 cells.

of these tissues. K19 is the naturally occurring “tailless” 
keratin, with no functional C-terminal nonhelical domain 
(Bader et al., 1986), and although from sequence analysis 
it is clearly related to the keratins of stratifying epithelia 
rather than to simple epithelial keratin K18 (Stasiak et al.,
1989), it has an unusually wide distribution in both simple 
and stratified epithelia. Using the observation that solitary 
unpaired keratin proteins are not stably expressed in any 
quantity, although mRNA is present, we have introduced 
keratin cDNAs into fibroblasts by retrovirus vectors and 
have examined the relative competence of different intact 
and deleted keratin pairs to assemble. This has provided 
information about the function of specific subdomains of 
these proteins in filament formation.

Results 

Retroviral Vector Introduction of Keratins 
into Fibroblasts
Retrovirus-mediated gene transfer is an efficient way to in
troduce human cDNAs encoding simple epithelial kera
tins into nonepithelial cells since the natural infectivity of 
the retrovirus is used to bypass the cell membrane barrier. 
The resulting integration of single-copy viral DNA (Brown 
and Scott, 1987) means that keratin-encoding inserts car
ried within these vectors will be introduced into the host 
genome at physiologically appropriate levels. Selectable 
marker genes were introduced into the same retroviral ex
pression vector as the keratin insert of interest, to allow 
rapid establishment of cell lines after each infection. In 
these experiments the retroviral expression vectors DOR- 
neo and DOR-hygro were used (Figure 1); DOR vectors 
are modifications (J. Morgenstern, unpublished data) of 
the DOL vector (Korman et al., 1987). The type I keratins 
(K18 and derivatives, K19, and K14) were cloned into the 
DOR-neo vector containing the neomycin resistance gene 
neo, and the type II keratins (K7, K8, and their derivatives) 
were cloned into the DOR-hygro vector carrying the hy- 
gromycin resistance gene hgr, so that when necessary 
double drug selection could be applied with both G418 
and hygromycin to select cells expressing a type I keratin 
as well as a type II keratin. All the keratin constructs were 
cloned into a similar immediate environment (Figure 1). 
The keratin gene was driven by the viral long terminal re
peat (LTR) promoter, and the drug resistance genes were 
driven by the SV40 large T promoter. To avoid interference

with viral sequences and to increase transcription effi
ciency, 3' untranslated sequences were minimized, and 
the genomic integration site in the host cell was thus left 
as the only uncontrollable variable. Mouse NIH 3T3 cells 
were used as the host line since the species difference al
lowed us to monitor gene expression using human- 
specific antibodies. These 3T3 fibroblasts never sponta
neously expressed simple epithelial keratins, and neither 
were endogenous keratins induced in any of the single 
keratin-containing fibroblasts ("single-keratin fibroblasts”). 
Because of the possibility that certain types of mesen
chymal cells may express simple epithelial keratins (Dar- 
mon et al., 1984; Ferretti et al., 1989; Giudice and Fuchs, 
1987; Jahn et al., 1987), the NIH 3T3 fibroblasts were regu
larly tested for this throughout these experiments.

The combinations of intact and deleted keratins that 
were experimentally expressed in NIH 3T3 cells are listed 
in Table 1, which also shows a simplified summary of ob
servations from these experiments. The use of immunoflu
orescence with monoclonal antibodies to keratins as the 
primary assay system for these experiments has many ad
vantages over alternative techniques. First, large num
bers of cells can rapidly be assessed in each experiment, 
and the establishment of cell lines meant that assays were 
also repeated over multiple passages for each experi
ment. For most of the experiments shown in Table 1, 
around 106 cells (i.e., two to six subconfluent whole 5 cm 
plates) would have been examined. This reduced the 
likelihood of overinterpreting rare events. Experiments 
sometimes showed some quantitative variability from cell 
to cell, but at the same time consistent morphological 
characteristics were observed for each experiment. These 
morphological states were recognizable in double blind 
assays, and could be classified into simple phenotypic 
categories (Table 1).

Second, the use of a living cell for the assay system 
gave information that would not be accessible from in vitro 
assembly experiments. A wide range of keratin filamen
tous structures was observed in these experiments, from 
short, kinked linear fragments to dense filamentous net
works that were indistinguishable from keratin filament 
systems observed in epithelial cell lines. It is probable that 
all of these structures would have been interpreted as evi
dence of assembly competence in an in vitro polymeriza
tion assay scored by electron microscopy. The deficien
cies of some of the deleted keratin structures are only



Table 1. Polymerization Competence of Different Combinations of Keratins and Their Deleted Derivatives Expressed in NIH 3T3 Cells

Keratins and Derivatives 
Introduced into NIH 3T3 Cells

Domains Intact Immunofluorescence Observations

Type I Type II Protein Detected Elongation Occurring Network Forming

K18 + K8 HRT HRT + + 3
K18 + K7 HRT HRT + + 3
K18 + K8.A HRT HR + + 3
K18.A + K8 HR HRT + + 3
K18.A + K7 HR HRT + + 3
K18 + A.K7.A HRT R + + 3
K18 + A.K7 HRT RT + + 3

K19 + K8 HR HRT + + (3)
K19 + K7 HR HRT + + (3)

K14 + K8 HRT HRT + + 2
K14 + K7 HRT HRT + + 2

K18.A + K8.A HR HR + ( + ) 1
K19 + K8.A HR HR + ( + ) 1
K18 + K8(ABglll) HRT H T + ( + ) 1
K19 + K8(ABglll) HR H T + ( + ) 1

K19 + A.K7 HR RT + _ 0
K19 + A.K7.A HR R + - 0
K18.A + A.K7.A HR R + - 0

K18(ABgl-Bam) + K8 H T HRT _ _ 0
K18(ABgl-Bam) + K7 H T HRT - - 0

K14 + K18 HRT _ _ _ 0
K14 + K19 HRT — - _ 0
K7 + K8 - HRT - - 0

H (head domain), R (rod domain), and T (tail domain) denote domains that are intact in the type I or type II keratin. Plus or minus signs denote 
the presence or absence of protein detected or observed elongation as indicated; the quality of network formation is graded 0-3, where 3 is not 
significantly distinct from filaments in natural epithelial cells and 0 means no evidence of linear assembly by immunofluorescence.

apparent at the level of higher order structure when ex
pressed in the cytoplasm of moving and dividing cells. By 
immunofluorescence microscopy it could be seen that the 
majority of deleted keratin combinations used here as
sembled into linear structures, which could be secondarily 
coiled or bunched. In this paper we have broadly referred 
to these states of partial or abortive polymerization as 
“elongation,” to distinguish them from exclusive lateral 
aggregation (bundling) or random aggregation (spontane
ous or induced) of these long molecules, which gives a 
quite different immunofluorescence appearance (Klym- 
kowsky et al., 1983; Knapp and Franke, 1989; Tolle et al., 
1985).

Third, the “transgenicf keratins could be selectively de
tected, and distinguished from any possible endogenous 
mouse keratin, by the use of human-specific monoclonal 
antibodies for K18 (antibodies DA7, RCK106) and K19 (an
tibody A53-B/A2) and by the use of N-terminal addition of 
SV40 T antigen tags in the case of K7 (antibody PAb204) 
and K8 (antibody PAb423).

Single Keratins Are Not Efficiently Accumulated 
in the Cytoplasm
Single keratins, expressed in the absence of a keratin of 
tihe complementary type, are rapidly degraded (Domen- 
joud et al., 1988; Knapp and Franke, 1989; Kulesh et al.,

1989; Kulesh and Oshima, 1988). The behavior of fibro
blasts expressing only one keratin in these experiments 
accorded with these findings. Pulse-chase experiments 
following published protocols (Kulesh et al., 1989) showed 
detectable single-keratin protein at 30 min, which was to
tally degraded by 3.5 hr (data not shown; K18 was immuno- 
precipitated with rabbit antiserum [gift from R. Oshima] 
and K8 precipitated with TS-1 monoclonal antibody [Sund- 
strom et al., 1989]). In contrast to the transfection experi
ments, however, no keratin protein was detected by im
munofluorescence staining or sensitive immunoblotting 
techniques with strong antibodies, even though specific 
keratin mRNA was found to be present. This was the case 
for all NIH 3T3 clones containing a single retrovirus kera
tin-coding sequence (either K7, K8, K18, K19, or K14).

The retrovirus-derived keratin mRNA is quite distinct 
from endogenous mouse keratin transcripts, and this 
difference allowed us to clone and establish a series 
of single-keratin fibroblast lines. The mRNA transcribed 
from integrated viral DNA is larger (about 4.9-5.1 kb) than 
the mouse keratin mRNA (1.5-1.7 kb) (Figure 2), since the 
retroviral DNA gives a polycistronic message from one 
LTR to the other. The steady-state level of mRNA expres
sion varied slightly from clone to clone, which may reflect 
the environmental influence of different integration sites in 
the genome. Therefore from each experiment, six drug-



B ^  Figure 2. Expression of mRNA of Human Ker-
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Total RNA from mouse fibroblast NIH 3T3 cells 
and MPYK mouse prostate epithelial cells was 
hybridized with 32P-labeled cDNA probes of 
K7, K8, K18, and K14 separately as negative 
and positive controls. (A) The steady-state level 
of mRNA of the first keratin introduced is not 

, cx»- grossly affected by the introduction of the sec
ond keratin, independent of the type of the sec- 

► tP  ^  ond keratin. (B) When two keratins of the same
p ro b e :  K 8  K 1 8  K 7  K 1 4  type (K8 + K7, K18 + K14) are introduced into

the same 3T3 cells, mRNAs of both keratins are
readily detected even though protein is not observed. In K8 + K7 cells, K7 was introduced into K8-containing single-keratin fibroblasts; in K18 + 
K14 cells, K14 was introduced into K18-containing single-keratin fibroblasts. The size difference between the mRNAs of endogenous keratins from 
MPYK and retroviral keratins in 3T3 cells is significant and characteristic. Large arrowheads show viral keratin transcript in NIH 3T3 cells (vK) and
endogenous cellular keratin in MPYK cells (cK); small arrowheads indicate position of ribosomal RNA.

resistant clones were isolated from the pool of infected 
cells and the clone expressing the highest level of retro
viral keratin mRNA was selected for further study.

The apparent lack of keratin we observed following viral 
infection, in contrast to the substantial amounts of keratin 
observed in transfection experiments, may simply reflect 
a lower overall steady-state level of mRNA synthesis. 
Functional genes for K8, K18, and K19 exist as single cop
ies in the genome (Bader et al., 1988; Waseem et al., 
1990a, 1990b), and the expression from retroviral single
copy keratin DNA may be more physiologically realistic 
than that from multiple copies following transfection. Sin
gle keratins may rarely be detectable in SV40-transformed 
cells (Knapp and Franke, 1989), but the status of the 
involved genes in these cells after the chromosomal dam
aging effects of SV40 is not known; T antigen is also 
known to interfere with control of transcription of cellular 
genes in various ways (Mitchell et al., 1987; Schutzbank 
et al., 1982; Scott et al., 1983). In our experiments the ab
sence of any detectable keratin filaments in itself supports 
the absence of spontaneous or induced endogenous ker
atin in these cells, since endogenous complementary ker
atin would have stabilized the transgenic protein, leading 
to filament formation (see below) after the first transgenic 
keratin had been introduced.

The control experiment of introducing any of the retro
viral constructs with full-length intact keratins into a kera
tin-containing epithelial cell line (mouse prostate MPYK 
cells; Kubota et al., 1981) resulted in the synthesis of hu
man keratin protein from the construct and its incorpora
tion into the existing mouse keratin filament network. This 
confirmed that the constructs were functioning correctly 
and could be expressed. Similar control experiments for 
expression were carried out for the head- and tail-deleted 
keratin derivatives, and all were observed to become in
corporated within the keratin network of these epithelial 
cells.

Type I with Type II Keratin Leads to 
Accumulation of Protein
The secondary introduction of an intact complementary 
keratin cDNA into one of the single-keratin fibroblast lines

led without fail to detectable levels of both keratins. No sig
nificant alteration in the steady-state level of mRNA of the 
first keratin was observed, however, whether a second ker
atin was a complementary (heterotypic) keratin or a homo- 
typic one (Figure 2), suggesting that there is unlikely to be 
significant protein to mRNA negative feedback regulation 
operating on these retroviral keratins in NIH 3T3 cells. In
duction of immunofluorescence-detectable protein levels 
resulted from any combination of either K18, K19, or K14 
(type I), plus either K7 or K8 (type II). The primary simple 
epithelial keratins K8 and K18, when introduced as intact 
keratins one after the other in this way with retrovirus vec
tors, were expressed as a well-developed filament net
work (Figure 3). Morphologically, this was not significantly 
different from that seen in simple epithelial cells in culture 
except for the lack of substantial cell contacts or any 
desmosome-like structures (as detectable with an anti
body to desmoplakins). Even combinations of keratins 
that would not normally be coexpressed alone in vivo 
could give protection from proteolysis (i.e., K19 + K8, K7 
+ K14, and K14 + K8), although the filaments produced 
were not always normal in appearance (Figures 3; see 
also Figure 8). This buildup of protein levels represents an 
obligatory early stage in type l-type II association leading 
to filament formation, since no filaments can form unless 
the proteins are protected from proteolysis and/or synthe
sized in quantity.

By making a series of keratins deleted at the N- and 
C-termini and combining them in fibroblasts in various 
ways, it became apparent that the integrity of the head and 
tail domains is not critical for this increase in protein, but 
that the critical domain appears to be the a helix. The vari
ous deleted recombinant keratin products tested are de
scribed in Figure 4: even the mutant keratin A.K7. A, which 
had large deletions from both the N- and C-termini, could 
form long filaments when combined in the cell with intact 
K18 (Figure 3).

In some experiments an intermediate stage between 
protein stabilization and filament formation was detected. 
With the naturally tailless K19, A.K7.A could associate suf
ficiently to inhibit proteolytic degradation of both keratins, 
but no filaments were seen. Stabilized proteins were, how-
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MPYK: A.K7.A

Figure 3. Expression of Complementary Pairs of Intact Keratins in NIH 3T3 Fibroblasts Gives Rise to Well-Developed Keratin Filaments 

Keratins expressed are as indicated. Long filaments are formed if at least one keratin is intact, but absence of terminal domain from both keratins 
will prevent effective polymerization even though some protein stabilization takes place. (K19 is naturally tailless; for details of experimental deletions 
see Figure 4.) Severely deleted keratin A.K7.A expressed in MPYK epithelial cells is still incorporated into a preexisting keratin filament network. 
K18 + K8 and K19 + K8 were stained with CAM 5.2; the rest were stained with LP1K except MPYK. A.K7.A was stained with PAb204 to K7 tag. 
C loned cell lines are shown except for K18.A + A.K7.A and K19 + A.K7.A, which are uncloned pooled cells. Magnification: 610x.
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Figure 4. Diagram Showing the Structure of the Recombinant Keratin 
Derivatives Expressed in NIH 3T3 Cells in These Experiments 

The consensus intermediate filament structure is shown at the top. K19 
was not deleted but naturally lacks a tail domain. Numbers above dia
grams refer to amino acid number of the relevant full-length keratin; 
annotations below denote restriction enzyme sites in the cDNAs used 
to derive the deletion constructs. Thick bars denote the 17 amino acid 
SV40 T antigen tags seen by PAb204 (head deletions) or PAb423 (tail 
deletions). (A indicates alterations from the normal protein.)

ever, detectable as diffuse amorphous cytoplasmic immu
nofluorescence (Figure 3) and positive immunoblotting 
signals (Figure 5). Similar results were observed when 
tail-truncated K18 was combined with N- and C-deleted 
K7; protein was stabilized but no filaments formed (Fig
ures 3 and 5; Table 1). Immunofluorescence staining lev
els were lower in these cells than in cells where filaments 
were seen, since the nonfilamentous keratin was inade
quately retained by the methanol-acetone fixative used to 
preserve antigenicity for the monoclonals. However, the
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Figure 5. Immunoblotting Analysis of Recombinant Keratins Ex
pressed in Fibroblast Lines

Total cell protein from NIH 3T3 cells containing K19 alone (lane 1), K19 
+ A.K7.A (lanes 2 and 3), K19 + A.K7 (lane 4), K18.A + A.K7.A(lanes 
5 and 9), or HeLa total cell protein (lanes 6 and 7) or MCF7 cytoskeleton 
extract (lane 8) were immunoblotted with monoclonal antibodies BA17 
to K19 (lanes 1 and 2), LP1K to K7 (lanes 3-6), or DA7 to K18 (lane 9). 
Lanes 7 and 8 are stained with Coomassie blue. Transition from unsta
ble K19 in the single-keratin fibroblast (lane 1) to stable K19 on addition 
of A.K7.A can be seen as the appearance of a positive signal in lane 
2. Note the size differences between the increasingly deleted K7 and 
K18 recombinant proteins. In lane 6 (HeLa cells), LP1K stains K7 and 
the major degradation fragment, which is similar in size to A.K7.A 
and is thought to consist of the protease-resistant a helix.

immunoblotting signal levels (using total cell protein) were 
comparable between the polymerizing and nonpolymeriz
ing experiments, with a variability range of only 1- to 3-fold.

These experiments confirmed the absolute requirement 
for heterotypic keratins in pairing and polymerization 
(Eichner et al., 1986; Hatzfeld and Franke, 1985), since 
two different keratins of the same type (e.g., K8 + K7, K18 
+ K14, andK19 + K14) were never able to interact to stabi
lize each other and no protein was observed, although in 
all cases mRNA for both keratins was readily detected 
(Figure 2B).

Only one deleted protein, K18(ABglll-BamHI), gave a 
null staining result in the presence of an intact com
plementary keratin and therefore was unable to form 
stabilizing complexes with complementary keratins. This 
contained a large deletion from the a-helical rod domain 
of K18, removing amino acids 139-340 (most of helix 1B, 
linker L12, and most of helix 2). In contrast, K8(ABglll) 
could still form heterotypic complexes with type I keratins 
(Figure 6): this K8 derivative had lost helix 2A and flanking 
linkers L12 and L2 (amino acids 237-305). The structures 
produced, however, were not morphologically normal fila
ments, but were variable in length (mostly very short) and 
sometimes clumped (Figure 6). This may have to do with 
distortions produced by unequal lengths of the interacting 
type I and type II helices.

Based on the above results, the following conclusions 
can be drawn. First, heterotypic association depends on 
the a helix and is not prevented by deletions to the nonhe
lical N- and/or C-termini. Second, an incomplete rod do
main can still be sufficient to reduce keratin proteolysis,
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K18 + K8(ABglll)

K19 + K8(ABg II I)

Figure 6. Effect on Filament Formation of Deleting Helix Domain 2A: 
Immunofluorescence Staining of K8 with Monoclonal Antibody CAM 5.2 

Both combinations K18 + K8(ABglll) and K19 + K8(ABglll) gave visi
ble protein complexes in NIH 3T3 cells, but could only form irregular 
filamentous fragments and aggregates. Magnification: 610x.

although all rod domain deletions tested had a detrimental 
effect on filament formation. Third, there are no binding 
sites crucial for stabilization of a type I keratin protein lo
cated within helix 2A of type II K8. Finally, although single
keratin degradation can be reduced by heterotypic keratin 
pairing at this level, pairing is not selective beyond the re
quirement for one type I keratin with one type II keratin.

Polymer Elongation and Filament Formation
It was observed that elongation, or polymerization to 
microscopically visible elongated linear structures, takes 
place following heterotypic pairing of keratins provided 
that at least one of the two participating keratins has both 
head and tail domains intact (Table 1). C-terminal tail- 
truncated K8 (K8.A) with intact K18 produced a filament 
network that was not significantly different from that pro
duced by intact K18 + K8. Flowever, when the same K8.A 
was expressed in K19-containing 3T3 cells, only short 
kinked filamentous structures were formed (Figure 7): in 
this experiment neither of the two interacting keratin poly
peptides is intact as both lack a complete tail domain (K19 
being naturally tailless; Bader et al., 1986; Stasiak and 
Lane, 1987).

In the absence of an appropriate strong human-specific

monoclonal antibody to K7, the 5' ends of K7-derived dele
tion constructs were tagged with a synthetic oligonucleo
tide encoding a 17 amino acid peptide from SV40 large T 
antigen, which is known to be recognized by the monoclo
nal antibody PAb204 (Mole et al., 1987). This monoclonal 
antibody could then be used as a specific probe for such 
tagged deleted proteins. N-terminal (head) truncated K7 
(A.K7) formed normal keratin filaments with intact K18 (no 
significant difference from K18 + K8). (This experiment 
shows that the SV40 T antigen tag on the N-terminus of 
A.K7 does not in itself interfere with polymerization.) This 
A.K7 keratin was, however, unable to form cytoplasmic 
filaments with K19, since only diffuse immunofluores
cence was observed. In this combination of proteins one 
keratin lacks the head domain (A.K7) and the other lacks 
a tail domain (K19). Furthermore, N- and C-terminally trun
cated K7 (A.K7.A) could form keratin filaments with intact 
K18 but not with K19 (Figure 3). However, intact K7 was 
able to form long filaments with K18 or K19 (Figure 3). The 
simplest interpretation of these results is that within a ker
atin pair one of the proteins must have both end domains; 
with one intact species in the heterotypic complex, fila
ments will form even if the other keratin is deleted at both 
ends.

When combined with intact complementary keratins, all 
these deleted constructs were permissive for polymeriza
tion, or could be incorporated into filament networks. 
When A.K7. A was introduced into mouse MPYK epithelial 
cells, a filamentous network staining pattern was ob
served (Figure 3), demonstrating the ability of even se
verely deleted keratin molecules to associate with existing 
keratin filaments. However, the ability to form a keratin fila
ment network de novo, in the absence of any preexisting 
filaments, is a more stringent requirement of the keratin 
derivative being tested, and the only experiments leading 
to successful filament formation by a truncated keratin 
were those in which the other keratin had intact terminal 
domains (Table 1).

To distinguish between the generalized effect of lack of 
a tail domain and specific differences between the be
havior of simple (K18) and keratinocyte-type (K19) keratin 
sequences, K18 was deleted at the C-terminus to mimic 
the short K19 (Figure 4). This K18.A was introduced into 
single-keratin fibroblast lines expressing retroviral K7 or 
K8 mRNA. Polymerization was normal with full-length K7 
or K8 (see Figure 7), giving networks indistinguishable 
from those formed by intact keratins K18 + K7 or K8. 
These networks were, however, better formed than the 
ones produced by full-length keratins K19 + K8 or K7. 
When tail domains were missing, K18.A + K8.A gave rise 
to more protein than K19 + K8.A, but a similar defective 
phenotype was seen in both (Figure 7). Like K19, tail- 
truncated keratin K18.A was unable to polymerize prop
erly with truncated keratin A.K7.A, although it did form 
stabilizing complexes with this keratin helix (Figure 5) and 
was detectable as diffuse amorphous immunofluorescence 
in the cell (Figure 3).

Collectively, these results strongly suggest that within a 
keratin pair, one, but only one, of the keratin proteins must 
contain intact functional N-terminal head and C-terminal
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Figure 7. Tail Domains of Keratins Are Required for Effective Filament Formation

Four experiments are shown here stained with monoclonal antibody CAM 5.2 for K8. In filaments formed by either K18.A + K8 or K18 + K8.A, one 
of the keratins is intact, allowing normal filament network formation. However, in filaments formed by K19 + K8.A or K18.A + K8.A, neither of the 
keratins has a functional tail domain, and the filaments cannot elongate effectively. Magnification: 610x.

tail domains in order for a cytoplasmic network of long fila
ments to form as effectively as that observed in natural ep
ithelial cells in tissue culture.

Filament Network Organization
In epithelial cells, keratin filaments form a characteristic 
reticular network of anastomosing filament bundles. This 
is morphologically quite distinct from the sinuous filamen
tous arrays that are characteristic of vimentin, and when 
they are coexpressed, the two types of intermediate fila
ment system can be unequivocally distinguished from one 
another within the same cell by immunofluorescence as
says. When introduced together into fibroblasts, intact ker
atins K18 + K8 and K19 + K8 formed substantial keratin 
filament networks, which were very similar to those seen 
in normal cultured epithelial cell lines, although no des- 
mosomes were seen and the cells still resembled fibro
blasts in shape. However, a difference can be seen be
tween the two networks (Figures 3 and 8). The network 
formed between K18 + K8 appears as a strong, clear pat
tern of continuous filaments, while the network formed by

K19 + K8 filaments was more irregular and discontinuous, 
with less demonstrable filament bundling (Figure 8). Simi
lar results were obtained with K7: K18 + K7 formed a well- 
defined filament network, while K19 + K7 formed a less 
organized one (Figure 3). An inferior degree of structural 
organization had also been noted for K19 (K19 + K8.A) as 
opposed to experimentally tail-deleted K18 (K18.A + 
K8.A) (Figure 7), suggesting that K19 might be behaving 
fundamentally differently from K18. This difference could 
be due to the fact that K19 is much more closely related 
to the keratinocyte keratins than to simple epithelial K18 
(Stasiak et al., 1989). Therefore, another intact keratino- 
cyte-type keratin, K14 (Hanukoglu and Fuchs, 1982), was 
tested in the same system. Introduction of the epidermal 
type I keratin K14 into a single-keratin fibroblast line con
taining type II K7 or K8 led to polymerization of K14 + K7 
and K14 + K8 pairs, which one would not expect to be nat
urally copolymerized in vivo, confirming the flexibility in 
heterotypic pairing and protein stabilizing ability between 
a wide variety of type l-type II combinations. However, the 
appearance of the filamentous structures so formed is
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Figure 8. Effect of Mismatching Keratin Pairs

Detail of extended cell margins with filaments of K18 + K8 (stained with RCK106 to K18) and K19 + K8 (stained with M20 to K8). K19 + K8 filaments 
are less smooth and sinuous and appear not to be properly bundled. Abnormal keratin filaments are also formed with mismatched keratin pairs 
K14 + K8 (K8 stained with CAM5.2) and K14 + K7 (K7 stained with LP1K). Magnification: 1230x.

highly abnormal, showing irregular filaments with poor 
lateral alignment and which are frequently fragmented 
(Figure 8). Thus, specificity of accurate type l-type II pair
ing between keratins becomes important at this third level, 
in the context of the quality of the three-dimensional fila
ment network within the cell cytoplasm.

Discussion

The single-keratin fibroblast cells make a simple system 
in which to investigate keratin interactions, since any 
productive interaction with a second transgenic keratin 
could be scored by immunofluorescence, and large num
bers of cells could be assayed simultaneously to avoid 
misinterpretation of cell to cell variability of staining inten

sity, which was seen here as in epithelial tissue culture 
lines (Lane and Klymkowsky, 1982). Within this experi
mental system, we could examine protein expression and 
function outside the context of gene regulatory mecha
nisms. Detectable protein was only present when two 
complementary keratins did interact to form a heterotypic 
complex, and the effectiveness of subsequent filament 
formation could be scored qualitatively by immunofluores
cence on a population of cells. The moderate expression 
levels of keratins obtained using retroviral vectors also 
probably allow better resolution for recognizing specific 
interactions than do the overexpressing cells that can re
sult from transfections. Using this system we could distin
guish three discrete levels of assembly or molecular as
sociation leading to de novo filament network formation,



in which the role of the a-helical rod domain is quite dis
tinct from that of the nonhelical head and tail domains. 
These levels of association are protein stabilization, fila
ment stabilization, and filament network organization.

Single keratins synthesized in the absence of a com
plementary-type keratin fail to polymerize and are rapidly 
degraded (Domenjoud et al., 1988; Knapp and Franke, 
1989; Kulesh et al., 1989; Kulesh and Oshima, 1988). A 
half-life of less than 3.5 hr (Kulesh et al., 1989; data not 
shown) is very short for KB and K18 as compared with 
90-100 hr for these proteins in mouse hepatocytes (Denk 
et al., 1987). In transfection experiments, unpolymerized 
aggregates of single keratins were readily observed, but 
in the present experiments, keratin levels remained below 
the threshold of detection by immunofluorescence and 
sensitive immunoblotting assays with strong monoclonal 
antibodies. This is interpreted as reflecting a lower steady- 
state level of the single keratins in these cells than that 
usually induced by transfection. These observations sup
port the possibility that posttranslational regulation of ker
atins may naturally effect the quantitative balance of pro
tein levels between two paired keratins in vivo. Other 
examples are known to exist of complex protein machines 
in the cell where unassociated subunits are unstable and 
become degraded, such as T cell antigen receptor com
ponents (Minami et al., 1987) and protein kinase C (Mc- 
Knight et al., 1988).

Protein Stabilization by Heterotypic Association 
Depends on a Helices
The experiments described here indicate that stabilization 
of a keratin is effected by interaction with the a-helical rod 
domain of a complementary keratin, directly or indirectly, 
and that the nonhelical N- and C-termini are not essen
tially involved in this stabilization: a type II keratin with 
both termini truncated (A.K7.A) could still stabilize type I 
keratins. Although the second keratin must be of the alter
nate type (type II to stabilize type I, or type I to stabilize 
type II), the stabilizing second keratin need not be the nat
urally coexpressed partner of the first keratin. Since the 
two keratin species need not form filaments in order to 
stabilize each other (Figures 3 and 5), protein stabilization 
and polymer elongation can be distinguished as two sepa
rate processes.

Deletion of internal segments of the a helix can render 
a keratin incompetent to form heterotypic complexes if the 
deletion is large enough and/or includes essential hetero
typic recognition sequences, such as in the case of the 
deleted keratin K18(ABglll-BamHI) lacking most of helix 
1Band most of helix 2 (amino acids 139-340). Helix 1,and 
the middle of helix 2, of the K8 rod domain have been 
reported to contain sequences with the ability to bind to 
a heterotypic keratin (Magin et al., 1987); possibly K18- 
(ABglll-BamHI) has lost some critical binding sites. A 
smaller deletion (deletion of helix 2A) from K8 did not 
prevent heterotypic recombination between K18 and K8. 
Therefore, although some regions are important for the 
interaction between the two complementary rod domains 
(probably including both ends of the a-helical rod domain;

Albers and Fuchs, 1987, 1989; Kulesh et al., 1989), the 
subdomain 2A is probably not such a region.

Filament Elongation Utilizes Homotypic Head 
and Tail Interactions
Polymer elongation proceeds among intact keratins, pro
vided that heterotypic complexes can be formed. Our 
observations suggest that this is catalyzed by an ad
ditional binding site on the keratins to that used for hetero
typic complex formation. For effective polymerization, at 
least one head and one tail domain must be intact, but 
these intact domains must also both be on the same kera
tin species. N- and C-terminal deletions could be tolerated 
in one of the two interacting keratins (either the type I kera
tin or the type II), but deletions across a pair (K19 + A.K7, 
K19 + K8.A, and K18.A + K8.A) were catastrophic. This 
argues for direct homotypic head to tail interaction of like 
polypeptides as an important step toward efficient elonga
tion. When only the tail domains were absent but head do
mains were intact (K19 + K8.A and K18.A + K8.A), 
crooked filaments or filament fragments resulted (Figure 
7) but long filaments were not formed. The residual poten
tial for partial elongation by K8.A may be a consequence 
of the incomplete removal of the tail domain from this con
struct (about one-third was left), or it could reflect the 
greater importance of the head domain in polymerization 
than the tail domain, as was suggested for desmin (Kauf- 
mann et al., 1985). Further experiments are needed to 
clarify this matter.

“Some Are More Equal Than Others”
Filament network organization is described here as a third 
stage in keratin assembly and association and relates to 
the quality of the filament network that is formed. It has 
been shown that many combinations of mismatched type 
I + type II keratins will associate with each other in vitro 
(Hatzfeld and Franke, 1985; Bader et al., 1986). However, 
when assayed within the cytoplasm as described here, it 
is clear that the matched (i.e., naturally coexpressed) kera
tin pair makes the best-formed higher order filament net
works; mismatched type l-type II pairs produce inferior 
networks in which filaments or filament bundles are vari
ably fragmented and inadequately aligned (Figure 8). 
With K7 and K8, K18 is superior to K19, which is better than 
the keratinocyte keratin K14. From the immunofluores
cence staining pattern it appears that the network of mis
matched keratins is less stable in a living cell. Since in all 
cases both proteins are protected from the proteolytic 
degradation that clears single keratins, the problem with 
mismatched keratins may arise from steric hindrance in 
the filament packing as the K14 tail is larger than that of 
K18 (the usual partner of K8). It may be that it is only at 
this stage of filament assembly that it becomes critical 
which type I keratins are interacting with which type II ker
atins.

Previous polymerization studies with mismatched K19 
+ K8 in vitro had not detected such differences in the 
quality of the filaments produced when they were ana
lyzed by electron microscopy (Hatzfeld and Franke, 1985;



Magin et al., 1987), in spite of the obvious deficiencies 
demonstrated here. Subtle defects may only become ap
parent in a network subjected to some torsion as in a grow
ing and replicating cell; the difference may be significant 
enough in a tissue to make this keratin combination unac
ceptable as the primary filament network. In vivo, K19 has 
never been detected polymerizing with K8 in a cell or tis
sue where there is no K18, and it is never expressed as 
the major type I keratin (with one possible exception in a 
vestigial oral epithelium; Gao et al., 1988). The relatively 
poor filament network formed between K19 and K8 sup
ports our hypothesis that K19 has not been conserved pri
marily for its filament-forming properties, but rather as a 
switch or buffer keratin to stabilize the protein of super- 
numary type II keratins in a transitional situation (Stasiak 
et al., 1989).

A number of studies have addressed the question of the 
function of intermediate filament nonhelical terminal do
mains, but so far only one report (Quinlan et al., 1989) has 
suggested a role for the C-terminal “tail” domain: in this 
recent study a bacterially produced GFAP-A,cll fusion pro
tein lost its ability to polymerize when the tail domain was 
deleted from the expression construct. Chemical proteoly
sis experiments on type III filament proteins have impli
cated the head domain of vimentin and desmin, but not 
the latter part of the tail domain, in in vitro filament assem
bly (Kaufmann et al., 1985; Traub and Vorgias, 1983). 
Other experiments in vivo have involved forcing the ex
pression of the aberrant proteins in cells that already pos
sess a normal intermediate filament network of a type with 
which the detective protein could associate (Albers and 
Fuchs, 1987, 1989; Krimpenfort et al., 1988; van den 
Heuvel et al., 1987). The experiments on keratins (Albers 
and Fuchs, 1987,1989) would appear to suggest that nei
ther the N-terminus nor the C-terminus is essential for fila
ment formation, but since the affinity of type I rod domains 
for type II rod domains is very high, the observed incorpo
ration of mutant keratins into epithelial filaments is at least 
as likely to involve a lateral interaction between the helical 
domains of complementary keratins as to occur by in
tegration through a “treadmill” process. Therefore, the real 
significance of the terminal domains may have been 
masked in most of these experiments by the presence of 
a parallel or preexisting normal filament system. The ab
sence of endogenous keratin filaments may therefore be 
an important factor to consider when studying keratin fila
ment assembly. Keratins do not copolymerize with vimen
tin (Aubin et al., 1980; Kreis et al., 1983; van den Heuvel 
et al., 1987), so that keratin filaments in these NIH 3T3 
cells will only arise by de novo polymerization of a com
plementary pair of keratins.

Models for Polypeptide Alignments 
in Polymerization
The heteropolymeric keratins provide a unique opportu
nity of distinguishing between stable tetramers and earlier 
stages of assembly. It is not known whether or not the one- 
or two-chain states of type III proteins are as unstable as 
the keratins since there seems to be no way of suspending

them in a monomeric state, and there is very little un
polymerized intermediate filament protein in the cytoplasm 
(Soellner et al., 1985).

The degree of secondary structural conservation be
tween intermediate filament proteins suggests that the 
principles governing subunit packing within filaments are 
unlikely to differ significantly between different types. Yet 
the obligatory heteropolymeric assembly of type I with 
type II keratins must be accommodated within any plausi
ble model. Several possible alignments of a helices have 
been described that are compatible with known intermedi
ate filament sequences (Steinert and Steven, 1985), but 
recent studies lend strength to one particular alternative. 
Studies on paracrystals of a type III protein, GFAP (Stew
art et al., 1989), have revealed a preferred alignment of the 
a-helical rod domains involving an overlap of the N-ter- 
minal end of the rod between antiparallel adjacent strands 
and a short overlap of the C-terminus of the helix at the 
other end. This arrangement is intellectually appealing 
because it implies essential interactions between regions 
that are highly conserved, in GFAP as well as in other 
types of intermediate filaments. A role as primary interac
tion sites would explain why these regions have been so 
conserved.

Although this model was devised for type III intermedi
ate filament proteins, it is also attractive for keratins, since 
the principle region of interaction between antiparallel 
strands (spanning helix 1) contains conserved specific 
differences between type I and type II keratins, making 
this a candidate target site for heterotypic pairing. Con
versely, the section of helix 2 that is not involved in this in
teraction contains the most variable section of interme
diate filament helix sequence. Other existing data are 
compatible with the application of the GFAP-based model 
to keratins. For instance, deletion of either end of the rod 
domains (in K14 and K18) stops these proteins forming fila
ments (Albers and Fuchs, 1987,1989; Kulesh et al., 1989); 
helix 1, containing the major overlap site, has been identi
fied as capable of recognizing heterotypic helices in kera
tins (Magin et al., 1987); and helix 2A, which is not in the 
overlap region, is not essential for heterotypic recognition 
or protein stabilization (this study). (Magin et al. [1987] 
have, however, reported that a second heterotypic recog
nition region exists in the middle section of helix 2, outside 
the antiparallel overlap in the GFAP model; more informa
tion is required in order to clarify this point.)

From such a generally acceptable helix alignment mod
el we can extrapolate to construct a hypothesis for the 
stages of molecular assembly of keratins that explains our 
results quite simply. This is illustrated in Figure 9. The two- 
chain coiled coil of keratins is now believed to be a hetero
dimer of type I with type II protein (Hatzfeld and Weber,
1990); the minimal stable particle for intermediate filament 
protein appears to be a four-chain particle or tetramer, 
which is probably antiparallel (Geisler et al., 1985; Geisler 
and Weber, 1982; Ip et al., 1985; Quinlan et al., 1984,
1985). To allow alternate strands in the filament to interact 
across the most type-specific region, this complex would 
be staggered and antiparallel as in the GFAP model. The
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Figure 9. Model for Keratin Assembly into Fila
ments

Single-keratin polypeptide chains (susceptible 
to rapid proteolysis) assemble into coiled-coil 
dimers and then tetramers. To use the most 
conserved type-specific regions for selective 
pairing between type I and type II keratins and 
to comply with the model recently proposed for 
GFAP (Stewart et al., 1989), these tetrameric 
complexes should be antiparallel and staggered. 
This arrangement will then support homotypic 
head to tail interactions in the elongation stage 
The model shows that even tetramers in which 
one of the two species is deleted at both ends 
will polymerize, as long as the other species is 
intact. Inset shows the arrangement that would 
result if the coiled-coil dimer is a homodimer: 
this would give a polarized filament with asym
metric ends.

exact length of the overlap may vary from one interme
diate filament type to another according to how far the 
a-helical secondary structure extends toward the N-ter- 
minus of the protein, provided that the distance between 
the heterotypic binding sites is maintained. Estimations of 
the N-terminal extent of the a-helix vary between different 
intermediate filament proteins, although the C-terminal 
end of the helix usually conforms to a tight consensus.

Elongated chains are formed secondarily as staggered 
antiparallel heterotetramers are assembled. At this point, 
the tetramers may interact via the second area of helix 
overlap at the conserved helix termination peptide and se
quences in the head and tail domain. To account for the 
ability of a type l-type II complex to assemble into linear 
filaments even though one of the proteins lacks one or 
both terminal domains, it is predicted that a head to tail in
teraction between sequential keratins of the same type is 
important for filament stabilization (Figure 9): the high af
finity between the helical domains would keep the defi
cient protein associated with the competent one, and 
homotypic head to tail interactions of the intact protein 
would reinforce filament elongation. The shorter helix 
overlap at the helix termination peptide must also (as dis
cussed) be important for polymerization, but it is probably 
too well conserved to represent a binding site important 
for selective keratin assembly. Overexpression of recom
binant protein lacking this site has been shown to lead to 
disruption of the entire cytoplasmic keratin network (Al
bers and Fuchs, 1987; Kulesh et al., 1989); it may repre
sent an interaction site that ensures parallel alignment of 
tetramers.

This model for filament assembly implies two different 
kinds of interaction sites, lateral site/s along the a helix (H) 
and terminal site/s (T) within the nonhelical domains (Fig
ure 10). The location of the N- and C-terminal T-type sites 
is unknown; T sites need not be at the extreme termini, 
and may even be repeated. The characteristic tissue- 
specific repeat motifs in the V1 and V2 terminal subdo
mains (Steinert and Roop, 1988) are obvious possible

candidates for T-type binding sites, which could account 
for tissue-specific functional features of keratins, since it 
appears from our observations that efficiency of binding 
at T sites can determine physical characteristics of the cy
toplasmic keratin network, such as fragility. Head to tail 
binding between V1 (in the head) and V2 (in the tail) 
repeated motifs could give rise to keratin affinity, which is 
proportional to the length of the V1/V2 subdomain. This 
could be an explanation for residual activity in the deleted 
K8.A, which retains one-third of its C-terminal tail domain: 
this protein is truncated after the SGYAGGLS(S) (subse
quently crudely repeated as [SJAYGGL) within the V2 do
main; the deleted K7 is truncated within the H2 domain 
before the serine- and glycine-rich V2 domain starts.

The existence of two interaction sites along different 
axes also gives the system an added degree of flexibility 
in that one of the sites could be temporarily disrupted with
out breaking the filament or losing the subunit: while
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Figure 10. Two Types of Binding Sites Involved in Polymerization of 
Keratin Intermediate Filaments

H and T indicate helical sites and terminal domain sites, respectively, 
as implied by the necessity of the head and tail domains in filament 
formation: these sites determine two axes for molecular assembly. The 
position of the T site/s within the terminal domains is undetermined; 
they could be repeated.



H-type sites may retain a subunit within one filament, 
T site/s may simultaneously form an interfilament bridge 
with a T site of a neighboring filament. There is evidence 
that some intermediate filament terminal domains extend 
out of the body of the filament (Hisanaga and Hirokawa, 
1988; Steven et al., 1985; Willard and Simon, 1981), which 
could allow termini (or subterminal sites within a loop) to 
interact between parallel 10 nm filaments. The possibility 
for two-way interactions of keratin polypeptides may ex
plain the typical branched network patterns observed in 
keratins, as distinct from other cytoskeletal filament sys
tems such as actin and tubulin, in which the polymer can 
only extend along one axis. The characteristic anastomos
ing and bundling morphology of keratin filaments may 
therefore be an intrinsic property of the proteins them
selves, and may not be entirely dependent on the addi
tional presence of any associated proteins.

Experimental Procedures 

Cell Culture
Mouse NIH 3T3 fibroblasts and cells of a mouse prostate epithelial cell 
line, MPYK (Kubota et al., 1981), were both cultured in Dulbecco’s modi
fied Eagle’s medium containing 10% fetal calf serum. The ecotropic vi
rus packaging cell line, y-2 (Mann et al., 1983), was grown in Dul- 
becco's modified Eagle's medium supplemented with 10% newborn 
calf serum.

Construction of Recombinant Retrovirus DNA 
Construction of Retroviruses Containing Full-Length Keratins
Clones covering the full-length coding regions of K7 (CAE29), K8 
(CAPL4), K18 (CALP1), and K19 (PSE21) were previously isolated, se
quenced, and characterized in our laboratory from a human placental 
library (C. M. Alexander and D. L. Harrison, unpublished data; Stasiak 
et al., 1989). The cDNA clone for human K14 was a gift from E. Fuchs 
(Hanukoglu and Fuchs, 1982). The cDNAs were all subcloned into the 
plasmid pUC19 at the EcoRI site, and the long poly(A) tails of the K8, 
K18, and K19 clones were removed as follows (to avoid interference 
with the vector sequences during transcription, since the viral LTR con
tains its own polyadenlyation site). For K8, a 30 base oligonucleotide 
was synthesized from the Aatll site 3' to the stop codon, containing a 
unique Clal site (to allow a rapid check for the presence of the oligonu
cleotide) and an additional BamHI site downstream. This oligonucleo
tide was used to replace the DNA fragment from K8 between the 
unique Aatll site and the end of the poly(A) tail. For K18, the EcoRI- 
excised cDNA was cut at a unique Kpnl site, 15 bp downstream of the 
stop codon to remove the long poly(A) tail, and the resulting large 
EcoRI-Kpnl fragment was recloned into the plasmid pUC19 using the 
EcoRI and Kpnl sites. For K19, a 67 base oligonucleotide was synthe
sized covering the unique Xhol site at the 3' end of the cDNA sequence 
to the stop codon, including a new unique Clal site and an additional 
BamHI site at its 3' end. This was used to replace the sequence from 
the Xhol site to the 3' end of the cDNA.

After these modifications, the K18 and K19 cDNAs with no poly(A) 
tails were cloned into the DOR-neo retrovirus vector at the EcoRI-Sall 
sites (S'—3*). K8 and K7 were further modifed to create a BamHI site 
at their 5' ends, and then cloned into the DOR-hygro retrovirus vector 
at the BamHI-Sall sites (5'-30. The K14 cDNA was first subcloned into 
the plasmid Bluescript at the EcoRI and Hindlll sites (5-30 t0 collect 
flanking BamHI and Sail sites with which it was then cloned into the 
DOR-neo retrovirus vector at the BamHI-Sall sites (5-30- 
Retrovirus Vectors Containing Mutated Keratins 
Throughout these experiments, the helical domain referred to was 
taken as that included by the best consensus for helix boundary 
sequences, i.e., TMQNLNDR . . .  TYR(X)LLEGE in type I keratins and 
. . .  TYR(X)LLEGE in type II keratins. Variable helix extensions may oc
cur in vivo on either side of this domain according to individual kera
tins. Deletions from the regions encoding a-helical domains were 
made using existing restriction enzyme sites in the cDNA clones for

K8 and K18. A 204 bp Bglll restriction fragment of K8, encoding a-he
lical domain 2A as well as portions of linkers L12 and L2, was excised 
to give the deleted K8 cDNA encoding K8(ABglll); a Bglll-BamHI re
striction fragment (606 bp) encoding most of helix 1B, all of helix 2A, 
and a small portion of helix 2B was deleted from K18 cDNA, giving the 
construct encoding K18(ABglll-BamHI).

K7.A is the product of a short K7 construct deleted at both ends, re
taining only 20 codons of the N-terminal head domain, the complete 
helix-encoding sequence, and the first 14 codons into the C-terminal 
tail domain-encoding sequence (restriction fragment Narl-EcoRI, 1070 
bp). A 16 bp synthetic oligonucleotide sequence containing an in
frame stop codon and the BamHI restriction site was added to the 3' 
end of the truncated K7 cDNA, and a 75 bp sequence was added to 
the 5' end of the truncated K7 cDNA. This 75 bp sequence contains 
10 bp from the 5 'end untranslated sequence of K19, a start codon, and 
a 17 amino acid marker sequence of the SV40 large T antigen, which 
can be recognized by monoclonal antibody PAb204. The reason for 
choosing K19 untranslated sequence is that the K19 cDNA full-length 
clone PSE20 (Stasiak and Lane, 1987) containing this short 10 bp un
translated sequence always gave the highest protein expression of any 
of the cDNA clones currently in use in the laboratory. The A.K7 protein 
was made in a similar manner to A.K7.A with the exception of the 
C-terminal end sequence remaining intact. Truncated K8 (K8.A) was 
made by cutting at a Sacl site to remove the region encoding amino 
acid 425 to the end and replacing it with a 66 bp synthetic oligonucleo
tide sequence containing a stop codon and a 17 codon marker se
quence from the SV40 large T antigen that encodes the epitope recog
nized by a monoclonal antibody PAb423. The product of this truncated 
K8 construct is K8.A. Tailless K18 (K18.A) was produced from a con
struct made using polymerase chain reaction (PCR) (below), contain
ing coding regions for the intact N-terminal head and rod domains and 
7 amino acids into the C-terminal tail domain beyond the consensus 
helix termination peptide.

All the deleted and truncated type II keratins (K8, K8[ABglll], K8.A, 
K7, A.K7, and A.K7.A) were cloned into the DOR-hygro, while all the 
type I keratins (K18, K18[ABglll-BamHI], K19, and K14) were cloned 
into the DOR-neo retrovirus vector. All the keratin-containing retrovirus 
constructs were transfected into the retrovirus packaging cell line \y-2 
as described (Mann et al., 1983), to produce infective retroviruses at 
a titer of 104 cfu/ml.

All keratin mutations were made from the recombinant keratin- 
containing plasmids. Type I keratin mutants were cloned into the DOR- 
neo retrovirus expression vector at EcoRI-Sall sites (5-3'), while all 
the type II keratin mutants were cloned into the DOR-hygro retrovirus 
expression vector at the BamHI-Sall sites (5-3').

PCR and DNA Sequencing
Two oligonucleotide primers were synthesized to generate tailless K18 
by PCR. The 5' primer was taken from the 5' end of the lacZ gene in 
the pUR292 vector into which K18 was subloned and was as follows: 
5 -CGACGGTTTCCATATG-3'. The primer for the 3' end was as follows: 
5'-GTCGACTTAGTCCAAGGCATCACCAAGATT-3'. PCR was carried 
out with 60 ng of linearized K18 cDNA-containing plasmid as template, 
2 mM of each dNTP, 2.5 U of Taq DNA polymerase, and standard PCR 
reaction buffer containing 1.5 mM magnesium, at 94°C for 1 min, 72°C 
for 2 min, and 55°C for 1 min for 30 cycles. The PCR-produced cDNA 
encoding tailless K18, K18. A, was sequenced to confirm the truncation; 
double-stranded DNA sequencing was carried out following the Se- 
quenase commercially recommended protocol.

DNA Transfection and Retrovirus Production
DNA was transfected into y-2 cells using calcium phosphate precipita
tion followed by a 15% glycerol shock. The transfected i|/-2 cells were 
cultured in fresh medium containing 10% newborn calf serum for 
16-20 hr. (Transiently produced retrovirus-containing supernatant 
could then be used to infect NIH 3T3 fibroblasts or single-keratin fibro
blast clones.) The transfected \|/-2 cells were passaged and cultured 
in selection medium, supplemented with either 1 mg/ml G418 to select 
cells containing DOR-neo recombinant retroviruses, or with 300 (ig/ml 
hygromycin to select for DOR-hygro recombinant retrovirus-contain
ing cells. Resistant cells were pooled together, and the ecotropic ret
rovirus-containing supernatants were collected for later infection.



Infection
NIH 3T3 cells, single-keratin fibroblasts, or MPYK cells were infected 
with recombinant keratin retrovirus-containing supernatants produced 
as above, in the presence of 8 mg/ml Polybrene. The infected cells 
were passaged and cultured in medium containing either G418 or 
hygromycin: G418-resistant cells contained DOR-neo with type I kera
tin derivatives, while hygromycin-resistant cells contained DOR-hygro 
with type II keratin derivatives. Resistant cell colonies were picked and 
used for further analysis.

Antibodies and Immunofluorescence Staining
Cells were fixed in methanol-acetone (1:1, 5 min) and stained with any 
of the following monoclonal antibodies to keratins: LP1K to K7 (Lane 
et al., 1985), CAM 5.2 to K8 (Makin et al., 1984; Smedts et al., 1990), 
RCK106 to K18 (Ramaekers et al., 1987), BA17 (Bartek et al., 1985) and 
KM4.62 (ICN Biochemicals) to K19, and LL001 to K14 (Purkis et al., 
1990), which detected both human and mouse keratins; A53-B/A2 to 
K19 (Karsten et al., 1985) and DA7 (Lauerova et al., 1988) to K18, which 
only reacted with human keratins and not with endogenous mouse ker
atins in MPYK cells. Two monoclonal antibodies to SV40 large T anti
gen (PAb204 and PAb423) were used to monitor the expression of kera
tin mutants A.K7, A.K7.A (PAb204), and K8.A (PAb423), which were all 
tagged with either of the two 17 amino acid peptides mimicking the epi
topes of these two monoclonal antibodies (Mole et al., 1987). The 
monoclonal antibody to vimentin, 1118, was a gift from Dr. C. Viebahn 
(Bonn University). Fluorescein-conjugated rabbit anti-mouse immuno
globulin second antibody was obtained from Sigma, and used at 1:100; 
the monoclonal antibodies were used as undiluted culture superna
tant. All antibody incubations were for 1 hr at room temperature, and 
washes were in running tap water for 5 min; samples were mounted 
in Gelvatol (Monsanto).

Immunoblotting
Keratin-containing NIH 3T3 cells were lysed directly in the sample 
buffer containing 1% SDS. DNAase was added and the samples were 
boiled for 5 min and then separated by SDS-polyacrylamide gel elec
trophoresis. Proteins were transferred onto nitrocellulose paper by 
electroblotting. The nitrocellulose paper was blocked in a 10% solution 
of dried nonfat milk powder (Marvel) and the keratin-specific antibodies 
as above were used to detect the keratin proteins.

Northern Blot Hybridization
Twenty micrograms of total RNA was electrophoresed through a 1% 
agarose-formaldehyde gel. Gels were blotted onto GeneScreen Plus 
filters. Hybridization with 32P-labeled DNA probes was carried out at 
42°C in the presence of formamide. Full-length cDNA probes used 
were CAE29 for K7, CAPL4 for K8, CALP1 for K18, and PSE21 for K19. 
Filters were washed at 65°C with 1x SSC and 1% SDS and exposed 
at -70°C overnight.
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