
Regulation of sodium channels

by the ubiquitin-protein ligases

Nedd4 and Nedd4-2

Andrew B. Fotia,

B.Biomed.Sci.(Hons)

Enrolled through the Department of Medicine, Faculty of Health
Sciences, University of Adelaide.

Research conducted at the Institute of Medical and Veterinary
Science, Division of Haematology, Hanson Institute, Adelaide.

A thesis submitted for the degree of Doctor of Philosophy, in the
Faculty of Health Sciences, University of Adelaide.

November 2004



i

Table of contents

Abstract .............................................................................................................vi

Statement ........................................................................................................viii

Acknowledgments............................................................................................ix

Publications .......................................................................................................x

Abbreviations....................................................................................................xi

Chapter 1: Introduction

1.1 Background................................................................................................1

1.2 Ubiquitination .............................................................................................1

1.2.1 Ubiquitin-activating enzymes (E1)...........................................................4

1.2.2 Ubiquitin-conjugating enzymes (E2)........................................................4

1.2.3 Ubiquitin-protein ligases (E3) ..................................................................5

1.2.3.1 HECT-E3s............................................................................................5

1.2.3.2 RING- and RING-like-E3s ....................................................................6

1.2.4 Additional ubiquitination regulators .........................................................9

1.2.5 Proteasomal degradation ......................................................................10

1.2.6 Lysosomal degradation .........................................................................11

1.3 Nedd4-family of proteins ..........................................................................12

1.3.1 C2 domain.............................................................................................13

1.3.2 WW domains.........................................................................................14

1.3.3 HECT domain .......................................................................................16

1.3.4 Function of Nedd4-family proteins.........................................................17

1.3.4.1 Yeast and Drosophila Nedd4-family proteins .....................................17

1.3.4.2 Mammalian Nedd4.............................................................................19

1.3.4.3 Other mammalian Nedd4-family proteins...........................................22



ii

1.4 The epithelial Na+ channel (ENaC) ..........................................................24

1.4.1 ENaC regulation....................................................................................26

1.4.1.1 Hormonal regulation of ENaC ............................................................27

1.4.1.2 Non-hormonal regulation of ENaC .....................................................30

1.4.2 Liddle’s syndrome .................................................................................32

1.4.3 Nedd4-mediated ENaC regulation ........................................................34

1.5 Voltage-gated Na+ channels (Navs) .........................................................39

1.5.1 Nav function...........................................................................................41

1.5.2 Nav regulation .......................................................................................44

1.5.3 Nav chanelopathies ...............................................................................46

1.6 Project aims .............................................................................................50

Chapter 2: Materials and methods

2.1 Nucleic acid manipulations.......................................................................51

2.1.1 RNA extraction......................................................................................51

2.1.2 Nucleic acid quantification.....................................................................51

2.1.3 Restriction endonuclease digestion.......................................................52

2.1.4 Electrophoretic separation of DNA and RNA ........................................52

2.1.5 Purification of DNA fragments from solution or agarose .......................52

2.1.6 Dephosphorylation of DNA....................................................................53

2.1.7 Ligation of DNA into plasmid vectors ....................................................54

2.1.8 Preparation and transformation of competent Escherichia coli .............54

2.1.9 Plasmid purification ...............................................................................55

2.2 Nucleic acid synthesis, amplification and sequencing..............................56

2.2.1 cDNA synthesis.....................................................................................56

2.2.2 Primer design........................................................................................57

2.2.3 Polymerase chain reaction (PCR) .........................................................60



iii

2.2.4 Site-directed mutagenesis.....................................................................61

2.2.5 DNA sequencing ...................................................................................61

2.2.6 DNA constructs used ............................................................................62

2.2.7 cRNA synthesis.....................................................................................69

2.3 Protein analysis........................................................................................70

2.3.1 SDS-PAGE and protein transfer ...........................................................70

2.3.2 Coomassie staining...............................................................................71

2.3.3 Protein expression in E. coli ..................................................................71

2.3.4 Thrombin cleavage................................................................................72

2.3.5 In vitro translation (IVT).........................................................................72

2.3.6 Far-Western blotting..............................................................................73

2.3.7 Surface plasmon resonance (SPR).......................................................73

2.3.8 In vitro ubiquitination .............................................................................75

2.4 Electrophysiological analyses ..................................................................76

2.4.1 Isolation and injection of Xenopus oocytes ...........................................76

2.4.2 Measurement of amiloride-sensitive Na+ current in Xenopus oocytes ..77

2.4.3 Isolation and preparation of mouse mandibular duct cells ....................78

2.4.4 Measurement of amiloride-sensitive Na+ current in mouse mandibular

duct cells ........................................................................................................79

2.4.5 Measurement of Nav-mediated Na+ current ..........................................80

Chapter 3: WW domains 3 and 4 of Nedd4-2 mediate epithelial Na+ channel

down-regulation

3.1 Introduction ..............................................................................................82

3.2 Two major Nedd4-2 isoforms exist in mouse tissues ...............................84

3.3 Both Nedd4-2 isoforms inhibit ENaC in Xenopus oocytes .......................85

3.4 Production of GST-WW proteins in E. coli ...............................................86



iv

3.5 ENaC subunits interact with Nedd4-2 WW3 and WW4............................86

3.6 Dissociation constants between Nedd4-2 WW domains and ENaC

subunits..........................................................................................................87

3.7 Nedd4-2 WW3 and WW4 mediate the Na+ feedback loop in ENaC-

expressing cells .............................................................................................89

3.8 Nedd4-2 WW domains interact with N4WBP5 and N4WBP5A, but not

Sgk1...............................................................................................................92

3.9 Discussion................................................................................................94

Chapter 4: Characterisation of Nedd4-2 ubiquitin-protein ligase activity

4.1 Introduction ............................................................................................100

4.2 Production of a HECT domain-containing Nedd4-2 protein ...................101

4.3 Nedd4-2 ubiquitinates a known Nedd4 substrate in vitro .......................102

4.4 Nedd4 and Nedd4-2 have conserved E2-specificity ..............................104

4.5 Comparison of Ube2e3 and UbcH5b use by Nedd4-2 ...........................105

4.6 Ubiquitination of individual ENaC subunits in vitro .................................108

4.7 Nedd4-2 down-regulates ENaC in mandibular duct cells by poly-

ubiquitination................................................................................................109

4.8 Discussion..............................................................................................110

Chapter 5: Nedd4 and Nedd4-2 down-regulate neuronal voltage-gated Na+

channels

5.1 Introduction ............................................................................................114

5.2 Seven Navs contain carboxyl terminal PY motifs ...................................115

5.3 Production of GST-Nav-COOH proteins in E. coli ..................................116

5.4 Nedd4 and Nedd4-2 WW domains interact with PY motif-containing Navs

.....................................................................................................................117



v

5.5 Specific WW domains of Nedd4 and Nedd4-2 mediate interactions with

PY motif-containing Navs .............................................................................118

5.6 PY motif-containing Nav carboxyl termini are lysine-rich ........................119

5.7 Nav1.2, Nav1.7 and Nav1.8 carboxyl termini are ubiquitinated by Nedd4-2

.....................................................................................................................120

5.8 Complete intracellular Nav1.2 carboxyl tail is ubiquitinated by Nedd4 and

Nedd4-2 .......................................................................................................120

5.9 Navs are differentially down-regulated by Nedd4 and Nedd4-2 in Xenopus

oocytes.........................................................................................................121

5.10 Discussion............................................................................................122

Chapter 6: General Discussion ....................................................................128

Bibliography...................................................................................................137



vi

Abstract

Protein modification by ubiquitination regulates protein abundance, function

and localisation. Specificity of ubiquitination is largely determined by ubiquitin-

protein ligases (E3s). The Nedd4-family proteins are a group of E3s containing a

conserved domain structure of a C2 domain, multiple WW domains and a carboxyl

terminal HECT domain, which is responsible for E3 activity. The prototypical

member of this family, Nedd4, is known to down-regulate the epithelial Na+

channel (ENaC) by ubiquitination. This process requires interactions between

ENaC and specific WW domains of Nedd4. Mutation or deletion of WW domain

binding sites in ENaC leads to Liddle’s syndrome, an autosomal dominant form of

hypertension. At the beginning of this study there was evidence to suggest that

Nedd4-2, a Nedd4-family protein closely related to Nedd4, could also regulate

ENaC. The focus of this study was to characterise the ability of Nedd4-2 to

regulate ENaC and other potential substrates.

Two major splice variants of Nedd4-2 were identified, which were both

found to down-regulate ENaC in Xenopus oocytes. In vitro binding studies and

whole cell functional analysis showed that interactions between ENaC and Nedd4-

2 occur via two of the four Nedd4-2 WW domains. The E3 activity of Nedd4-2 was

further examined, revealing that it can use the same ubiquitin-conjugating

enzymes as Nedd4 and exhibits strongest activity in the presence of UbcH5b. An

in vitro ubiquitination assay and whole cell functional analysis provided evidence

that Nedd4-2 down-regulates ENaC via ubiquitination.

The possibility that Nedd4 and Nedd4-2 could down-regulate a number of

voltage-gated Na+ channels (Navs) by a similar mechanism to regulation of ENaC

was investigated. Not only were Nedd4 and Nedd4-2 found to interact with seven
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Navs, but these channels and ENaC have conserved WW domain binding

specificity. Ubiquitination studies indicated that these channels can be

ubiquitinated by Nedd4 and Nedd4-2. Co-expression of Nedd4 or Nedd4-2 with

neuronal Navs in Xenopus oocytes reduced channel activity to varying degrees.

These data indicate that Nedd4 and Nedd4-2 are likely to be key regulators of

neuronal Nav channels in vivo.
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