
Ion channel dysfunction In inherited neurological disease: 

mutations of potassium channels and glycine receptors

Ruth Rea

Institute of Neurology, University College London

October 2001

Submitted for the University o f London PhD degree



ProQuest Number: U643947

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U643947

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Dedicated to my Grandfather, Syd Vaughan; an ingenious and modest man.



Table of contents

Acknowledgements............................................................................................... 7
Contributions.......................................................................................................... 8
Abstract.................................................................................................................... 9
Chapter 1: General Introduction...................................................................... 10

Potassium  c h a n n e ls ..................................................................................................... 11
Episodic a tax ia ........................................................................................................... 11
Functional d iversity o f potassium  channel sub types ......................................12
Potassium  channe lopath ies...................................................................................13
Kv c h a n n e ls ................................................................................................................ 14

K v i e lec trophys io logy ......................................................................................... 15
K v l.1  s tru c tu re ...................................................................................................... 17
K v l.1  lo ca lisa tion ................................................................................................. 18
K v i .1 function in v iv o .......................................................................................... 19
K v l.1  knockout m ouse ....................................................................................... 20
C ircuits involving K v l . 1 ...................................................................................... 20

G lycine re c e p to rs ..........................................................................................................22
H yperekp lex ia ............................................................................................................ 22
Classification o f ligand-gated ion channe ls .......................................................24
LGIC channe lopa th ies ............................................................................................ 24
N icotinoid receptor s truc tu re ................................................................................. 24
G lyR a l fu n c tio n ........................................................................................................ 26
GlyR loca lisa tion ....................................................................................................... 27
Circuits involving G ly R a l....................................................................................... 28

Chapter 2: Materials and Methods...................................................................29
M olecular b io lo g y ..........................................................................................................29

Vector cons truc ts ...................................................................................................... 29
Transform ation, bacterial culture, d igest reactions and gel e lectrophoresis
........................................................................................................................................ 29
M odification o f DNA constructs: site-directed m utagenesis, PCR and
prim er d e s ig n ............................................................................................................. 30
Am ino acid subs titu tions .........................................................................................31
Subcloning o f an insert into a ve c to r...................................................................31
Am plification o f completed DNA con s tru c ts ..................................................... 32
In wYro transcription and spectropho tom etry .................................................... 32

O ocyte p repara tion ....................................................................................................... 33
O ocyte in je c tio n .........................................................................................................33

RNA in je c tio n .........................................................................................................33
DNA in je c tio n .........................................................................................................34
Injection s tra te g ie s ...............................................................................................34

E lectrophys io logy..........................................................................................................35
M acroscopic current am plitude m easu rem en ts .............................................. 35
M easurem ent o f m acroscopic current k ine tics .................................................35

Confocal m ic roscopy....................................................................................................36
Preparation o f oocytes for fluorescent im ag ing ............................................... 36
M icroscopy.................................................................................................................. 36
A n a ly s is ....................................................................................................................... 37

S ta tis tics ...........................................................................................................................37



Chapter 3: Deriving models of co-assembly and no co-assembly of 
Kv1.1 subunits......................................................................................................38

In troduction......................................................................................................................38
M ethods............................................................................................................................43

M olecu lar b io logy......................................................................................................43
Oocyte preparation and e lectrophysio logy........................................................43
T heory ...........................................................................................................................43

Channel popula tions............................................................................................ 43
Extracting param eters from  the TEA dose-response cu rve .................... 44
C onca tem ers ......................................................................................................... 46
M odels describ ing co-assem bly and no co -assem b ly ..............................47

R e s u lts ............................................................................................................................. 49
Q uantitative description o f the TEA dose-response o f wt cha n n e ls  49

Estim ation o f the values Kj^m..............................................................................49
Test o f the predicted value o f  ̂using wt*wt^ conca tem ers .................50

wt+wt^ co-expression TEA dose -response .......................................................51
Introduction o f the TEA-tag to EA1 s u b u n its ............................................... 52
C o-assem bly hypo the s is ....................................................................................54

D iscuss ion ....................................................................................................................... 56
P 244H ...........................................................................................................................57
V 4 0 4 I............................................................................................................................ 58

Chapter 4: Analysis of pro- and post-tetramerisation defects................. 61
In troduction......................................................................................................................61
M ethods............................................................................................................................64

M olecu lar b io logy ......................................................................................................64
Oocyte in jection and e lectrophysio logy..............................................................64
T heo ry ...........................................................................................................................64

Post-assem bly dysfunction................................................................................ 64
Current am p litude ................................................................................................. 65
TEA dose-response............................................................................................. 67

R e s u lts ............................................................................................................................. 69
Assessm ent o f error in the wt+wt^ m ode l.......................................................... 69
Hom om eric popu la tions ..........................................................................................71
C o-express ion............................................................................................................ 72
C o-assem b ly ...............................................................................................................73
M odels o f dysfunction at assem bly and post-assem bly s tages..................74

Model 1: assem bly alone is a ffe c te d ..............................................................75
Model 2: post-assem bly events alone are a ffe c te d ................................... 77
Model 3: both assem bly and post-assem bly events are a ffe c te d  79

Expression o f R417stop c D N A .............................................................................80
Co-expression o f the R417stop m utant with w t K v i .2 s u b u n its .................81

D iscuss ion ....................................................................................................................... 88
R 4 1 7 s to p .....................................................................................................................88
T 2 2 6 R ...........................................................................................................................91
A 2 4 2 P ...........................................................................................................................92
M odels o f co -assem b ly ........................................................................................... 94
Post-assem bly even ts ..............................................................................................96
Q uantita tive approach..............................................................................................96

Chapter 5: Construction and imaging of EGFP-tagged Kvl.1 and 
R417stop subunits............................................................................................... 99



In troduction......................................................................................................................99
M ethods..........................................................................................................................102

M olecu lar b io logy ....................................................................................................102
E lectrophysio logy....................................................................................................103
Confocal m icroscopy..............................................................................................104

R e s u lts ...........................................................................................................................105
Characterisation o f EG FP -K vl.1  and EG FP-R417stop curren ts............... 105

M acroscopic current k in e tics .......................................................................... 105
M acroscopic current a m p litu d e ..................................................................... 106

Fluorescence im ag ing........................................................................................... 108
A u to flu o re scence ...............................................................................................108
Expression and localisation o f EGFP fusion p ro te ins ............................. 109
C o -exp ress ion .....................................................................................................109

D iscuss ion .....................................................................................................................112
M em brane targeting and the K v i . 1 C -te rm in us ............................................112
The E G FP -K vl.1  cons truc t..................................................................................113
Co-expression o f EGFP-tagged w t K v l.1  and R 417stop .............................114
Analysis o f subunit localisation using the EGFP a p p ro a ch ......................114

C h a p te r 6: F u n c tio n a l c h a ra c te r is a tio n  o f  h y p e re kp le x ia  m u ta tio n s  o f
G ly R a l in  a fa m ily  e x h ib it in g  c o m p o u n d  h e te ro z y g o s ity ...........................117

In troduction....................................................................................................................117
M ethods..........................................................................................................................121

M olecu lar b io logy ....................................................................................................121
EGFP tagg ing ...................................................................................................... 122

cRN A in je c tio n .........................................................................................................124
E lectrophysio logy....................................................................................................125

Voltage p ro to co l................................................................................................. 125
G lycine app lica tion ............................................................................................ 125

A n a ly s is .....................................................................................................................126
Current am plitude...............................................................................................126
G lycine dose-response..................................................................................... 126
PTX experim ents ................................................................................................ 127

Confocal m icroscopy..............................................................................................127
R e s u lts ...........................................................................................................................129

w t G ly R a l cu rre n ts ...............................................................................................129
Response o f m utant subunits to glycine a p p lica tio n ................................... 130
Co-expression o f w t and m utant G ly R a l........................................................131

M acroscopic current a m p litu d e ..................................................................... 132
Glycine dose-response..................................................................................... 133

Imaging o f E G F P -G ly R a l.................................................................................... 135
Characterisation of E G FP -G lyR a l m acroscopic cu rre n ts .......................135
Fluorescence im a g in g ...................................................................................... 136

G lyR p s u b u n it.........................................................................................................138
D iscuss ion .....................................................................................................................141

R 252H .........................................................................................................................142
R 392H .........................................................................................................................143
G lyR function in v itro ..............................................................................................144
Functional redundancy.......................................................................................... 145

C h a p te r 7: G enera l D is c u s s io n ..............................................................................149
Phenotypic va ria b ility ............................................................................................ 149



M echanism s of ion channel subunit dys function ...........................................151
Paroxysm al phenotypes........................................................................................154
P rospects .................................................................................................................. 156

References........................................................................................................... 157
Publications and abstracts arising from this project................................172



Acknowledgements

During the production of this thesis I have greatly benefited from the kindness and 
inspirational abilities of many people.

I must first acknowledge my supervisor, Dimitri Kullmann, from whom I have learnt a 
great deal. I thank him for his advice, hard work and brilliance, his tireless energy and 
"can do" attitude, and for his patience. He has inspired me with his outstanding 
dedication to both research and medicine, while also finding the time to drink 
champagne with his colleagues.

I would also like to thank past and present members of the Channelopathies Group: 
Nick Davies, Louise Eunson, Anne Jouvenceau, and Alex Spauschus; and the 
Kullmann Lab, particularly Arnaud Ruiz, Alexey Semyanov and Axel Wuerz, for 
providing constant entertainment, support and helpful discussion. I also thank my 
second supervisor, Mike Hanna, for his advice and well-timed words of 
encouragement, and for enlightening me to the importance and potential of clinical 
genetics. Much of the molecular biology was made possible by the excellent 
technical skills and commitment of Colin Herd, to whom I am particularly grateful. I 
extend my thanks to the many people at UCL and beyond who have shared with me 
their experimental materials and expertise.

I am also very grateful to the Wellcome Trust for funding the 4 Year PhD Programme, 
and to David Attwell and other members of the Wellcome PhD student committee at 
UCL for their advice and organisation.

Science equally relies on non-scientists; I thank my parents and sister for reminding 
me to read the newspaper. I am indebted to them for their support and 
encouragement, and for being fantastic people. I am individually grateful to too many 
other friends to name here, but my thesis would not be complete without particular 
thanks to Emily Gale, Sascha Hecks, Claire Hubbard, Kellie Wardle, Mirembe Wells 
and Stuart Coltart, for their wit and wisdom.

Finally, I reserve a special thank you to Kevin Staras, for his remarkable perception, 
humour and unwavering support.



Contributions

All experiments, data and analyses detailed here are my own. Data obtained by 
colleagues are appropriately referred to in each case; work published by our group is 
referenced when the specific data described was obtained by someone other than 
myself.

Much of the routine molecular biology work was carried out by Colin Herd. I had a 
practical involvement in each of the procedures detailed here (apart from DNA 
sequencing) with his supervision. Project ideas were developed with Dimitri Kullmann 
and through discussion with other lab. members. All experimental planning is 
primarily my own.

A significant contribution to the development of the mathematical theory in Chapters 
3 and 4 was made by Dimitri Kullmann.

All written work and figures are my own.



Abstract

This thesis examines ion channel dysfunction in two inherited neurological disorders. 

Episodic ataxia (EA1) is linked to mutations of the KCNA1 gene encoding the Kv1.1 

potassium channel subunit, and is characterised by continuous motor unit activity 

and intermittent cerebellar inco-ordination. Hyperekplexia is an exaggerated startle 

disorder linked to mutations of the GLRA1 gene, encoding the glycine receptor 

subunit G lyR a l. We have used two-electrode voltage clamp in vitro, molecular 

biology, mathematical modelling and imaging of fluorescent fusion proteins to 

examine the functional differences and interactions between wild-type (wt) and 

mutant subunits which occur in each disease.

We examined the cellular mechanisms of dysfunction for each of five KCNA1 

mutants found in EA1. We distinguished between wt and mutant subunits by 

artificially altering the sensitivity of mutant subunits to externally-applied 

tetraethylammonium (TEA). We examined the TEA dose-response when mutant 

subunits were expressed alone, with wt, and as concatemers. We then derived a 

quantitative description for the electrophysiological data obtained. This indicated that 

the assembly and trafficking of tetrameric channels were affected by some mutations. 

We have tested these models by introducing a fluorescent tag to hKv1.1 subunits 

and visualising the localisation and interactions of mutant and wt subunits in vitro. We 

have also co-expressed EA1 mutant subunits with wt hKv1.2.

In addition, we have investigated two GLRA1 mutations underlying hyperekplexia in a 

family exhibiting compound heterozygosity, and the reason why inheritance of both 

mutations elicits the disease phenotype. In vitro, both were non-functional when 

expressed alone and together. Neither mutant affected wt G lyRal function when co

expressed, as occurs in unaffected family members. We examined fluorescent 

constructs and found that altered expression levels and subcellular localisation may 

account for the non-functionality of the mutant proteins. Thus, a complete loss of 

functional G lyRal-mediated current underlies hyperekplexia in this family; a partial 

loss is asymptomatic.
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Chapter 1: General Introduction

An increasingly diverse number of neurological disorders are being linked to the 

dysfunction of ion channels. Ion channels are among the most elemental 

components of communication between cells in the central nervous system, as well 

as mediating essential ionic flux in many other tissues, such as heart and muscle. 

Stepping down a level in the functional hierarchy of the brain, vast arrays of cell- 

specific mechanisms are mediated partly or entirely by the correct function of the ion 

channel. The responsibility of the ion channel to function correctly is suitably 

portrayed by the term "c/?anne/opathies" which is given to these disorders, and it is 

not surprising that ion channel dysfunction can give rise to severe clinical 

phenotypes.

An ion channel is a complex of proteins which may be thought of as a relatively 

integral functional unit, and the presence of a mutation in one of the peptide 

sequences exposes a potentially well-defined range of functions to attack in the 

disease situation. Consequently, channelopathies form a class of disorders in which 

dysfunction may be studied in the laboratory in an unusually direct manner. Such 

investigations also rely on expertise gained in the field of ion channel physiology, 

making it possible to relate dysfunction to the complex mechanisms of normal 

physiology. In turn, the mutations naturally occurring in disease help to illuminate the 

existence and importance of these mechanisms. This mutual exchange of ideas at 

the interface between clinical neurology and basic neuroscience represents one of 

the fundamental goals in neuroscience research.

Here, we have investigated ion channel dysfunction in two channelopathies: episodic 

ataxia type 1, which is linked to mutations of the KCNA1 gene encoding the 

potassium channel subunit Kv1.1, and hyperekplexia, linked to mutations of GLRA1, 

encoding the glycine receptor subunit G lyRal. Common themes arising from these 

studies include the correlation between the severity of the clinical phenotype and 

functional disruption of the channel in different cases of the disease, the specificity of 

the dysfunctions imposed by individual disease mutations, and the importance of the 

interactions between mutant subunit proteins and the normally-functioning wild-type 

proteins expressed within the same cell. We have employed primarily 

electrophysiological methods to examine ion flux when channels are dysfunctional, 

and use these findings to explore the potential mechanisms of disease in each case.
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Potassium channels

Episodic ataxia
Episodic ataxia type 1 (EA1) is a rare neurological disease, with an occurrence 

estimated to be less than one in 500,000 in the UK (N Davies and LH Eunson, 

personal communication). Although rare, EA1 is a debilitating disease, characterised 

by persistent motor unit activity (myokymia) and episodes of cerebellar inco

ordination (Gancher and Nutt, 1986; Brunt and van Weerden, 1990). Myokymia may 

be clinically evident as a "rippling" movement of muscles, particularly apparent 

around the eyes, and as lateral movements of the fingers when outstretched. The 

characteristic pattern of myokymie discharge is detectable by EMG recording, 

showing a continuous rhythmic activity of motor units occurring in singlets and 

duplets with a variation in spike frequency. The episodes of ataxia can occur 

apparently spontaneously, although they may also be precipitated by stress, vigorous 

exercise, or startle; the onset of attacks is not associated with the myokymia. Attacks 

are short, lasting from seconds to hours. EEG recording is normal, and patients do 

not show any signs of cerebellar atrophy.

EA1 shares some clinical similarities with a second channelopathy, episodic ataxia 

type 2 (EA2), but also some fundamental differences [see (Kullmann et al., 2001) for 

review]. The episodes of ataxia in EA2 are also triggered by emotion or physical 

stress, but can last for longer periods (up to days). Vomiting is sometimes associated 

with the attacks, together with vertigo, diplopia (double vision) and migrainous 

headache. Some EA2 patients exhibit progressive ataxia, and cerebellar atrophy is 

apparent by neuroimaging. Nystagmus (rapid, involuntary eye movements) often 

develops, indicative of cerebellar disturbance. However, myokymia is not a 

characteristic feature of this disorder.

The evidence that EA1 and EA2 were channelopathies, and causally unrelated, was 

provided by the linkage of EA1 to mutations of the potassium channel gene KCNA1 

on chromosome 12p13 (Browne et al., 1994), and the linkage of EA2 to mutations of 

the calcium channel gene GAGNAI A on chromosome 19p13 (Ophoff et al., 1996). As 

with other channelopathies, subsequent study of each disease was then possible by 

direct examination of the (dys)function of the particular ion channel affected. Here, 

we examine the functional effects of several different KGNA1 mutations found in EA1 

patients. To date, at least 14 different missense mutations of KGNA1 have been 

identified in families with EA1, 13 of which give rise to single amino acid substitutions 

on the channel subunit encoded by KGNA1, Kvl.1 (Browne et al., 1994; Gomu et al..
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1996; Scheffer et al., 1998; Zuberi et al., 1999; Eunson et al., 2000; Knight et al., 

2000). The 14‘  ̂mutation results in a stop codon, and was identified by our group 

(Eunson et al., 2000). All reported cases of the disease are autosomal dominant. In 

the following chapters, we will examine the dysfunctions of the Kvi .1 subunit 

produced by five different EA1 mutations identified by our group, and their 

interactions with wild-type Kvl.1 subunits. These cases are discussed in relation to 

other affected residues. We aim to identify mechanisms by which the mutations affect 

channel function.

Functional diversity of potassium channel subtypes
To investigate the pathophysiology of channelopathies, it is necessary to understand 

the normal function of the affected ion channel. Potassium channels are the most 

ubiquitous type of ion channel and are present in almost all eukaryotic cells [see 

(Rudy, 1988) for review]. They also exhibit a great diversity of functional properties 

which is attributable to the large number of different channel subtypes, rather than to 

the cell types in which they are expressed. In the nervous system, K'’ channels have 

a general role in regulating the electrical potential of cells and damping excitability 

(Hille, 1992). Specifically, the roles of K  ̂ channels include repolarising and shaping 

of the action potential, modulating the firing frequency, setting the resting potential, 

and other cellular mechanisms which contribute to learning and memory.

Potassium channels are multimeric proteins formed by the association of a number of 

pore-forming subunits, denoted "a", together with accessory subunits. The basic 

structure of potassium channel a subunits comprises intracellular N- and C-terminal 

domains, at either end of a series of transmembrane a-helices which are linked by 

short intracellular or extracellular loops. An additional pair of a-helices loop into the 

membrane from the extracellular side, but do not traverse the membrane. These 

contribute to the pore of the multimeric channel. The structure of potassium channel 

a  subunits forms the basis of their categorisation into different groups, of which there 

are three: those which have six transmembrane domains (6TM), those which have 

two, and those which have four (with two-pores). The 6TM channels can then be 

further divided into six families, determined by their sequence homologies. These 

families are the voltage-gated potassium channels (Kv channels), the KCNQ 

channels, eag-like K"" channels (including eag, erg, elk, and HERG), and three 

groups of Ca^^-activated K  ̂channels, BK, IK and SK. 2TM K"" channels include the 

inward rectifiers, and many further sub-groups. The 4TM gene family is currently the 

smallest of the potassium channel groups, with just four members to date (TRAAK, 

TREK, TWIK and TASK) [see (Coetzee et al., 1999) for review].

12



Potassium channelopathies
The large variety of potassium channel structures defines their differing roles in cell 

physiology. However, despite their diversity, members of the same family exhibit a 

high degree of structural conservation through evolution. This evolutionary selection 

underlines the critical importance of the structure of channels in determining their 

correct function, and thus also indicates why mutations give rise to the alterations in 

function which can result in disease.

Following the linkage of EA1 to the KCNA1 gene (Browne et al., 1994), several 

studies of different mutations affecting the functional properties of the Kvi .1 subunit 

in vitro have been reported (Adelman et al., 1995; D'Adamo et al., 1998; Zerr et al., 

1998b; Zerr et al., 1998a; Boland et al., 1999; Bretschneider et al., 1999; D'Adamo et 

al., 1999; Spauschus et al., 1999; Zuberi et al., 1999; Eunson et al., 2000). Ail of the 

mutations identified to date affect conserved residues, and are found in a variety of 

positions within the peptide sequence. As will be discussed in the following chapters, 

the influence of the mutations on the functional domains of the channel subunit are of 

particular interest in the investigation of mechanisms underlying EA1. Most of the 

reported mutations have been expressed in heterologous expression systems and 

have shown variable effects on the amplitude, voltage threshold and kinetic 

properties of currents mediated by mutant subunits. In general, these alterations may 

be predicted to decrease the flux during cell depolarisation, although this 

understanding remains limited to voltage clamp experiments in isolated cells. Of 

particular importance is the effect of mutant subunits on the function of wt subunits, 

since all reported cases of EA1 reported are heterozygous. Several mutant subunits 

have been shown to exert a dominant negative effect on macroscopic current 

amplitude when co-expressed with wt subunits (Adelman et al., 1995; Zerr et al., 

1998b; Zuberi et al., 1999; Eunson et al., 2000), indicating an interaction between 

mutant and wt subunits which results in impairment of wt function. In contrast, the 

mechanism of dysfunction of other mutations may be purely due to haploinsufficiency 

(Zerr et al., 1998b). Interestingly, there is evidence that the severity of the effect of a 

mutation on the function of the Kvi .1 channel is correlated to the severity of the 

disease phenotype (Eunson et al., 2000).

In addition to EA1, several inherited channelopathies have been linked to mutations 

of potassium channels belonging to different families, including benign familial 

neonatal convulsions (BFNC; linked to KCNQ2/3) (Biervert et al., 1998; Singh et al., 

1998), long QT syndromes (linked to mutations of KCNQ1 and the MinK accessory 

subunit, and to HERG) (Curran et al., 1995; Wang et al., 1996; Splawski et al., 1997),

13



hyperinsulinaemic hypoglycaemia (linked to SUR1 and Kir6.2, encoding the SUR1 

and Kir6.2 subunits of the K a t p  inward rectifier channel) (Thomas et al., 1995a; 

Thomas et al., 1995b; Thomas et al., 1996), and Bartter's syndrome (linked to 

mutations of KCNJ1, encoding the Kirl.1 inward rectifier subunit) (Derst et al., 1997). 

In the case of BFNC, a search for genetic mutations underlying the disease actually 

led to the identification of the KCNQ2 and KCNQ3 channel genes, and the 

establishment of a new Kv channel family (Biervert et al., 1998; Singh et al., 1998). 

These channels also proved to be major effectors of muscarinic receptor signalling in 

the brain (Wang et al., 1998). Thus, the mechanisms of pathophysiology and normal 

functioning of ion channels are inexorably linked, and it seems likely that many more 

channelopathies will be identified as mutations of further potassium channel 

mutations are found. Interestingly, deletion of the KCNB2 gene (encoding the Kvp2 

subunit) in 1p36 deletion syndrome may be linked to an epilepsy phenotype 

(Heilstedt et al., 2001).

Kv channels
Here, we focus on the KCNA1 gene affected in EA1. KCNA1 belongs to the Shaker 

sub-family of Kv channels, denoted Kvi in mammals. KCNA1 was itself cloned with 

the help of naturally-occurring mutations in the fruit fly Drosophila, which caused a 

vigorous shaking phenotype under ether. This link between mutation and phenotype 

was then exploited artificially to enable the original cloning of the Kvi family of genes 

(denoted Kvl.1 up to Kvi .9) (Papazian et al., 1987). The hyperactive nature of the 

Shaker mutant flies also predicted what is now understood about mutations of Kvl.1 

subunits in EA1: a reduction of the electrical dampening performed by these 

channels results in hyperexcitability of neuromuscular systems in humans 

(neuromyotonia). Three additional sub-families of Kv channels have also been 

cloned; these are Shab (Kv2 in mammals), Shaw (Kv3) and Shal (Kv4) (Papazian et 

al., 1987; Butler et al., 1989; Wei et al., 1990).

All four Kv subfamilies of genes encode potassium channel a  subunits which, when 

formed as homomeric channels, exhibit an outward K  ̂current upon depolarisation. 

This current activates more slowly than the inward Na^ current, and serves to 

repolarise the membrane potential. In general these properties classify the channels 

as "delayed rectifiers", according to the original description of this type of voltage- 

dependent K  ̂current in the squid giant axon (Hodgkin and Huxley, 1952); see 

(Rudy, 1988) for review). Overall, the Kv channels thus play critically important roles 

in the shaping and propagation of fast electrical signalling.
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Many functional differences between Kv channel types exist, and this is complicated 

by several factors, not least the expression system in which the properties are 

studied. A discussion of channel functional characteristics is not complete without 

recognition of the limitations and inaccuracies inherent in using an in vitro approach. 

Nevertheless, it is unfortunately not yet possible to examine the full repertoire of 

channel properties in vivo, although this ultimately represents a major goal in K* 

channel research. It is not comprehensively known which channel stoichiometries 

exist in vivo, and thus it is also not known whether the properties of homomeric 

channels expressed in vitro reflect the properties of the Kv channels in vivo. More 

positively, the need for in vitro study is particularly strong in channelopathies 

research, since in vivo models of specific mutations, such as knock-in mice, are still 

far from readily available and thus would greatly delay the expansion of knowledge in 

the field. Despite the pitfalls of examining ion channels in relative isolation, the 

information gained regarding their functions is generally of use in identifying their 

individual characteristics, and will be essential in guiding future research on their 

properties within more appropriate environments. In addition, the first stage in 

identifying the way in which mutant channels are dysfunctional at the molecular level 

can be accurately achieved by a direct comparison with the function of wild-type 

protein. The existing knowledge on channel function which currently forms the focus 

of research into channelopathies can be regarded in several categories, including 

their macroscopic and single channel gating properties determined by 

electrophysiological methods, protein structure and functional domains of the 

channel, the tissue localisation of channels in vivo, and their ability to assemble with 

other Kv subtypes and accessory proteins. Information regarding these points will be 

presented below for the Kv1 subfamily.

Kv1 electrophysiology

Relative to Kv2 and Kv3 subtypes, Kv1 channels, together with Kv4, have a negative 

voltage threshold of activation which is close to the neuronal Ek, the equilibrium 

potential for K  ̂ ions. Of the Kv1 subfamily, Kv1.1 itself appears to have the most 

negative activation threshold at about -6 0  mV [see (Coetzee et al., 1999) for 

summary]. These channels are therefore sensitive to slight depolarisations from the 

resting potential of the cell. The current-voltage relationship is sigmoidal, with a slope 

factor of under 10 mV for Kvl.1 when expressed as homomers in either mammalian 

cells or Xenopus oocytes, indicating a steep voltage dependence (e.g.

(Bretschneider et al., 1999; Eunson et al., 2000)). Currents are half-activated at 

about -3 0  mV for the Kvi .1 subtype, which is a similar value to that of Kvi .3
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channels and more negative than any other Kv1 subtype reported in vitro. With the 

exception of Kv1.2 and Kv1.3, Kv1 channels have a fast (<10 ms at +20 to +40 mV) 

time constant of activation compared to channels of the other Kv sub-families, with 

the Kv4.3 channel exhibiting similar values. The rate of deactivation of Kvi currents 

is variable, with reported time constants at -60  mV generally falling intermediate to 

fast-deactivating Kv3 currents and slower deactivating Kv4. The single channel 

conductance of K v i, Kv2 and Kv3 channels is reported to be between about 10 and 

20 pS, except Kvi .4, which exhibits a smaller conductance of around 5 pS, similar to 

Kv4 channels (<10 pS) [see (Coetzee et al., 1999) for summary]. However, it should 

be noted that the values of these parameters are seen to be affected by the 

expression system used [see (Robertson, 1997) for review].

Fast inactivation of Kv currents ("N-type" inactivation) is a property which should be 

discussed with particular caution, since its mechanism depends on an N-terminal 

sequence which is not shared by all Kv subtypes, but yet may contribute to the 

inactivation of a channel when present on only a single associated subunit. Thus the 

combination of associated subunits in a channel in vivo is of critical importance to the 

inactivation properties of the heteromeric current. Kv a subunits which mediate fast 

inactivation are K v i.4, K v i.7, Kv3.4 and the Kv4 sub-family; K v i.3 and Kv3.3 exhibit 

inactivation at a slower rate. The remaining Kv a subunits, including Kvl.1 , inactivate 

with a time constant of several seconds (slow, "C-type" inactivation), which may 

represent a negligible inactivation in physiological conditions of synaptic 

transmission. However, in addition, the K v p l. l subunit possesses a similar N- 

terminal inactivation domain to that found on Kvi .4, and induces a rapid inactivation 

of currents when associated with Kval .1 (Rettig et al., 1994).

Another distinguishing feature of the Kvi subtypes which may be identified in vitro is 

their pharmacological properties of block by various toxins. The Kvl.1 subunit 

exhibits a high sensitivity to tetraethylammonium (TEA; IC50 ~0.5 mM), 4- 

aminopyridine (4-AP; I C 5 0  -0.16 -  1.1 mM) and dendrotoxin (DTX; I C 5 0  -12-21 nM), 

but not to charybdotoxin (CTX), which is a potent blocker of Kvi .2, Kvi .3 and Kvi .6 

channels (/C50 values ranging from 0 .5 -1 7  nM) [see (Coetzee et al., 1999) for 

summary]. The precise degree and combination of these sensitivities is not shared by 

any other Kvi subtype, which may be useful for in vitro manipulations, but has more 

limited use in vivo since the pharmacological properties of heteromultimers are likely 

to be more complicated.
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Figure 1 Schematics of Kv1 potassium channel structure
A Membrane topology of a Kv1.1a subunit, showing six transmembrane domains (81-86; 
membrane represented by blue shaded region), a single pore loop, and cytoplasmic N- and 
C-termini. Identified functional domains (coloured regions) include the "T1 " tetramerisation 
domain (light blue; Kvp subunit association also occurs here), the voltage sensor (yellow), the 
selectivity filter (green), the binding site for the N-terminal inactivation gate (lime green; the 
inactivation gate is absent in Kvi .1 but comprises of the first 20 amino acids of the N-terminus 
in other Kv subunits; see text), and a PDZ domain (red). A single residue determining 
tetraethylammonium (TEA) sensitivity (pink circle) and a residue phosphorylated by cAMP- 
dependent protein kinase (PKA; orange circle) are also discussed in the text. B 8chematic 
view from above of a tetrameric channel formed by four Kvi a subunits (shaded regions). The 
putative positioning of each transmembrane segment is indicated for one subunit; each 
subunit contributes to a central pore (dotted line). Black lines indicate segment linkers.

Kv1.1 structure

Diagrams of Kvl.1 structure are shown in Figure 1. As indicated above, Kvi a 

subunits assemble as multimeric proteins which associate with p subunits and 

auxiliary proteins. The pore of 6TM Kv channels is formed by assembly of four a  

subunits, and are thus referred to as tetrameric channels. We shall discuss the 

functional domains of individual subunit types, but it is important to note that the 

interactions of these subunits with the other subunits of the tetramer will create more 

complex functional effects, which in most cases are poorly understood. Since the 

nature and mechanisms of these possible interactions are currently not fully 

characterised, subunit functional domains will be described here in relative isolation 

where necessary. This information provides a basis on which to examine the 

alterations imposed by disease mutations at particular locations within the protein 

structure.

The structure of the K"̂  channel pore was revealed in 1998 (Doyle et al., 1998), 

based on analysis of the bacterial KcsA channel, which reveals considerable 

structural homology across other K  ̂channels of different species, including Kvl.1.
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This work identified the selectivity filter, a GYG motif located at the mouth of the 

pore, and provided other groundbreaking insights into the pore structure and 

mechanisms of ion conduction. Other important elements of this structure which will 

be discussed in the following chapters include the position of a residue at the outer 

mouth of the pore which determines the sensitivity of the channel to external TEA 

(Y379 in Kv1.1), and two valine residues lining the cytoplasmic face of the pore which 

are mutated in some EA1 families, including one studied here. These residues have 

subsequently been identified as a structure mediating N-type inactivation.

The N-terminus itself contains two particularly important structures. As mentioned 

above, the distal N-terminus of some Kv subtypes contains residues which associate 

with the channel pore and mediate fast inactivation. Secondly, a region of 

approximately 130 amino acids on the N-terminus adjacent to the first 

transmembrane domain has been determined as the tetramerisation domain, or "T1 

domain", of Kvi subunits. This structure has a highly conserved core in all known 

potassium channels, indicating a common structure (Kreusch et al., 1998), but also 

appears to confer the selectivity of tetramerisation between different Kv subtypes (Li 

et al., 1992; Shen et al., 1993; Sewing et al., 1996; Yu et al., 1996; Kreusch et al.,

1998).

The C-terminus of Kvl channels is also likely to contain several domains important in 

Kvi channel expression and function, but remains less well understood. Three 

residues in the distal C-terminus of K v i.4, and similar residues in K v i.2 and Kvl.1 , 

have been shown to mediate channel clustering in the membrane via an interaction 

with membrane-associated anchoring proteins (Kim et al., 1995). This and similar 

roles of the C-terminus will be discussed further in the following chapters.

Kv1.1 localisation

It is clear that while studies in vitro have revealed much about Kv channel structure 

and functional mechanisms, further advances in understanding the (patho)physiology 

of these processes will rely on more information regarding their interactions with 

other proteins within the neuronal environment, such as other Kv channel subtypes, 

and roles in specific neural circuits. An essential step towards this goal is to examine 

the localisation of the different Kv subtypes within the mammalian brain, in order to 

identify the interactions which are likely to occur. Here, we shall consider the 

interactions of Kvi .1 subunits with other Kvi subtypes, which will be important when 

relating the effect of EA1 mutations present in Kvl.1 to their effects on neurons in 

vivo.
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Kv1.1 subunits have been shown to readily form heteromeric channels with other 

subtypes in vitro (for example, (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg 

et al., 1990)). However, certain rules appear to govern the combinations of Kvi 

subtypes that exist in vivo. Co-immunoprecipitation studies in bovine brain 

(Shamotienko et al., 1997) indicated that all Kvl.1 is associated with K v i.2, although 

Kvi .2 can also exist as homotetramers. The results of this study showed that the 

K v l.1 -K v i.2 combination could also associate with K v i.6 within the same complex, 

and possibly also with Kvi .4. A similar study of post-mortem human brain samples 

(Coleman et al., 1999) also found an absence of Kvl.1 homotetramers in cerebral 

grey and white matter, and in spinal cord. However, association of Kvl.1 with K v i.2 

was not essential, since complexes of Kvl.1 with Kvi .4 only were found in all three 

tissue types, as has been observed in rat tissue (Rhodes et al., 1997). A further 

combination involving Kvl.1, found in cerebral cortical grey matter, involved Kvl.1 , 

K v i.2, K v i.3 and K v i.4 together. These studies demonstrate several critical points in 

understanding Kvl.1 function in vivo. Although heteromultimerisation of Kvi subunits 

increases the diversity of K  ̂channels found in vivo, this is limited to the formation of 

specific combinations without a universal promiscuity. Thus, each subunit 

combination is likely to have a unique and tightly controlled function. Secondly, Kvl.1 

subunits readily, and perhaps exclusively, form complexes with other subtypes, 

particularly Kvi .2 and Kvi .4. The biochemical mechanisms underlying this 

phenomenon have been addressed recently (Manganas and Trimmer, 2000) and 

indicate that Kvl.1 requires association with K v i.4 or K v i.2 for expression at the cell 

surface. These findings have important implications in the study of Kvl.1 dysfunction 

in EA1, which should ultimately be considered as a disease affecting heteromeric 

rather than homomeric channels containing Kvl.1 subunits.

Kv1.1 function in vivo

In addition to identifying the likely interactions of Kvl.1 with other subtypes, 

knowledge of the localisation of Kvl.1 is necessary in identifying the neuronal circuits 

in which Kvl.1 function has essential roles, and hence where EA1 mutants are 

responsible for producing the disease phenotype. Immunohistochemical techniques 

have shown that Kvl.1 is widely distributed in the mouse CNS, including localisation 

at the juxtaparanodal regions of nodes of Ranvier in myelinated nerves (Wang et al., 

1993; Mi et al., 1995; Rasband et al., 1998), cerebellar basket cell terminals (Wang 

et al., 1993, Wang, 1994 #115), Purkinje cell axon hillocks (“pinceau”) (Wang et al., 

1994; Veh et al., 1995; Laube et al., 1996), and the hippocampus (predominantly in
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CAS pyramidal neurons); (Wang et al., 1994; Rhodes et al., 1995). Kvl.1 is likely to 

play a critical role in neuronal excitability at each of these locations.

Kv1.1 knockout mouse

Although there is good evidence for the expression of Kvl.1 in different brain regions, 

the extensive overlap with the patterns of expression of other Kv subtypes, together 

with the evidence of heteromultimerisation, makes identifying the specific role of 

Kvl.1 more difficult. To address this question. Smart et al (1998) constructed a Kvl.1 

knockout mouse, using quantitative RNAse protection assays to show that no Kvi .1 

RNA was present in null mutant brain, and immunohistochemistry to reveal a 

complete loss of Kvl.1 protein in the cerebellum. The phenotype of null mutant mice 

revealed spontaneous behavioural seizures, which correlated with synchronised, 

high voltage spikes and poly-spikes identified by EEG. Wild-type and heterozygous 

mice did not display spontaneous seizures identifiable by behaviour or EEG; 

however, seizure induction by flurothyl exhibited a shorter latency in homozygotes 

and heterozygotes (to a less extent) compared to wild-type mice. Although motor 

seizures were noted in homozygotes created from certain genetic crosses, ataxia 

and myokymia were not present in mutant mice. Therefore, the phenotype of the 

Kvl.1 knockout mouse shows fundamental differences to the phenotype of typical 

EA1 in humans. Perhaps most interestingly, the heterozygous mouse, closest to 

mimicking the heterozygous nature of EA1, gave results indistinguishable from wild- 

type in all studies, except in reducing the latency of seizures induced by the volatile 

convulsant agent flurothyl. The differences between the phenotype of heterozygous 

mice and human EA1 patients may clearly result from differences in brain anatomy 

and expression of behaviours. There may also be subtle differences in the 

localisation of Kvl.1 protein, and interacting proteins. Also, the mechanism of Kvl.1 

dysfunction in EA1 is likely to be more complicated than a simple loss of function of 

one Kvl.1 allele, for example by exerting dominant negative effects on wild-type 

Kvi .1 function, indicating that the presence of an EA1 mutant subunit may have 

significant effects in addition to the loss of normal function. Ultimately, EA1 knock-in 

mice may provide a more direct model. Nevertheless, the Kvl.1 knockout mouse has 

provided several interesting insights into Kvl.1 function, as will be discussed below.

Circuits involving Kv1.1

A combination of immunohistochemistry and functional studies of Kvl.1 in slice 

preparations have provided further information about its specific roles, which 

contribute greatly to understanding the causes of the episodic ataxia phenotype
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when Kv1.1 is dysfunctional, in the cerebellar cortex, Purkinje cells provide the only 

efferent signals, and so regulation of their excitability by convergent inputs is the final 

critical stage in controlling signalling to the descending motor pathways. Of the 

different inhibitory inputs to Purkinje cells, the major drive is provided by basket cells, 

which synapse directly on to the Purkinje cell body and also onto axon hillocks. 

Together with Kv1.1, the Kv1.2 subunit has also been shown to localise in this region 

(McNamara et al., 1993; Wang et al., 1993; Sheng et al., 1994; Wang et al., 1994; 

McNamara et al., 1996; Rhodes et al., 1997), and also Kv3.4 (Veh et al., 1995;

Laube et al., 1996) and Kvp2.1 (Rhodes et al., 1997). Electrophysiological studies of 

these precise synapses in cerebellar slices of the mouse have indicated that 

channels containing Kvl.1 and K v i.2 subunits on presynaptic basket cell terminals 

control GABA release and thus have a major modulatory role in the inhibition of 

Purkinje cells (Southan and Robertson, 1998b; Southan and Robertson, 2000). In the 

Kvi .1 knockout mouse, Purkinje cells exhibited an increased inhibitory tone mediated 

entirely by GABAergic sIPSCs (Zhang et al., 1999), demonstrating a direct role of 

Kvi .1 regulating cerebellar signalling which was not sufficiently compensated for by 

other Kv subtypes such as Kvi .2 (although they are likely to contribute). Further, it 

was suggested that this specific function of Kvi .1 is localised to branch points in 

basket cell axons upstream of the terminal bouton. Together with other studies, this 

supports an emerging picture that Kvl.1 currents regulate the likelihood, i.e. the 

frequency of GABAergic IPSCs arriving at the Purkinje cell (Southan and Robertson, 

1998a; Tan and Llano, 1999; Zhang et al., 1999), and thus the dynamic control of 

cerebellar output. As described above, cerebellar ataxia is a characteristic symptom 

of EA1, although no anatomical cerebellar atrophy has been reported in any EA1 

case. Thus, dysfunctional regulation of cerebellar output to the deep cerebellar nuclei 

may be the critical process which underlies this symptom of EA1.

In myelinated nerve, the resting potential of the nerve fibres is set by Kv channels 

lying under the myelin sheath (Hille, 1992). A second role for these channels is 

thought to be in damping excitability when K^ ions leak back into the axon at the 

unmyelinated nodes; the strong clustering of Kvl.1 at juxtaparanodal regions 

suggests that these channels may be particularly important in providing this function 

(Zhou et al., 1998). A study of phrenic and sciatic nerve in the Kvl.1 knockout mouse 

(Smart et al., 1998; Zhou et al., 1998) identified a temperature-sensitive 

hyperexcitability in the absence of Kvl.1, which was localised to the nerve terminal 

but not elsewhere along the nerve, or on the presynaptic membrane. The authors 

suggested that the temperature sensitivity of this hyperexcitability may correlate with
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stress-inducible ataxia when Kv1.1 was dysfunctional in EA1 patients. In contrast, 

earlier functional studies (Jan et al., 1977; Tanouye et al., 1986; Papazian et al., 

1988; Wu and Ganetzky, 1992) of the neurons of Shaker mutant flies indicated that 

hyperexcitability arose on the cell membrane, which is non-myelinated in flies. Kvl.1 

dysfunction may result in hyperexcitability of neurons by both mechanisms, but Kvl.1 

in juxtaparanodal regions of the transition zone of myelinated nerve is likely to be 

most critical in transferring excitability from nerve to muscle in mammals, and thus 

may underlie the continuous motor unit activity (myokymia) in EA1 patients.

In the hippocampus, immunohistochemistry has revealed that Kvl.1 is primarily 

localised to CA3 pyramidal neurons (Wang et al., 1994; Rhodes et al., 1995), the 

CAS subfield including strata oriens, radiatum and lucidum, and the hilus and stratum 

moleculare of the dendate gyrus (Smart et al., 1998). In the Kvl.1 knockout mouse, 

the epileptic behaviour observed was reported to be similar to kainate- and kindling- 

induced limbic seizure models (Lothman and Collins, 1981), raising the possibility 

that a loss of Kvi .1 in the hippocampus may underlie this form of epilepsy. 

Electrophysiological examination of the CAS region in Kvl.1 null hippocampal slices 

found that synchronised burst activity and long lasting cell depolarisations could be 

induced by artificial disinhibition in hippocampal slices (Smart et al., 1998). The 

presence of seizures in the Kvi .1 knockout mouse provides an interesting correlate 

to several cases of epilepsy observed in human patients with EA1, strengthening the 

view that Kv channels are associated with some forms of epilepsy (Zuberi et al.,

1999).

Kvl.1 antibody staining has been shown to be absent from hippocampal mossy fibre 

terminal fields of wild-type mice (Wang et al., 1994; Smart et al., 1998). However, a 

recent electrophysiological study of mossy fibre boutons in rat hippocampal slices 

indicated that Kvi .1 subunits contribute to a fast-inactivating K^ current which 

controls presynaptic Ca^^ influx (Geiger and Jonas, 2000). Thus Kvi .1 is likely to be 

involved in regulating aspects of hippocampal excitability, although the exact 

localisation and function of the different Kvi subtypes remain controversial.

Glycine receptors

Hyperekplexia
Familial hyperekplexia is a rare startle disease (less than one in 500,000 in the 

general population) characterised by exaggerated, non-habituating reflex responses
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to unexpected auditory or tactile stimuli (Vergouwe et al., 1999). The response 

includes a stereotyped sequence of facial and limb rigidity, resulting in uncontrolled 

falls. These symptoms have been likened to those produced during poisoning by 

strychnine, which is a glycine receptor antagonist. The disease is unusual in its 

improvement with age; in infancy, it usually presents as hypertonia (generalised 

stiffness), with some severe cases resulting in death (Giacoia and Ryan, 1994). 

Hypertonia reduces in adulthood.

Pathological startle was originally thought to be caused by the impairment of brain 

reticular structures. However in 1993 the disease was linked to mutations of the 

GLRA1 gene, which encodes the glycine receptor subunit G lyRal, and became the 

first identified channelopathy (Shiang et al., 1993). At least 11 missense mutations of 

GLRA1 have now been identified in human hyperekplexia, and will be discussed in 

detail in the following chapters (Shiang et al., 1993; Rees et al., 1994; Shiang et al., 

1995; Brune et al., 1996; Elmslie et al., 1996; Milani et al., 1996; Saul et al., 1999; 

Vergouwe et al., 1999; Rees et al., 2001). Two nonsense mutations have also been 

recently reported (Rees et al., 2001). In addition, three mouse strains carry mutations 

of GlyR subunit genes and show neurological phenotypes similar to human 

hyperekplexia. The spastic mouse contains an intronic insertion within the GLRB 

gene, resulting in aberrant slicing of the GlyR(3 subunit mRNA (Kingsmore et al., 

1994; Mulhardt et al., 1994). The spasmodic mouse, like most cases of human 

hyperekplexia, has a missense mutation (A52S) in G lyRal (Ryan et al., 1994). 

oscillator has a microdeletion in GlyRal which leads to a frameshift, affecting part of 

the C-terminus (Buckwalter et al., 1994). This mutant is particularly severe, resulting 

in early lethality. Some evidence suggests that this is a functionally null mutation as 

no G lyRal peptide was found in the spinal cord of homozygotes (Brune et al., 1996).

Here we examine two different human hyperekplexia mutations which are present 

within the same family, in the first reported case of compound heterozygosity 

(Vergouwe et al., 1999); two further possible cases of compound heterozygosity have 

also recently been reported (Rees et al., 2001). This pattern of inheritance is similar 

to that for a recessive mutation, except two different mutations are present on 

different alleles. The two mutations give rise to hyperekplexia when inherited 

together, but not alone; thus affected family members have two mutant G lyRal 

alleles, and are heterozygous. We have investigated the way in which these 

mutations affect G lyRal function, and in particular, the reasons why both mutations 

must be inherited together to give rise to a disease phenotype.

23



Classification of ligand-gated ion channeis

Glycine and y - aminobutyric add (GABA) are the neurotransmitters which mediate 

fast inhibitory signalling at central synapses. When released from presynaptic 

terminals of neurons, both transmitters bind to postsynaptic receptors and result in 

inhibition of firing in the postsynaptic cell. The receptors for both transmitters are 

found in the brain and spinal cord, although glycine receptors (GlyRs) predominate in 

the spinal cord, and GABA receptors (GABARs) in the brain [see (Rajendra et al., 

1997) for review]. Both receptors are ligand-gated ion channels (LGICs), mediating 

the influx of chloride ions when activated by the binding of agonist molecules to the 

receptor binding site. Cl' influx hyperpolarizes the membrane potential and prevents 

further neuronal firing in response to excitatory inputs. Interestingly, embryonic 

glycine and GABA signalling at some synapses is excitatory, resulting in membrane 

depolarisation due to a more positive equilibrium potential of Cl', Ea, in some 

neurons, but inverts at birth [see (Betz et al., 1999) for review].

The LGIC superfamily strictly includes all ionotropic neurotransmitter receptors, and 

so a more specific definition of the family of homologous receptors to which GlyRs 

belong is the "nicotinoid" superfamily (Le Novere et al., 1999). Other members of this 

group include the nicotinic acetylcholine receptor nAchR, the GABAa and GABAc 

receptor subfamilies, and the serotonin receptor subfamily 5 -HT3.

LGIC channelopathies
In addition to mutations of the G lyRal subunit in hyperekplexia, several other LGICs 

have been found to harbour mutations in inherited channelopathies. Recently, 

missense mutations of the 72 subunit of the GABAa receptor were identified in two 

families with Generalised Epilepsy with Febrile Seizures Plus (GEFS+) (Baulac et al., 

2001; Wallace et al., 2001), which has previously also been linked to mutations of 

Na^ channel a  and [3 subunits (for example, (Wallace et al., 1998; Escayg et al.,

2000)). Another form of epilepsy. Autosomal Dominant Nocturnal Frontal Lobe 

Epilepsy (ADNFLE), has been associated with mutations of the AchR a4 and (32 

subunits (Steinlein et al., 1995; De Fusco et al., 2000; Phillips et al., 2001). It is 

becoming clear that, like other ion channels, LGICs provide a huge range of potential 

candidates for mutations underlying both rare and more common disorders such as 

epilepsy.

Nicotinoid receptor structure

The structure shared by the nicotinoid receptor a subunits is an external N-terminus, 

including the ligand binding site, and four transmembrane domains (M l-4) linked by
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intracellular and extracellular loops. The second transmembrane segment, M2, is 

thought to contribute to the channel pore [see (Rajendra et al., 1997) for review]. 

Schematic diagrams of the structure of GlyRs are shown in Figure 2. There is 

evidence that the transmembrane segments are a mixture of a-helices and p sheets, 

and a recent model proposes a re-entrant loop in the N-terminal domain (Leite and 

Cascio, 2001). The C-terminus is much shorter than the N-terminus, and is also 

extracellular.

B
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Figure 2 Schematics of GiyRai structure
A Membrane topology of a GlyRal subunit, showing four transmembrane domains (M1-M4). 
The M2 domain forms the pore of the Cl channel (green). The N- and C-termini are 
extracellular. The large extracellular N-terminal region contains at least two glycine binding 
sites (red) and cysteine loops involved in subunit assembly (light blue). B Pentameric 
stoichiometry of foetal and adult GlyRs.

Physiological GlyRs in the adult mammalian spinal cord are heteropentamers, 

containing both a and p subunits (Pfeiffer and Betz, 1981; Pfeiffer et al., 1982; 

Langosch et al., 1988), which are thought to assemble in a 3:2 ratio (Langosch et al., 

1988). The p subunit has a high degree of homology with the a subunit, and a similar 

transmembrane structure; however, GlyRps do not have a glycine binding site. An 

additional protein, gephyrin, co-purifies with GlyR (Prior et al., 1992) and was
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subsequently found to bind to the GlyRp subunit (but not to GlyRa) on the 

cytoplasmic side of the receptor (Meyer et al., 1995). Gephyrin also interacts with the 

cytoskeleton (Kirsch et al., 1993). G lyRal is one of four glycine receptor a  subunits 

to be identified in mammals (G lyR al-4), and the most predominant subtype in adults 

(see below).

GlyRal function

An understanding of the mechanisms underlying dysfunction of G lyRal in 

hyperekplexia requires knowledge of both structure and function. G lyRal is activated 

by the binding of glycine, and also by p-alanine and taurine. The concentration of 

these agonists required for half-maximal activation, the EC5 0 , is approximately 20 |iM, 

50 jj-M and 150 |liM, respectively, as reported for recombinant G lyRal receptors 

expressed in mammalian cell lines (e.g. (Lynch et al., 1997). These properties are, 

however, likely to be altered for heteromeric receptors in vivo (Rajendra et al., 1997). 

Comparison of EC50 values between wild-type and mutant receptors provides a 

useful tool to give a comparative measure of dysfunction; however, the separation of 

channel activation into the components of agonist binding, allosteric transduction and 

gating of the Cl' channel requires further information and remains only partially 

understood. As presented in Chapter 4, a detailed discussion of these processes is 

outside the scope of the present study due to the nature of the mutations described 

here. In general, studies of hyperekplexia mutations found to date have shown that 

the main mechanisms of dysfunction involve reduced expression levels of receptor 

subunits, or alterations of channel gating, rather than the efficacy of glycine binding. 

Glycine binding may be assessed by analysing the inhibition of the receptor by 

strychnine, a potent competitive antagonist. The competition between strychnine and 

the receptor agonist indicates a similar location and availability of the respective 

binding sites, and so analysis of the binding of radio-labelled strychnine 

([^Hjstrychnine) provides an assay for the likelihood of glycine binding (Rajendra et 

al., 1997). Direct evidence that altered channel gating contributes to the observed 

shifts in EC50 therefore requires a combination of binding assays and single channel 

recording (for example, (Lynch et al., 1997), although these affects are further 

complicated in the presence of p subunits (Lewis et al., 1998). Additional information 

is provided by examining the action of p-alanine and taurine, which are converted to 

partial or full antagonists as a result of some mutations (Lynch et al., 1997).

The ability of bound molecules to result in channel opening appears to be controlled 

at least in part by the intracellular M l-2 loop and the extracellular M2-3 loop.
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Evidence for a role of these domains in allosteric transduction has been provided by 

analysis of hyperekplexia mutations occurring in these locations, and by systematic 

artificial mutation (Lynch et al., 1997). These regions may act like "hinges" (Saul et 

al., 1999), as proposed for the nAchR receptor (Unwin, 1995). Further studies of the 

receptor structure will reveal more specific interactions; the recent suggestion that 

the N-terminus includes a region which enters the transmembrane region of the 

receptor may provide an additional link between binding and gating (Leite and 

Cascio, 2001).

Other characteristic features of G lyRal currents are a fast desensitisation in the 

prolonged presence of glycine, which is analogous to inactivation in voltage- 

dependent ion channels, and the existence of multiple single channel conductance 

states.

GlyR localisation
As discussed above for potassium channels, the study of channel function in vitro 

provides an essential line of investigation to form the basis of an understanding of 

disease, but nevertheless should be related to the more physiological functions of the 

channels in vivo. The localisation and functions of G lyRal in vivo are discussed 

below.

GlyRa subunits are present at high levels in the spinal cord and brainstem, and are 

also found at lower levels in the midbrain, hypothalamus and thalamus [see 

(Rajendra et al., 1997) for review]. Fetal and newborn mammals express a2 subunits 

as homomeric channels widespread through the spinal cord and brain, with little 

evidence of other subunits present (Hoch et al., 1989; Grenningloh et al., 1990; 

Takahashi et al., 1992). After birth the a2 subunit is downregulated in the spinal cord 

and brainstem, where it is replaced by a1 and (3 subunits, which form heteromeric 

pentamers in a proposed ratio of 3:2 (Langosch et al., 1988). However, a2 subunits 

persist in the higher brain of adults, and two further variants, a3 and a4, are found in 

some regions. GlyRp subunits have a ubiquitous expression in the adult CNS, 

despite being apparently unable to form functional homomeric GlyRs due to the lack 

of glycine binding site on the beta subunit [see (Betz, 1991) for review]. This raises 

the possibility that other as yet unidentified GlyRa subunit variants exist in the brain. 

Although the strong expression levels of G lyRal suggests that G lyRal+p 

heteromeric channels may be the only mediators of glycinergic transmission 

throughout the spinal cord and brainstem of adults mammals, this is not the case 

during development. Therefore it is interesting to consider the postnatal
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downregulation of a2 subunits and complementary upreguiation of a1 and p 

subunits, and the modulation of this process, when examining the role of the G lyRal 

subunit.

Circuits involving GlyRal

G lyR als are localised to several types of inhibitory interneuron in the spinal cord. 

These include the Renshaw cell, and interneurons that are excited by group la 

muscle afferents, lalNs. G lyRal is also found on some IblNs. Spinal cord 

interneurons are involved in complex networks which relay afferent and efferent 

signals between the effector muscle units, which function as synergists or 

antagonists with other units [see (Rothwell, 1994)]. Inhibition serves several 

purposes and a name is given to each. Recurrent inhibition occurs between 

Renshaw cells and a1 motoneurons. The Renshaw cell forms an inhibitory synapse 

onto the motoneuron, mediated by postsynaptic G lyRal receptors. An unusual circuit 

loop is formed by the direct projection of another, antagonistic motoneuron back to 

the Renshaw cell; this is an excitatory synapse mediated by postsynaptic nAchRs on 

the Renshaw cell. The Renshaw cell therefore inhibits the motoneuron activity in 

response to motoneuron firing. Correct function of G lyRal s in this circuit therefore is 

likely to have a vital role in controlling excitability of the motoneuron pool. However, 

there is also evidence that postsynaptic GABAa receptors are present on the 

Renshaw cell, and it is not yet known to what extent functional redundancy might 

occur between the G lyRal and GABAa receptors in these circuits (Schneider and 

Fyffe, 1992). An investigation of spinal cord reflexes in hyperekplexia patients by 

Fleeter et. al. in 1996 reported normal recurrent inhibition in affected individuals of 

the two families studied. This evidence suggests that for at least some GLRA1 

mutations, normal G lyRal function may not be essential to preserve recurrent 

inhibition. Also, the existence of a hyperekplexia phenotype in such cases suggests 

that recurrent inhibition cannot be the only reflex defective in hyperekplexia.

A second type of inhibition found in the spinal cord is reciprocal inhibition. The first 

period of reciprocal inhibition is mediated by glycinergic transmission by the laIN 

interneuron. These are more classical interneurons which receive descending and 

peripheral excitatory inputs, and inhibit motoneurons (although they are also 

connected to Renshaw cells and antagonist lalNs). Dysfunction of G lyR a ls in 

reciprocal inhibition may lead to a general enhancement of spinal cord excitation and 

at least partly underlie the hyperekplexia phenotype. Fleeter et al identified impaired 

reciprocal inhibition in all three hyperekplexia patients studied (Fleeter et al., 1996).
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Chapter 2: Materials and Methods

Molecular biology 

Vector constructs
The wild-type Kv1.1 coding sequence was extracted from KCNA1 genomic DNA from 

blood samples and subcloned into the pSGEM expression vector by standard 

methods as described previously (Spauschus et al., 1999; Eunson et al., 2000). The 

pSGEM vector is optimised for in vitro transcription and expression of cRNA in 

Xenopus oocytes. In the current project, we also expressed Kv1.1 DNA directly. The 

Kvl.1 coding sequence was subcloned into a DNA expression vector, PMT2-LF 

(courtesy of Prof A Dolphin, University College, London), by standard methods (see 

below). The coding sequences for Kvi .2, contained in the vector pput2pA, and 

G lyRal / G lyRpi, each contained in pRSSP6012A3, were kind donations of Prof O 

Dolly/ Dr S Akhtar (Imperial College, London) and Prof R Schoepfer/ Dr M Rees 

(University College, London) respectively. All three vectors are optimised for in vitro 

transcription and expression of cRNA in Xenopus oocytes. Where necessary, 

additional restriction mapping was performed using the Apple Macintosh software 

Lasergene (DNAStar).

Transformation, bacterial culture, digest reactions and gel electrophoresis
Transformation of bacterial culture was used to amplify DNA constructs, and to repair 

nicked ends of vector plasmids which had been modified using PCR (see below). I pi 

of DNA product was added to 50 pi competent bacteria (E. coli xLI-B lue MRP'; 

Strategene), placed on ice for 30 minutes and then given a heatshock at 42 °C for 45 

seconds to encourage DNA incorporation. The reaction was then cooled on ice and 

spread onto agar plates containing 50 pg/ml ampicillin.

6 - 8  colonies were picked from a single plate and placed into separate 2  ml mini

cultures containing LB-broth with 50 pg/ml ampicillin. The cultures were then 

incubated at 37 °C and shaken at 220 rpm overnight. 1.5 ml of each culture was then 

centrifuged at 14,000 rpm for 4 minutes to produce a pellet, which was used for the 

Quiagen Mini-Prep DNA extraction. At the final stage of this process, DNA was 

eluted into 30 pi Tris HCI. Restriction endonucleases (either New England BioLabs or 

Promega UK) were used to confirm that the mutation/ restriction site had been 

correctly introduced into the vector construct by the PCR. The digest reaction 

typically contained (in pi): 3 DNA, 1 % buffer, 1 % BSA, 1 enzyme, to 20 with npH20,
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and was incubated according to the enzyme catalogue instructions for temperature 

and duration (typically 37 °C overnight).

Most of the digest product was run per lane on a 0.8 % agarose gel, made with 50 ml 

of 1x TBE buffer (in g: 108 Tris Base, 55 boric acid, 9.3 EDTA, in 1 I ddH2 0 ; 

autoclaved) and 3 p.1 of 10 mg/ml ethidium bromide. 1-2 pi of 1 kB DNA marker 

(Gibco) was included in a separate lane. Gels were run negative-positive at -6 0  mV 

for 50 minutes, in 50 ml of IxT B E  running buffer. Gels were then viewed over a UV 

lightbox (a low intensity UV light was used when viewing DNA used for gel extraction 

assays).

The remaining 0.5 ml samples of mini-cultures that contained correct DNA were each 

added to 25 ml of LB broth containing 25 pi of 50 mg/ml ampicillin, and incubated at 

37 °C and shaken at 220 rpm overnight. The culture was then centrifuged at 4350 g 

for 10 minutes to form a pellet which was used for the Quiagen Midi-Prep DNA 

extraction. DNA obtained from this procedure was eluted in 50-200 pi Tris HCI and 

double-checked for construct integrity using the same restriction enzyme digest used 

to check the DNA obtained from the mini-prep.

Some DNA constructs were sequenced to further verify the accuracy of the construct.

Modification of DNA constructs: site-directed mutagenesis, PCR and primer 
design
For subcloning, we either utilised existing restriction sites, or introduced unique sites 

by mutagenesis PCR. Mutagenesis primers were designed using Lasergene software 

for Apple Mac. The PCR protocols used were based on the following standard 3-step 

cycling reaction:

1) Heat step, to melt double-stranded DNA to single strands (-94 °C, 30 s)

2) Annealing step, at a cooler temperature to bind primer to single-stranded DNA 

(-60  °C, 20 s)

3) Elongation step, at optimum temperature for DNA polymerase to read along the 

primer (-70  °C, 1 min/ kb of product)

Steps 1-3 above were cycled -25  times (temperatures and durations varied 

depending on the specific reaction).

Pfu polymerase (Promega) was added at the start of the reaction, or after the first 

heat step (2 minutes). This "hotstart" was necessary when using large DNA fragment 

(e.g. a vector plasmid) in the reaction, to ensure that DNA melting was complete
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before polymerase was introduced for binding. After the reaction, the amplified DNA 

fragment containing the new restriction site was purified by adding 5 units Dpn1 

enzyme (New England Biolabs), which digests the methylated DNA template. The 

PCR product is not methylated and cannot be digested by the Dpn1.

Amino acid substitutions
For amino acid substitutions, either to introduce a mutation to be studied, or to modify 

an existing construct to facilitate cloning, primers were designed to complement 

regions of sequence either side of the amino acid codon(s) to be mutated. The primer 

included 1-3 base substitutions that result in a codon for the new amino acid. This 

change is then incorporated into the amplified sequence during the PCR reaction.

Subcloning of an insert into a vector
To introduce a restriction site within a vector, mutagenesis PCR primers were 

designed to bind the template DNA at either side of the position for the new site, and 

to include an additional stretch of sequence between these two ends which codes for 

the restriction site. These primers are designed for both the forward and reverse 

strands (see Results chapters for specific primers used).

Restriction sites were introduced at the ends of the insert fragment using a primer 

designed to contain a sequence complementary to the end region of the fragment, 

preceded 5' by the sequence for the restriction site. An ATAT tail was also added 5' 

to the restriction site sequence to facilitate restriction enzyme digestion.

When PCR is used to modify a vector plasmid, e.g. to introduce the restriction sites 

necessary for subcloning, the DNA product is double-stranded but the 

complementary strand added by the polymerase is not joined together at the 5' and 3' 

ends ("nicked"). To prepare these vector constructs for subcloning, we therefore 

transformed bacterial cultures with the nicked vector PCR product to both repair the 

nicked ends (by nick translation) and to amplify the DNA (see above). To insert a 

fragment into a vector, the vector DNA was then linearised using the restriction 

enzyme(s) present on the ends of the insert fragment. If the vector was linearised 

using a single restriction enzyme, we de-phosphorylated the linearised vector by 

adding 10 units of calf intestinal alkaline phosphatase (CIAP) in restriction buffer, to 

prevent re-ligation of the cut ends. We then ligated the vector and insert using the 

following mixture (approx.): 3:1 ratio of insert DNA: vector DNA, 1x DNA ligase buffer 

and 5 units T4 DNA ligase; on ice. The reaction was kept at 16 °C overnight. To 

amplify ligated DNA, the ligation mixture was used to transform bacteria in culture, 

which were then grown on agar plates containing ampicillin (as described above).
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Since insert fragments did not contain the ampicillin resistance cassette, and the cut 

ends of the vector were de-phosphorylated, colonies growing on the plates were 

expected to be the new vector plus insert construct. Colonies were picked and placed 

in separate mini-cultures for mini-prep DNA extraction as described above.

Restriction enzymes were then used to 1) confirm the presence of the insert in the 

vector construct, 2) verify the orientation of the insert, and 3) confirm that only one 

copy of the insert was present in the construct (important when the ends of the insert 

had the same overhang sequence).

Amplification of completed DNA constructs
Bacterial colonies shown to contain the correct modified DNA constructs were 

amplified using bacterial cultures and extracted by midi-prep, as described above.

In vitro transcription and spectrophotometry

To obtain cRNA for injection into Xenopus oocytes, 30 pg of cloned DNA was 

linearised in a 200 pi digestion reaction with the appropriate restriction enzyme. To 

extract the linearised DNA, 200 pi phenol and 200 pi chloroform were added and the 

mixture centrifuged at 1400 rpm for 5 minutes. The extraction then proceeded 

RNAse-free. The supernatant was removed, 400 pi of chloroform added, and re

centrifuged. The supernatant was again removed and then the DNA precipitated by 

adding 0.1 volume of 3 M NaAc (pH 5.2) and 2-2.5 volumes EtOH (100 %, -20 °C), 

and centrifuging for 10 minutes. The pellet produced was then dried and re

suspended in 25 pi of RNAse-free water, and the O.D. obtained by 

spectrophotometry in order to determine the cDNA concentration by the following 

calculation;

[cDNA] = O.D.(260nm) * 50 * dilution factor o f sample

The transcription reaction was then added together as follows (in pi): x (2 to 3 pg) 

linearised DNA, 20-x RNAse-free water, 5 ATP (10 mM), 5 CTP (10 mM), 5 DTP (10 

mM), 5 GTP + m7G(5')ppp(5')G-cap (10 mM), 5 transcription buffer (lOx), 2.5 RNAse 

inhibitor, 2.5 RNA polymerase (T7 or T3); 50 pi in total. The reaction was incubated 

at 37 °C for 1.5 hrs, and then 5pl of DNAse added for 15 minutes at 37 °C to digest 

the DNA template. The mixture was then run through spin columns (Clontech) to 

extract the cRNA. Unlike more widely-used methods of RNA extraction, this 

procedure operates in the absence of phenol, to reduce contamination that can 

interfere with O.D. readings for cRNA. The integrity of the cRNA was then assessed 

by gel electrophoresis. The gel was made by adding 0.6 g of agarose to 30 ml 

RNAse-free water at 65 °C, and then adding 8  ml of 5x MOPS buffer and 7 ml of 37%
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formaldehyde. Each cRNA sample was added in a 1:2 ratio to the loading buffer (1x 

formaldehyde running buffer, 6.5 % formaldehyde, 50 % formamide, 5 % glycerol,

0.1 mM EDTA, 0.025 % bromphenolblue) and heated to 65 °C for 10 minutes, to 

extend the RNA fragments. A 0.3 - 6.9 kb RNA marker (RNA molecular weight 

marker 1, Roche) was also mixed at a 1:2 ratio in loading buffer, and then run with 

the samples in separate lanes on the gel at 60 mV in 50 ml of 1x MOPS running 

buffer. Gels were viewed using a UV lightbox. The concentration of cRNA was 

determined by spectrophotometry:

[cRNA] = O.D.(260nm) *40  * dilution factor of sample

Readings were repeated frequently and compared against control samples of known 

concentration (e.g. commercially obtained RNA marker stock) to maintain accurate 

estimates of [cRNA].

Oocyte preparation

Chemicals were obtained from Sigma-Aldrich unless otherwise stated. Female 

Xenopus laevis frogs were killed by an overdose of 0.25 % tricaine anaesthetic, 

cervical dislocation, decapitation and pithing. Oocytes were isolated by dissection 

and stored at 4 -1 8  °C in fresh ND96 medium (in mM: NaCI 96, KOI 2, MgCl2 1, 

CaCl2 1.8, HERES 5, 50 pg/ml Penicillin and 50 units/ml Streptomycin, pH = 7.4; 

sterilised by filtration). Within 1-2 hours of isolation, the oocyte follicular layer was 

removed by gentle shaking for 90-120 minutes in 2 mg/ml collagenase (Type 1A, 

Sigma), diluted in a calcium-free ND96 solution (as above; CaCl2 OmM). After 

washing, stage 5-6 oocytes were selected and stored overnight at 18 °C in ND96 

medium.

Oocyte injection
RNA injection

Healthy oocytes were injected near to the equator using a Nanoject automatic 

injector (Drummond) and a glass pipette. The pipette tip was broken to -10  pm 

diameter and shaped to a thin tapered point using a heated glass bead, to minimize 

the disruption to the oocyte membrane during injection. Oocytes were injected with 

the minimum volume and concentration of cRNA possible to elicit recordable current 

amplitudes (typically 4.6 nl - 46 nl of 4-80 pg/nl cRNA or DEPC water control), to 

avoid saturation of the translation machinery and any toxic effects to the cell. Injected
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oocytes were incubated in ND96 medium at 18 °C prior to electrophysiological 

recording.

DNA injection

De-folliculated oocytes were placed animal pole upwards in a specially made petri 

dish containing individual 2 mm diameter wells. The dishes were then placed in a 

centrifuge and spun at 10000-14000 rpm at 18 °C for 8-15 minutes, depending on 

the condition of the oocytes. After centrifugation, the nucleus was just visible through 

the dark surface of the animal pole as a pale disc which remained raised at the 

surface for 10-15 minutes. During this time, DNA was injected using an automatic 

injector as above, but with no more than 1 0  nl volume.

Injection strategies

In all studies, the amount of wild-type (wt) cR/DNA injected was compared against 

the resulting current amplitude in order to obtain a saturation curve. An amount of 

injected cR/DNA which gave rise to a current amplitude towards the middle of this 

saturation curve was then chosen as a "single unit" of wt, to which all other 

conditions were compared. This condition mimics the presence of a single wt allele; 

injection of 2 units mimics a complete wt genotype, i.e. a pair of wt alleles. When 

mutant cR/DNA or concatemer cRNA was expressed alone, an amount equal to this 

single unit of wt (both equal concentration and equal volume) was injected. (Note that 

although the concentration determined by spectrophotometry refers to the number o f 

base pairs, not the number of molecules. Ultimately, a multimeric channel will contain 

a constant number of base-pairs, regardless of whether the channel has been 

assembled from monomers, dimers, etc. For experiments with Kvl.1 concatemer 

constructs, the number of base-pairs present in the small poly-linker inserted 

between two subunits is considered to be a negligible percentage of the whole 

channel. Therefore the concentration and volume of RNA injected should be equal 

for all conditions.)

When mutant cR/DNA was co-expressed with wt, the co-injection consisted of one 

unit of wt, plus an equal amount of mutant, making the total cR/DNA amount injected 

equal to two units. This condition mimics a heterozygous genotype, i.e. one wt and 

one mutant allele. Thus a possible dominant negative effect of the mutant cR/DNA 

could be assessed, as any difference in the macroscopic current amplitude observed 

between the co-injection condition and a single unit of wt would then be attributable 

to the single unit of mutant cR/DNA. In some experiments, increasing amounts of 

mutant cR/DNA were injected, but were always accompanied by a single amount of
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wt, so that the effect of the mutant could be assessed relative to a constant wt 

expression.

Electrophysiology

Recordings were made using two-electrode voltage clamp at a room temperature of 

-22  °C, in normal frog Ringer solution (NFR; in mM: 115 NaCI, 2.5 KOI, 1.8  CaCl2, 5 

HEPES, pH 7.4 using 1 M NaOH). Glass electrodes were pulled to a tip resistance of 

0.5-3MQ, and filled with 3 M KOI (unless otherwise stated). Oocytes were placed in a 

-0 .5  ml recording chamber and recording solution was continually applied at 1-10 

ml/min, depending on the particular experiment. Recordings were sent to a 

Geneclamp amplifier using pCIamp software for acquisition. The resting potential of 

healthy oocytes impaled by the two electrodes was -30  mV or more negative. 

Oocytes were discarded if the holding current required to clamp the oocyte at the 

experimental holding potential was in excess o f -100 nA.

Macroscopic current amplitude measurements
Peak current amplitudes were recorded by subtracting the minimum amplitude 

detected from the maximum, excluding any stimulation artefacts. Due to variability in 

expression levels between batches of oocytes, all current amplitudes were 

normalised to the appropriate control (a single unit of wt, unless otherwise stated) 

within a single batch, and on the same day of recording where possible. Amplitude 

measurements were made for each condition, i.e. type/ amount of cRNA injected, in 

a pseudo-random order to avoid bias as expression levels may continue to change 

during the time taken to complete the experiment. Data were collected from several 

different batches of oocytes and then pooled if not significantly different.

Measurement of macroscopic current kinetics

Voltage protocols were as follows. A -P /4 protocol was applied in all Kvi 

experiments in order to subtract leak and capacitance currents from the recordings.

I-V curves (for measurement of time constant of activation and voltage dependence 

of activation of Kvi currents) were elicited by depolarising steps from a holding 

potential o f -100 mV. Sequential steps lasting 350 ms were made to potentials 

between -60  and +40 mV at 5 mV increments. Following each depolarising step, the 

potential was stepped to -50  mV for 50 ms to record the tail current, and then finally 

back to -100 mV.
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IV tail recordings (for measurement of the time constant of deactivation of Kv1 tail 

currents) were made by sequential depolarisations from a holding potential o f - 1 0 0  

mV to a potential of +40 mV for 50 ms, followed by repolarising steps to voltages 

between -80 mV and 0 mV (at 5 mV increments) for 250 ms, before stepping back to 

-100  mV.

Steady-state inactivation measurements for Kvi currents were made during a 5 s 

depolarisation to 0 mV from a holding potential o f -100 mV. All other peak amplitude 

measurements of Kvi currents were made during a 240 ms pulse to +40 mV from a 

holding potential o f -100 mV. GlyR currents were elicited by glycine application at a 

holding potential o f -80  mV.

Current amplitude and slope measurements were made within 1-2 ms of voltage 

command, avoiding any stimulation artefacts. Recordings from Kvi channels were 

filtered at 1 kHz and acquired at 2 kHz. GlyR recordings were filtered at 200 Hz and 

acquired at 500 Hz. Details of the analysis of recordings in individual experiments are 

given in the following chapters and figure legends.

Confocal microscopy

Preparation of oocytes for fluorescent imaging
Following electrophysiological recording, oocytes were fixed in 4 % 

paraformaldehyde (v/v in 0.15 M PBS) for >3 hours at 4 °C, and then cut in half 

perpendicular to the equator using a razor blade. This cut was improved by placing 

the oocyte in a solid agar well. The cytoplasm and membrane could then be imaged 

in cross-section to a depth of -300 p.m by scanning across the cut face of the oocyte.

Microscopy

Each half of the oocyte was submerged in ND96 medium and imaged on the 

cytoplasmic side, followed by the membrane side, i.e. obtaining four images per 

oocyte. Fluorescence images were acquired at lOx or 60x magnification using a Bio- 

Rad Radiance2000 laser scanning confocal microscope with an 8  Bit ADC, using 

Lasersharp software for acquisition and Scion Image software (NIH) for analysis. 

EGFP was excited using a 488 nm argon laser beam, with an emission filter of 

515/30 nm to collect the peak emission (507 nm) and eliminate autofluorescence of 

endogenous oocyte protein. Laser and confocal aperture settings were kept constant 

for all experiments. During scanning a Kalman function was applied, whereby each 

optical slice was scanned three times in succession and an average pixel value
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obtained to reduce the random noise at each pixel. Images were acquired at 

increasing depths through the oocyte at a spacing of 1 0  pm, and then projected onto 

a single image for analysis. This method maximised the sample volume and limited 

variability, since oocytes are large and fluorescence was not uniformly distributed.

Analysis

Each image was measured for the mean pixel value, which was obtained within a 

region defined manually by drawing a line around the perimeter of the cell. This value 

was divided by the region area, and then averaged with the measurement obtained 

from the second half of the oocyte, to give a mean fluorescent value (F). Membrane 

and cytoplasmic mean fluorescence values for each cell were then averaged 

between oocytes. As a measure of total cell fluorescence, the membrane and 

cytoplasmic data were first averaged for each cell, and then among all cells. All mean 

fluorescence values were then normalised to that obtained for cells injected with 1 

unit of EGFP-wt cRNA {Fegfp-wÙ-

Statistics

Values of n refer to the number of oocytes. Unless otherwise stated, analysis of 

statistical significance was performed using a Student's T-test. When statistical 

analysis was required for a group of observations, the Bonferroni correction for 

multiple comparisons was applied in order to define the confidence interval for the 

overall level of significance required (e.g. 0.01) for a set of comparisons (Sokal and 

Rohlf, 1995). The Bonferroni correction applies a level of confidence a /k to  each 

comparison in a set, where a is the required overall level of significance (i.e. 0 .0 1 ), 

and k is the number of comparisons within the set. For example, if nine comparisons 

were being made, a /k=  0.01 /9 = 0.0011. Fora two-tailed normal distribution, the 

distance between zero and the Z statistic = 0.5 -  (0.0011 /2) = 0.4994. From the 

statistical z tables, we find that this level of confidence is achieved within 3.24 x SEM 

for each comparison. Therefore, when two data sets were compared, each value 

must be within 3.24 x SEM of the corresponding value in the second data set. If this 

agreement was achieved for all nine data pairs, we concluded that there is no 

significant difference between the group of nine comparisons at the 1 % level.
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Chapter 3: Deriving models of co-assembly and no co

assembly of Kv1.1 subunits

Introduction

Our group has identified a new mutation of the KCNA1 gene in each of five families 

diagnosed with episodic ataxia (EA1) (Zuberi et a!., 1999; Eunson et a!., 2000). Four 

of these mutations result in a single amino acid substitution on the hKvl.1 subunit: 

T226R, A242P, P244H and V404I. The fifth, R417stop, is the first truncation to be 

identified to date in EA1. The severity of the disease differs in each of these families. 

Relatively severe EA1 phenotypes were observed in patients with the T226R and 

A242P mutations, which included seizures, and also in patients with the R417stop 

truncation, showing a high drug resistance. At the other end of the spectrum, the 

P224H mutation was associated with neuromyotonia alone and no ataxia. The V404I 

mutation was associated with typical EA1 of an intermediate severity. These 

differences raise the question of whether this phenotypic variability can be explained 

at the level of the Kvi .1 subunit. This possibility, together with the range of residues 

affected, provides the opportunity to combine an investigation of the mechanisms of 

EA1 with that of the (patho)physiological functioning of the Kvi .1 channel. Figure 1 

shows the position of the five EA1 mutations studied here, together with others 

identified to date.

Y379V "TEA tag'

T226R

V404I

T J t :  R417stop

A242P

P244H

Figure 1 Membrane topology of hKvl.1 and position o f EA1 mutations.
Schematic representation of a hKvl .1 subunit, showing the positions of the five disease- 
associated mutations and the TEA tag mutation discussed in this chapter (filled circles). Thick 
outlines mark the positions of the other EA1 mutations identified to date. Each circle 
represents a single amino acid residue. The dashed rectangle shows the putative 
transmembrane region of the channel.
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Expression of subunit cRNA in Xenopus oocytes for functional analysis of the 

channel proteins has revealed that two mutations associated with typical EA1 or 

neuromyotonia alone, P244H and V404I, give rise to channels with whole-cell 

maximal current amplitudes at +40 mV that are indistinguishable from wild-type (wt), 

although aspects of the kinetics of these currents are altered (Eunson et al., 2000). 

On the other hand, those associated with more severe phenotypes, T226R, A242P 

and R427stop, each resulted in reduced current amplitudes as well as altered 

macroscopic kinetics (Zuberi et al., 1999; Eunson et al., 2000). Here, we aim to 

describe the mechanism of dysfunction in each case, by a closer examination of the 

interactions of wt and mutant subunits. Following injection of cRNA into the cell, 

several stages of expression occur before channel proteins reach the membrane and 

mediate a current as a functional channel. Kvl.1 channels are tetrameric, and so 

following translation, four subunit proteins must fold and assemble with each other. 

Channels are then trafficked to the membrane where they are inserted, before 

eventual re-internalisation and degradation. While in the membrane, outward K"" flux 

is mediated by voltage dependent gating of the channel. For current amplitude to be 

normal, as for P244H and V404I subunits, it is likely that all of these stages operate 

with an efficacy equal to that for a wt subunit, and that once in the membrane, the 

amplitude of the maximal K"" current mediated by the channel is also equal to wt. 

Conversely, any or all of these stages may potentially be affected for T226R, A242P 

or R427stop, where the end result is a reduced current amplitude. In order to 

investigate the mechanism of dysfunction for the five mutants, we need to identify the 

stages of expression which contribute to current amplitude, and investigate them 

separately.

An early stage of subunit expression which may be examined experimentally is 

channel assembly. Although translation of protein must occur first, it is difficult to 

identify a single early checkpoint in order to take a sample of protein levels. However, 

the probability of assembly of a given subunit into a channel is represented by the 

channel stoichiometries (combinations of subunits) produced, which can be 

determined throughout channel expression. This chapter examines subunit 

assembly, which we define as the production of stable tetrameric channels formed 

from hKvl.1 subunits in given stoichiometries. The autosomal dominant inheritance 

of EA1 means that patients are heterozygous for the KCNA1 gene, carrying one wt 

and one mutant allele. Therefore wt and EA1 mutant subunits are likely to be 

produced in the same cell. Since Kvl.1 channels are tetrameric, there are five 

possible subunit stoichiometries which may be produced; if m is the number of
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mutant subunits present, and the number of wt subunits is 4-m, the possible 

stoichiometries are described by m = 0, 1, 2, 3 or 4.

In order to examine the properties of the mutations in relation to the disease 

mechanisms, it is necessary to co-express mutant and wt Kv1.1 subunits together in 

a 1 :1  ratio to produce a population of channels which mimic the disease situation. 

These requirements are best achieved using a Xenopus oocyte system and two- 

electrode voltage clamp. However, co-injection of wt and mutant cRNA could give 

rise to three possible outcomes. First, co-assembly might occur between wt and 

mutant subunits, and give rise to heteromeric channels where m = 0,...,4. Second, 

co-assembly may occur with, but not between the different subunit species, 

producing two separate populations of homomeric wt and homomeric mutant 

channels {m = 0 and m = 4, only). Third, mutant subunits may not assemble at all, 

resulting in a population of homomeric wt channels only {m = 0). The likelihood of the 

latter possibility can be determined by expression of the mutant subunits alone and 

recording the current amplitude. However, comparison of the whole-cell current 

amplitude and kinetics alone cannot distinguish between the first two possibilities, 

since the currents recorded from a population of heteromeric channels may be the 

same as those provided by the average of two separate homomeric populations. 

Therefore, in order to determine whether co-assembly occurs or not in the disease 

situation, we require a method to test whether co-assembly occurs. This chapter 

describes the generation of a quantitative description of the macroscopic current 

produced by a population of channels where wt and mutant subunits are co

assembled (Zerr et al., 1998b), which can be compared to the situation where 

subunits have not co-assembled and two separate populations of homomeric 

channels are formed (Hurst et al., 1995). We have generated this quantitative 

description for wt subunits, which are known to co-assemble. We then use the same 

approach to examine the co-assembly of two EA1 mutations that do not affect current 

amplitude, P244H and V404I, with wt subunits. These two mutants are known to 

assemble to form homomeric channels since they exhibit functional currents when 

expressed alone. Thus, on co-expression with wt, we predict that co-assembly will 

also occur with the same efficacy as observed with wt, since mutant and wt current 

amplitudes are indistinguishable (Eunson et al., 2000). These two mutants are thus 

used to provide a control for the viability of the quantitative description, which will 

then be used to examine assembly for the remaining three mutants in the next 

chapter.
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To test whether co-assembly occurs between wt and mutant subunits to form 

heteromeric channels, versus the alternative hypothesis that no co-assembly occurs 

and homomeric channels of each species form, we require a method to distinguish 

between the two types of subunit when they are both present in a co-expressed 

population. To achieve this, we employed a pharmacological technique using an 

approach developed previously (MacKinnon and Yellen, 1990; Kavanaugh et al., 

1991; Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992; Liman et al., 

1992; Zerr et al., 1998b), where particular Kvl.1 subunits are made less sensitive to 

externally-applied tetraethylammonium (TEA) by artificially introducing the amino acid 

substitution Y379V (see Figure 1). TEA is a small, positively-charged quaternary ion 

which occludes the entrance of the K  ̂channel pore from either the inside or the 

outside of the cell. The internal and external binding sites are distinct from each 

other. At the external mouth of the pore, TEA ions have an affinity for Drosophila 

Shaker K  ̂channels which is critically dependent on the presence of an aromatic 

side-chain on the amino acid at position 449, on the lining of the pore mouth 

(MacKinnon and Yellen, 1990; Doyle et al., 1998). Indeed, the observed division of 

the extended Kv channel family into two classes, those that are sensitive to block by 

external TEA (EC50 <1 mM) and those that are relatively insensitive (EC50 >20 mM), 

may be explained by the identity of the amino acid side chain present at this 

corresponding residue (Kavanaugh et al., 1991). In human Kvl.1 channels, this 

residue is Y379, and TEA affinity is high. The aromatic side chain of tyrosine appears 

to shield an incoming TEA molecule from sensing the repellent positive charge at the 

outside of the pore; affinity for Y379 subunits is high but only weakly voltage- 

dependent, whereas substitution of the tyrosine by a non-aromatic side-chain, e.g. 

valine (Y379V), results in a low-affinity but strongly voltage-dependent TEA block 

(Heginbotham and MacKinnon, 1992). Moreover, evidence suggests that the TEA 

molecule interacts simultaneously, rather than independently, with all four Kvi 

subunits which contribute to the channel pore (Heginbotham and MacKinnon, 1992; 

Kavanaugh et al., 1992), possibly by interaction with the n orbitals of the aromatic 

sidechains at Y379 (Heginbotham and MacKinnon, 1992). In heteromeric channels 

formed from TEA sensitive wt subunits (Y379) co-assembled with TEA insensitive 

subunits (Y379V), measurement of the free energy of dissociation of TEA from 

channels with different stoichiometries has revealed that the tyrosine residue on each 

subunit contributes to an increase in affinity of the channel to TEA in an additive 

manner, and so the affinity of a TEA molecule to the channel pore is dependent on 

the number of subunits containing the tyrosine residue. Thus, in wt+Y379V 

heteromers, the reduction in affinity of TEA block for a channel scales multiplicatively
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with the number of Y379V subunits in the channel (Heginbotham and MacKinnon, 

1992; Kavanaugh et a!., 1992; Hurst et a!., 1995). it follows that the subunit 

stoichiometry of such a channel may be determined by its TEA sensitivity (Liman et 

al., 1992). In a similar way to Zerr et. al. (Zerr et al., 1998b), we have used this 

technique to distinguish between wt and EA1 subunits by artificially introducing the 

Y379V mutation. A Y379V subunit is then referred to as "TEA-tagged", denoted 

superscript "T". We have examined the TEA sensitivity of co-expressed populations 

of wt+wt^ and wt+mutant^ subunits, using a mathematical approach to identify the 

stoichiometries present, and hence whether co-assembly occurs between wt and 

mutant^ subunits.
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Methods

Molecular biology

cDNA and cRNA constructs encoding wt and mutant Kv1.1 subunits were obtained 

as described in the General Methods. Concatemer constructs, where wt Kv1.1 was 

joined to a second subunit coding region (wt or mutant), were generated by removing 

the stop codon from wt cDNA, and adding a linker of ten glutamine residues to the 3’ 

end of the coding region. This extended wt cDNA was completely sequenced on both 

strands and then subcloned in frame into the 5' end of each TEA-tagged subunit. The 

resulting constructs were sequenced across the linker region.

Oocyte preparation and electrophysiology

Oocytes were prepared and injected with cRNA as described in the General 

Methods. Macroscopic current amplitude measurements were made during a 250 ms 

pulse to +40 mV from a holding potential o f -100 mV, during continual perfusion with 

NFR or different concentrations of TEA (see General Methods for recording 

conditions).

Theory
The models of co-assembly and no co-assembly derived in this chapter are based on 

co-expression of wt and wt^ subunits, and will then be examined for wt+P244H^ and 

wt+V404l^. These models are based on the assumption that only assembly of 

subunits determines the population response to TEA, i.e. the position of the TEA 

dose-response curve. No other stages in expression of subunits downstream of 

assembly are incorporated into these models. This is based on the evidence that 

current amplitude is equal for both mutants and wt, i.e. expression of the V 4 04 r and 

P244H^ subunits downstream of assembly operates with a maximal efficacy similar 

to wt.

Channel populations

Kvi .1 channels are tetrameric, and two types of subunits are present in EA1 patients. 

Figure 2A illustrates that co-expression of two subunit species may result in co

assembly of the different subunit types, resulting in five different stoichiometries. The 

number of TEA-tagged subunits in the tetramer, m, varies between 0 and 4. In order 

to model the behaviour of this (theoretical) mixed population, we need to obtain 

information about the behaviour of each different stoichiometry, and its numerical 

contribution to the total channel population. This can then be compared to the
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alternative hypothesis that two separate populations of channels with stoichiometries 

m = 0 and m = 4 channels form, with no co-assembly between subunit types.

A
co-expression It

co-assem bly m - 0  m -  A

.^ 1  «
w ild-type #  m = 2 m -  ^

mutant Q

IIno co-assem bly
m = 0 m = A

B C D
hom om eric homomeric 1:1 dim er
w ild-type mutant

m  = 0 m = A m = 2

Figure 2 Different channel stoichiometries produced on injection o f wt and mutant 
subunits.
A Co-expression of wild-type with mutant subunits may result in co-assembly, with five 
channel stoichiometries, or no co-assembly, where two separate populations of homomeric 
channels are produced. B-D Injection of a single cRNA type assures homomeric populations, 
e.g. wild-type homomers (A), mutant homomers (B), or wild-type and mutant heteromers in a 
1:1 subunit ratio, by the injection of artificial dimers (C). The value of m indicates the number 
of mutant subunits in a channel.

Extracting parameters from the TEA dose-response curve

We first co-injected wt subunits with TEA-tagged wt subunits, wt^, which are known 

to co-assemble. The behaviour of these channels therefore serves as a control from 

which to derive a description of co-assembly. Firstly, wt and wt^ cRNA were each 

injected alone to create a population of homomeric channels in each case (Figures 

2B and C). The TEA dose-response curve for homomeric wt or wt^ channels is 

described by:

I = K ,J { [T E A ]  + K , J  E q 1

where I is the peak current amplitude recorded in a given concentration of TEA 

([TEA]), normalised by the peak current amplitude recorded without TEA. is the 

apparent equilibrium dissociation constant for the binding of TEA to a tetrameric 

channel containing m TEA-tagged subunits, and indicates the concentration of TEA 

at which the maximal current amplitude is reduced by one half. Fitting this function to 

the data obtained by expressing either wt or wt^ cRNA yields values for K/,o and 

respectively.
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The values of K/j, K/,2, or K/,3 are more difficult to obtain because they represent the 

TEA affinity of heteromeric channels, which cannot be expressed as a homogeneous 

population by a single cRNA injection in the same way as homomeric wt and wt^. We 

used the TEA-tag technique to find estimates of these three values based on the 

literature regarding the nature of the TEA binding site. As described in the 

introduction to this chapter, TEA interacts simultaneously with the aromatic side 

chains of the four Y379 residues in a tetrameric wt channel, which comprise a high 

affinity binding site (Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992) 

(Figure 3).

Y379

g i(^ ig |Y 3 7 9Y379

Y379

Figure 3 Schematic view from above of the Kv1.1 tetramer pore and TEA binding site
The four Kvi .1 subunits of a tetrameric channel (shaded regions) each contribute to a central 
pore, with transmembrane segments 81-86 (black circles) predicted to fold around the 
outside. Black lines indicate segment linkers. The Y379 residue is located at the extracellular 
mouth of the pore. The aromatic sidechains of the four subunits are predicted to produce a 
region of high affinity for the positively-charged TEA molecule in the mouth of the pore.

Each Y379 residue contributes equally and additively to TEA affinity. Substituting 

one, two, three of four of these residues for valine (i.e. by the incorporation of 

subunits carrying the mutation Y379V) progressively reduces the affinity of the 

channel for TEA, i.e. increasing the energy required for TEA binding and reducing 

free energy. This phenomenon can be described as follows (Kavanaugh et al., 1992; 

Liman et al., 1992):

AG ; = ( m / 4 ) - A G ; + ( l - m / 4 ) 'A G ;  Eq2

where AG" and AGJ are the free energies of binding of TEA to a channel consisting 

of all y or all v subunits. AG° is related to the apparent equilibrium constant of TEA
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binding to the channel, K/,^ , such that AG° = - RTIn K,,m (where R is the gas 

constant and 7  is the absolute temperature).

Thus when y  is a wt subunit and v \s a wt^ subunit, it follows that each wt^ subunit 

contributing to a channel causes an increase in the value of K,,m by a constant 

logarithmic increment (Heginbotham and MacKinnon, 1992; Liman et al., 1992), and 

the values of K,,m for m = 1, 2 or 3 are given by:

L n {K i ^  ) = L n (K , 0 ) + [L n (K ,  ̂ -  Ln(K,- „ )] • m /4  Eq 3

Therefore we are now able to predict the values of K/j, K/,2, and K/,3 by substituting 

the values of K,,o and K/,4 , obtained experimentally from the homomeric dose- 

response data and Eq 1, into Eq 3. The values of K, o, K/,4, K/,7, K/,2, and K/,3 can now 

be used to derive models which predict the TEA dose-response of the current 

mediated by a co-expressed population of wt and wt^ subunits when co-assembly 

occurs, and when it does not, in order to distinguish between these two hypotheses.

Concatemers

In order to test whether the value of K/,2 predicted theoretically (and so also K,,; and 

K/,3 obtained by interpolation) was a reliable indication of the experimental value 

obtained when TEA was applied to channels of stoichiometry m = 2, we constructed 

a concatemer of wt with wt^, where a wt and wt^ subunit were artificially fixed in a 1 :1  

ratio (wt*wt^; see Methods). We also constructed wt*mutant^ concatemers (1:1 

subunit ratio) for each mutant in turn. When expressed alone, these dimers should 

produce a homomeric population of channels with the stoichiometry of m = 2 (Isacoff 

et al., 1990; Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992; Tu et al., 

1996) (Figure 2D). However, it may also be possible for a proportion of dimers to co- 

assemble incorrectly to form multimers containing more than four subunits; for 

example four dimers could each contribute a single subunit to formation of the pore, 

with the remaining subunits surrounding the channel redundantly. This situation could 

potentially give rise to channels of different stoichiometries to the fixed 1 :1  ratio 

intended (McCormack et al., 1992). Should this not be the case, and the wt*wt^ 

concatemer produces channels of a fixed stoichiometry of m = 2 , the predicted dose- 

response curve for the wt*wt^ concatemer current would lie mid-way between the 

curves for homomeric wt and wt^ channel currents. Thus in addition to providing an 

experimental test of the theoretically determined value of K/,2, comparison of the 

concatemer TEA dose-response data with the theoretical value predicted for K/,2 will 

indicate whether a stoichiometry of m = 2  is reliably obtained using the concatemer
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construct. Should abnormal assembly or preferential degradation of concatenated 

subunits occur as suggested by McCormack et. al. (McCormack et al., 1992), the 

resulting changes in stoichiometry would be detectable from a disagreement between 

the predicted and observed TEA dose-response data.

Models describing co-assembiy and no co-assembiy

If co-assembly occurs between a wt subunit and a TEA-tagged subunit, the fraction 

rm of channels containing m TEA-tagged subunits is given by a binomial distribution:

- ( l - f r  Eq4

where is the binomial coefficient for at? = 0, ...4, and f  \s the probability that any 

given position in a tetramer will be occupied by a wt subunit. The population TEA 

dose-response curve is given by (Kavanaugh et al., 1992; Zerr et al., 1998b):

/ = f ' "  ■ (1 -  O'” • K,,„ /{[TEA] + ) Eq 5
m=0

f  represents the probability that a given subunit in a tetramer is wt, and thus also 

provides a measure of the ability of a TEA-tagged subunit to co-assemble relative to 

wt subunits. This ability, or efficacy of TEA-tagged subunit assembly can be 

represented by the parameter q:

q = (1 / f ) -  1 Eq 6

where q is the probability that a given subunit in a tetramer is TEA-tagged, relative to 

the probability that it is wt. When wt and wt^ are co-expressed, the probability of 

incorporation of wt versus wt^ subunits is expected to be equal, so f =  0.5 and q = .̂ 

We also predict this to be the case when wt subunits are co-expressed with V404I or 

P244H subunits, since both mutants mediate similar macroscopic current amplitudes 

to wt when expressed as homomers. When wt subunits are co-expressed with 

mutant^ subunits which mediate reduced macroscopic current amplitudes, i.e.

T226R, A242P or R417stop, it is possible that this reduction may be explained by an 

impairment in mutant subunit assembly, resulting in values of q < 1 and f >  0.5 . The 

use of fa s  a quantitative measure of assembly in these populations of channels will 

be described fully in the next chapter.

The alternative hypothesis is that wt and TEA-tagged subunits completely fail to co- 

assemble. If so, two separate homomeric channel populations may be formed. This 

situation is described by:
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 ̂ {K,. 0 l{[TEA + K,-0 )} + {K,4 /([TE/\ + K,,  )} ^ ^
2 ^

where the current amplitude produced by homomeric channels of stoichiometry m = 

0 and m = 4 are known to be equal, as is the case for wt^, P244H^ and V 404 r 

subunits.
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Results

Quantitative description of the TEA dose-response of wt channels

Estimation of the values K̂ m

To derive a quantitative description of the co-assembly of wt with wt^ subunits, we 

used four different injection strategies: wt alone, wt^ alone, wt*wt^ concatemers 

alone, and wt+wt^ co-expression (see Figure 2). The first two of these conditions 

were used to obtain K/,o and K,-̂ , respectively, from the TEA dose-response data. The 

concatemer dose-response data were then obtained to test the value of K, 2 

predicted from the data obtained in the homomeric conditions. The predicted dose- 

response curves for the two hypotheses, co-assembly and no-co-assembly, could 

then be derived and compared with the dose-response data obtained by the fourth, 

co-injection condition.

Figure 4A shows the normalised TEA dose-response data when wt and wt^ were 

expressed alone, with example traces obtained for each condition. These data are 

fitted using Eq 1, giving values for K,,o and of 0.4 mM and 250 mM, respectively. 

The value of K,,o is similar to those published previously in studies using Xenopus 

oocytes (Kavanaugh et al., 1992; Zerr et al., 1998b). The values of Ki4 reported in the 

literature show some discrepancy with each other, as well as with those presented 

here. K/,4 for the rat RBK1 wt^ channel was -53  mM, although this value was larger 

for wt^*wt^ concatemers (-170 mM) (Kavanaugh et al., 1992). Another value of K/,4 

for the hKvl.1 wt^ channel was reported to be -124 mM (Zerr et al., 1998b). The 

variability observed between the results of these different studies indicates that it is 

most useful to derive internally consistent accounts of the shifts in TEA sensitivities of 

tagged subunits compared to wt.

The values of K,,o and K/,4 were then substituted into Eq 3, to give the predicted 

values of Kj-i, K,-2 and K/,3 as 2 mM, 10 mM and 50 mM, respectively. The positions of 

these predicted dose-response curves are shown in Figure 4B.

Figure 4C shows the mean maximal current amplitude of macroscopic wt and wt^ 

currents in 0 mM TEA, indicating that the Y379V mutation did not alter the expression 

level of wt^ currents relative to wt. We can thus conclude that no stages of 

expression which contribute to the amplitude of macroscopic wt^ currents differ in 

efficacy to those of wt subunits. Therefore, in our description of wt+wt^ channels, it is 

not necessary to include an examination of the efficacy of post-assembly stages of 

expression, i.e. trafficking (which we define as export from the ER, post-translational
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processing in the Trans Golgi complex, and membrane targeting), membrane 

insertion/ re-internalisation, and single channel opening and conductance.
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Figure 4 Macroscopic current peak amplitude and TEA dose-response for Kv1.1 w t and 
wt^ homomeric channels.
A Dose-response of macroscopic currents at +40 mV to externally-applied TEA for 
homomeric wt [n = 23; black diamonds) or wt" {n = 28; open triangles) channels, wt 
homomeric channels exhibit a high TEA sensitivity, and wt" channels a greatly reduced 
sensitivity. Data are fitted by Eq 1 (see text). Example traces show currents elicited by a +40 
mV pulse in the presence of different TEA concentrations. B Predicted dose response 
curves for heteromeric channels containing 1, 2 or 3 wt" subunits. Each additional wt" subunit 
in a channel is predicted to shift the TEA dose-response to the right of that observed for 
homomeric wt channels by equal increments on a logarithmic [TEA] axis. C Macroscopic 
peak current amplitudes at +40 mV produced by homomeric wt {n = 9) and homomeric wt" (n 
= 6) channels, normalised to the mean peak wt current. All error bars indicate S.E.M (some 
error bars are hidden by data symbols).

Test of the predicted value of Ki z using wt*wt^ concatemers

In order to verify the accuracy of the theoretical values of K\ 2  given by Eq. 3, we 

obtained the value of Kjz experimentally by constructing and expressing the 

concatemer wt*wt^, which fixes the two types of subunit in a ratio of 1:1. The TEA 

dose-response of the current produced by injection of wt*wt^ alone is shown in Figure 

5. These data are in good agreement with the predicted dose-response curve for the 

channel stoichiometry m = 2 (from Figure 48; p > 0.01). The close agreement 

between the theoretical and experimental dose-response data provides support for 

the values of K,,?, K,,2 and K/,3 obtained by interpolation using Eq 3.

The good fit of the TEA dose-response data for wt*wt^ with Eq 3 where m = 2 implies 

that a single population of channels with stoichiometry m = 2 is produced. As 

discussed in the Theory section of the Methods, a possible situation where some 

dimers may assemble abnormally to produce channels of different stoichiometries
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(McCormack et al., 1992) would be detectable by a shift in the position of the whole

cell current TEA dose-response compared to that predicted for channels of 

stoichiometry m = 2. Our data indicate that expression of wt*wt^ concatemers does 

not produce channels of stoichiometry other than m = 2 in any proportion large 

enough to significantly shift the TEA dose-response curve. The wt*wt^ concatemer 

was sequenced and tested for expression levels as described in the next chapter; the 

TEA dose-response data, however, are not dependent on expression levels but 

simply on channel stoichiometry.

10" 0.1 1 10

wrwt^concatemer w iid-type'w iid -type'

O m M -1 m M -r— 1 concatemer

[TEA] (mM)

10 m M -^---------  -E q .  1 ;m  = 0 B
[TEA] I L | -E q .  1;m = 4 88 

looms Eq ,1 ;m = 2 S

Figure 5 TEA dose-response of wt*wt^ concatemers
Dose response data from macroscopic currents (at +40 mV) produced following injection of 
wt*wt^ concatemer cRNA {n = ^3) are shown, together with the predicted dose-response of a 
homogenous population of channels with m = 2 (where m = the number of mutant subunits). 
Data are normalised to the mean peak current amplitude in 0 mM TEA. Fits of homomeric wt 
and wt^ channels (m = 0 and m = 4) given by Eq 1 (see Figure 4 and text) are shown for 
reference. Example traces of wt*wt^ currents elicited by depolarisation to +40 mV in the 
presence of different TEA concentrations are also shown. Error bars indicate S.E.M.

w t+w f co-expression TEA dose-response

Having derived estimates for the values of K/,m {m = 0, ...,4), we were then able to 

use Eq 5 (co-assembly hypothesis) and Eq 7 (no co-assembly hypothesis) to predict 

the possible TEA dose-response when wt and wt^ subunits were co-expressed.

Given that the current amplitude produced by equal injections of wt or wt^ was not 

significantly different (see Figure 4B), we can assume that the Y379V mutation per 

se has no effect on the expression of the wt^ subunit in Xenopus oocytes.

We therefore set the probability that a given position in a tetramer was occupied by a 

wt subunit (f) equal to 0.5, i.e. equal to the probability for a wt^ subunit. Figure 6 

shows the curves predicted by Eq 5 and Eq 7 where f=  0.5, and K/,^ {m = 0, ...,4) = 

0.4 mM, 2 mM, 10 mM, 50 mM and 250 mM, together with the TEA dose-response 

data obtained when we co-injected wt and wt^ in a 1:1 ratio. It is clearly seen that the 

data do not agree with Eq 7, and therefore the hypothesis that co-assembly does not 

occur, and two separate populations of homomeric channels form, can be rejected (p 

< 1 X lO"', using the Bonferroni correction for multiple comparisons; see Methods).
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On the other hand, the data are in close agreement with the curve generated by Eq 

5, implying that co-assembly does occur between wt and wt^ subunits (p > 0.05).

%0.5

10' 0.1 1 10

X  w t+ w f

—  Eq. 1; m = 0

—  Eq. 1; m = 4

— -  Eq. 5; f=  0.5 (co-assem bly) 

 Eq. 7 (no co-assem bly)

[TEA] (mM)

Figure 6 TEA dose-response o f co-expressed wt+wt^ subunits.
TEA dose response data of macroscopic currents (at +40 mV) produced following co-injection 
of wt+wt^ cRNA in a 1:1 ratio (n = 12). Data are normalised to the mean peak current 
amplitude in 0 mM TEA. The predicted dose-response curve of a co-assembled population of 
channels given by Eq 5 is shown (see text), where the probability of incorporation of wt 
subunits into a tetramer is equal to that for wt^ subunits { f= 0.5). Also shown is the predicted 
dose-response curve for the macroscopic current produced by two separate populations of 
homomeric channels, in a situation where subunits do not co-assemble (Eq 7; see text). The 
dose-response curves fitted to wt and wt^ homomeric currents are also shown for reference 
(Figure 4). Error bars indicate S.E.M.

We have now derived quantitative descriptions for co-assembly and no co-assembly 

between wt and wt^ subunits using a combination of experimental data and 

theoretical reasoning. As predicted, the TEA dose-response data obtained when 

wt+wt^ subunits were co-expressed indicate that co-assembly occurs between the 

two types of subunit. We also confirmed that the Y379V mutation has no effect on wt 

current expression. This model can now be used to investigate whether the two EA1 

mutations which do not alter wt hKv1.1 current amplitude, P244H and V404I, co- 

assemble with wt subunits.

Introduction of the TEA-tag to EA1 subunits

The Y379V mutation was introduced into each of the EA1 mutant constructs to 

generate P244H^ and V404l^ cRNA (A Spauschus and LH Eunson). The TEA dose- 

response data of homomeric mutant^ channels are expected to be indistinguishable 

from the wt^ dose-response when normalised to peak, providing functional channels 

form, since the affinity of TEA to the channel in these experiments is only dependent 

on the residue at Y379 in each subunit.

As a control for any combined effect of the Y379V TEA tag mutation with the EA1 

mutation in the same subunit, we constructed concatemers where each mutant^
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subunit was joined to a wt subunit, to create channels of a fixed 1:1 ratio 

(wt*mutant^). The dose-response data of these channels should again be dependent 

only on the stoichiometry of tagged versus un-tagged subunits in a channel, and 

therefore are expected to fall on the curve described by Eq. 1 where m = 2 (as shown 

for wt*wt^ concatemers in Figure 5B). The TEA dose-response of these concatemers 

is shown for each mutant in Figure 7A and B, together with the curve for m = 2. The 

close agreement between the dose-response of the wt*P244H^ concatemers and this 

curve demonstrates that a 1:1 stoichiometry is artificially achieved. It may also be 

assumed that the P244H^ subunit behaves in a similar way to wt^, and may be 

substituted for wt^ in order to assess co-assembly versus no co-assembly of P244H^ 

with wt subunits using the models derived above. The dose-response of wt*V404l^ 

subunits is also similar to the predicted curve, although deviates significantly at 10 

mM TEA (p < 0.01 ). To test whether this shift reflected a decreased TEA sensitivity of 

V404l^ subunits relative to that of wt^, due to the presence of the V404I mutation, we 

examined the TEA dose-response of V404l^ homomers (see Figure 7B). The TEA 

dose-response of these channels was in good agreement with the curve described 

by Eq 1 when m = 4, derived for wt^ subunits (p > 0.01); i.e. no shift in the TEA 

sensitivity of V404F subunits was evident compared to wt^ subunits. Therefore the 

deviation in the w t*V404f concatemer data is not explained by an TEA altered 

sensitivity of the V404l^ subunit, and the dose-response of the population of channels 

formed of w t+V404r co-expression will not be affected. It is possible that the 

concatemer construct itself behaves differently at high concentrations of TEA due to 

the V404I mutation. Further work in our laboratory examining the single channel 

properties of wt*V404l^ channels indicated that there was no difference in the open 

probability or unitary conductance of w t*V404r channels (Rea et al., 2002), providing 

evidence against the existence of other channel stoichiometries with different gating 

characteristics. Therefore it is most likely that this discrepancy is due to a specific 

effect of TEA binding to wt*V404l^ concatemers.
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Figure 7 TEA dose-response of wt*mutant^ concatemers
Dose response data from channels produced by injection of wt*P244H^ {n = 6) (A) and 
wt*V404IT {n = 7) (B) concatemers are shown together with the predicted dose-response of a 
homogenous population of channels with m = 2 (where m = the number of mutant subunits). 
The dose-response of homomeric V404F channels is also shown in B (n = 13). Fits of 
homomeric wt and wt^ channels {m = 0 and m = 4) are also shown for reference (see Figure 
4). Macroscopic peak current amplitude measurements were made at +40 mV and are 
normalised to the mean peak amplitude in 0 mM TEA. Error bars indicate S.E.M.

Co-assembly hypothesis

To test whether P244H^ and V404l^ subunits co-assemble with wt subunits, each 

was co-injected in turn with wt in a 1:1 ratio, and the TEA dose-response was 

recorded in each case. Figures 8A and B show the results of these two experiments: 

wt+P244H^ and wt+V404l^. The data are compared with the curves described by Eq. 

5 and 7, representing co-assembly and no co-assembly, respectively.

The curve generated by Eq. 7, describing no co-assembly of wt and mutant^ 

subunits, is simply an average of the homomeric wt and mutant^ curves, i.e. the 

same curve as for wt+wt^ shown in Figure 6, since the current amplitude of each 

mutant is indistinguishable from wt. This curve does not agree with the data (p < 1 x 

10" )̂ and so the hypothesis of no co-assembly with wt can be rejected for both 

mutants. On the other hand, the curve generated by Eq. 5 when f=  0.5 does provide 

a good agreement with the data (p > 0.01 ). We conclude that co-assembly occurs 

between wt subunits and each mutant. This is consistent with the result that neither 

mutant exhibits a reduction in macroscopic current peak amplitude (Figure 8C) 

(Eunson et al., 2000).
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Figure 8 TEA dose-response of co-expressed w t+m utan f subunits.
A and B TEA dose response data of peak currents at +40 mV from channels produced by co
injection of wt+P244H^ (n = 11 ) (A) or wt+V404r {n = 8) (B) cRNA in a 1:1 ratio. Data are 
normalised to the peak current in 0 mM TEA. Also shown are the dose-response curves 
predicted for the macroscopic current mediated by a co-assembled population of channels, 
where the probability of assembly of wt and mutant^ subunits is equal { f= 0.5; Eq 5), or two 
separate populations of homomeric channels where no co-assembly occurs (Eq 7) (see text). 
Dose-response curves fitted to wt and wt^ homomeric currents {m = 0 and 4, respectively; Eq 
1 ) are also shown for reference (see Figure 4 and text). C Peak current amplitudes at +40 
mV for homomeric wt {n = 33), P244H (n = 12) or V404I channels {n = 5), normalised to the 
mean peak amplitude mediated by wt homomeric channels. Error bars indicate S.E.M.
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Discussion

Tetramerisation is a critical early stage in Kv1.1 channel biogenesis. The efficacy by 

which tetramerisation takes place between different species of subunits may be 

estimated by the stoichiometries which are maintained in the population of channels 

expressed in the cell. In this chapter we set out to develop a quantitative description 

of co-assembly and no co-assembly between wt and EA1 mutant subunits, when co

expressed to mimic the disease situation. Clearly, Kv1.1 subunits will undergo many 

further (patho)physiological interactions during expression within a cell in vivo, which 

have not been re-created here. One important interaction is with other subtypes of 

the Kv1 family, particularly Kv1.2 and Kv1.4, with which Kv1.1 is co-localised in vivo 

(McNamara et al., 1993; Wang et al., 1993; Sheng et al., 1994; Wang et al., 1994; 

McNamara et al., 1996; Coleman et al., 1999). However, as a first characterisation of 

dysfunction that EA1 mutations impose on the function of the Kvl.1 subunit, we have 

expressed hKvl .1 subunits alone in order to focus attention on the altered properties 

of EA1 subunits compared to wt.

To examine whether co-assembly occurred between wt and EA1 subunits, we 

"tagged" EA1 subunits using the artificial mutation, Y379V (MacKinnon and Yellen, 

1990; Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992; Zerr et al., 

1998b), to confer a reduced sensitivity to externally-applied TEA. Thus a TEA dose- 

response protocol could be used to determine whether the macroscopic current of a 

cell co-injected with both types of subunit was produced by a co-assembled 

population of channels, or two separate populations of homomeric channels where 

assembly had not occurred. We examined the co-expression of wt subunits with 

P244H^ or V404l^ subunits, which we have shown to mediate macroscopic K  ̂

currents with similar peak amplitudes to wt (Eunson et al., 2000). This implies that 

tetramerisation (and all other stages of channel expression) does not appear to be 

dysfunctional. Further, neither mutation resides in the N-terminal T1 domain which 

has shown to be critical in Kvi channel homo- and hetero-tetramerisation (Li et al., 

1992; Shen et al., 1993). Thus we predicted that neither mutation would reduce the 

ability of subunits to co-assemble with wt. We found that the TEA dose-responses of 

wt+P244H^ and wt+V404l^ were in good agreement with Eq. 5, which describes the 

TEA dose-response of the current produced by a population of channels formed by 

the co-assembly of subunits into five stoichiometries. For both wt+mutant^ co

expressions, as for wt+wt^, the proportions of each stoichiometry could be described 

by a binomial distribution where the two types of subunit had an equal probability of
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incorporation into a tetramer { f=  0.5). The data were not fitted by Eq. 7 which 

describes two separate sub-populations of homomeric channels. Thus we can reject 

the hypothesis that two separate populations of homomeric channels form. 

wt+P244H^ and wt+V404l^ data were indistinguishable from those of wt+wt^, 

implying that mutant^ subunits functioned in a similar way to wt^ in the model. We 

conclude that P244H and V404I subunits each co-assemble with wt.

P244H

The P244H substitution is the first reported case of isolated generalised 

neuromyotonia linked to a mutation of KCNA1. Since attacks of cerebellar 

dysfunction are lacking, P244H results in the mildest clinical phenotype caused by a 

KCNA1 mutation reported to date, and may exemplify a distinct group of EA1-like 

cases. Similar symptoms are characteristic of acquired neuromyotonia, or Isaac's 

syndrome, which is caused by auto-antibodies to Kv1 channels and is not known to 

be linked to a genetic defect of KCNA1. Some previously diagnosed cases of 

acquired neuromyotonia in which Kv1 autoantibodies have not been detected may 

therefore be linked to undiscovered mutations of KCNA1 that have isolated 

neuromyotonia with no ataxia, and fall into a similar group to the P244H case studied 

here.

The P244 residue lies at the presumptive start of the intracellular S2-3 linker region 

of the hKv1.1 subunit, in close proximity to two other identified EA1 mutations A242P 

and R239S. A242P, identified by our group, resides just inside the S2 

transmembrane domain and shows a marked reduction in current amplitude 

compared to wt (Eunson et al., 2000). This effect potentially could be due to a defect 

in tetramerisation, and/ or other stages in channel expression downstream of 

assembly, as will be investigated in the next chapter. Subunits with the R239S 

mutation, which lies further into 82, mediate no functional current alone, and do 

not appear to co-assemble with wt (Zerr et al., 1998b) (although note that a dominant 

negative effect was obtained with wt+R239S in an earlier study by the same group 

(Adelman et al., 1995). This will be discussed in the next chapter.) Thus, the junction 

between the 82 transmembrane domain and the 82-3 linker region of Kvi .1 where 

these three mutations reside appears to be strongly linked to EA1, but with different 

severities of dysfunction at specific residues. Little is known about the function of this 

region, although many residues are highly conserved across most Kv channels. For 

example, it is possible that the whole region may fold into a conformation required for 

normal channel function (Monks et al., 1999), and/ or that each specific residue plays 

a distinct role. Given the normal co-assembly exhibited by P244H in this chapter, and
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the loss of tetramerisation in R239S, it will be interesting to assess whether assembly 

is dysfunctional in the A242P mutant, which lies in between the other two residues. 

This will be addressed in the next chapter.

Evidence of dysfunction of the P244H subunit remains limited so far to a small shift in 

the voltage threshold of current activation to more hyperpolarized potentials 

compared to wt, and a slight reduction in the speed of both activation and 

deactivation. However, all of these effects are rescued on co-expression of P244H 

with wt subunits (Eunson et al., 2000). Thus the mechanism giving rise to disease for 

P244H, albeit with a relatively mild phenotype, is unlikely to be due to these kinetic 

changes alone, but rather due to other properties of the subunit not yet investigated, 

for example the interaction of mutant subunits with other Kv1 subtypes.

V404I

The V404I mutation gives rise to a typical EA1 clinical phenotype. A V404I mutation 

was also reported independently in another study of an apparently unrelated family 

with EA1 (Scheffer et al., 1998), although clinical details (except a lack of response to 

acetazolamide) and functional studies have not been reported. Our studies have 

shown that macroscopic current amplitude is not altered for V404I homomeric 

channels compared to wt homomers, or for wt+V404l heteromers. However, our 

previous work has indicated that the V404I subunit alters macroscopic kinetic 

properties of homomers and heteromers, including a slowed activation and positive 

shift in the voltage threshold of activation (Eunson et al., 2000). Further work in our 

laboratory has shown that single channel conductance and open probability are not 

affected at +40 mV, although open probability is significantly reduced at 0 mV (Rea 

et al., 2002). The positive shift in voltage dependence and slower activation of 

macroscopic currents, and also the reduced open probability of single channels, 

would suggest a broadening of action potentials in a neuron expressing the V404I 

subunit, consistent with a hyperexcitability of the cell. A slowing of the deactivation 

may appear counter-intuitive with respect to the hyperexcitability evident in the 

symptoms of EA1, since it could impose a reduction in the frequency of action 

potentials. However, the effect of these changes in the shape or frequency of an 

action potential in producing the symptoms of EA1 is clearly dependent on the 

specific role of the cell within its local circuitry, e.g. inhibitory signalling between 

basket cells and Purkinje cells in the cerebellum.

By sequence alignment with the pore region of the bacterial KcsA channel, the V404 

residue is one of several valines predicted to lie on the pore-lining face of the S6 

transmembrane domain of Kvl.1 (Doyle et al., 1998). An EA1 mutation at another of
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these, V408A, has been identified and studied extensively (Adelman et al., 1995; 

D'Adamo et al., 1998; Zerr et al., 1998b; Bretschneider et al., 1999; D'Adamo et al.,

1999), revealing a relatively modest reduction in maximal current amplitude 

compared to wt, and altered kinetics. The reduction in current amplitude did not 

appear to be due to reduced levels of V408A channels at the membrane (Zerr et al., 

1998b), but rather may be explained by a reduction in single channel open probability 

(D'Adamo et al., 1998; D'Adamo et al., 1999). These results are consistent with a role 

for the V408 residue in determining the gating characteristics of the Kvl.1 current, 

but with no effect on channel assembly. Here, our results indicating that the V404I 

substitution does not alter maximal current amplitude or subunit assembly may 

enable us to draw similar conclusions at this closely neighbouring region of the 

channel pore. Interestingly, both V404I and V408A are conservative substitutions, 

and so the mechanism by which each modifies channel kinetics remains unclear.

A recent investigation of the mechanism of N-type inactivation (Zhou et al., 2001) has 

raised the possibility that one important mechanism of dysfunction of V404I subunits 

in EA1 may occur through association with other Kvi subtypes. During N-type 

inactivation of a tetrameric Kv channel, the channel pore is blocked by a single 

"inactivation gate", which is provided by the first 20 amino acids on the N-terminus of 

one of the subunits in the tetramer, or by a Kv(3 subunit associated with the tetramer. 

Subunits containing the inactivation sequence include K v i.4 and K v p l. l.  Since 

Kval.1 subunits do not contain this domain, our study has not investigated the 

effects of EA1 mutations of N-type inactivation. However this remains a further kinetic 

property of currents which may be affected in heteromeric channels containing EA1 

mutants together with inactivating Kv subunits. In particular, the V404I mutation 

studied here, and also the V408A residue (Adelman et al., 1995), affect residues 

shown to contribute to the binding site of the N-terminal inactivation domain in the 

inner surface of the channel pore (Zhou et al., 2001). It is interesting to note that the 

V404I substitution results in a longer sidechain, whereas the V408A substitution 

produces a shorter sidechain; it is not known how these changes might alter the 

properties of the binding site. An important future experiment will therefore be to co

express these mutant subunits with subunits containing the inactivation domain, such 

as Kvpl .1, in order to examine how this process may be affected in heteromeric 

channels of these EA1 families. Interestingly, these mutations might be expected to 

disrupt N-type inactivation, leading to an increased K^ flux, which is counter-intuitive 

to the disease mechanism. Indeed, it has been reported recently that the V408A 

mutation co-expressed with Kvpl exhibits an increased speed of recovery from N-
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type inactivation, and a slower reduction in current over time during repetitive 

stimulation, compared to wt Kva1.1+Kv(31 (Maylie et al., 2001). It is therefore 

possible that the mechanisms underlying EA1 due to the V408A and V404I mutations 

include a complex effect on Kvi channel inactivation and the firing rate of neurons.
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Chapter 4: Analysis of pre- and post-tetramerisation defects

Introduction

As described in the last chapter, the five EA1 mutations identified by our group 

exhibit basic functional characteristics which separated them into two groups: those 

that mediated maximal currents at +40 mV with a normal amplitude, P244H and 

V404I, and those which exhibited a reduced current amplitude, T226R, A242P and 

R417stop. We suggested that for current amplitude to be normal, as for P244H and 

V404I, all stages in expression following assembly into a tetrameric channel must 

operate with an equal efficacy to wt channels. Using the TEA-tagging technique, we 

argued that co-assembly alone would determine the TEA dose-response for each of 

these two mutants co-expressed with wt subunits. We confirmed that co-assembly 

occurs between wt and P244H^ or V404l^ subunits, and that the TEA dose-response 

of these populations was similar to that of wt+wt^, indicating that each mutant^ 

subunit contributed to the TEA dose-response in a similar way to wt^. This suggests 

that the mechanism of disease for these two EA1 mutants may be confined to 

alterations of kinetic properties that do not affect current amplitude, or interactions 

with proteins other than the Kv1.1 subunit.

However, the reduced macroscopic current amplitude of T226R, A242P and 

R417stop homomeric channels raises the possibility that stages of channel 

expression subsequent to assembly, as well as assembly itself, may be potentially 

affected by the mutations. Protein folding and assembly occurs in the endoplasmic 

reticulum (ER). The first stage in expression of assembled Kv channels is ER export 

to the Trans Golgi complex, where tetramers are likely to undergo the main "quality 

control" step which determines whether they will be trafficked to the appropriate parts 

of the cell, or degraded (Ma et al., 2001). Although little is known about the 

processes of trafficking of Kv channels following ER export, this is likely to involve 

additional glycosylation stages in the Trans Golgi complex, followed by transport to 

the membrane involving interactions with the cytoskeleton. More is known about 

insertion of Kv channels into the membrane; several members of the Kvi subfamily 

have been shown to interact with post-synaptic density proteins including PSD-95 

(Kim et al., 1995), which mediate clustering of channels in the membrane and 

possibly also regulate their rate of internalisation (Jugloff et al., 2000). For Kvl.1 

channels, other similar interactions with clustering proteins may also occur (Levin et
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al., 1996; Jing et al., 1997). For the purpose of the present study, we have chosen to 

group together all of these stages, i.e. we define trafficking as post-tetramerisation 

processing, degradation, export from the endoplasmic reticulum, membrane targeting 

and anchoring, and eventual re-internalisation. Finally, while the channel is in the 

membrane, the single channel open probability and conductance regulate the degree 

of K"" flux mediated by each channel. As an initial approach to separate channel 

assembly from other processes which potentially affect whole-cell current amplitude, 

we shall consider trafficking and single channel kinetics together as "post-assembly 

processes". These may then be dissected in further studies to focus on individual 

aspects of channel expression.

To examine co-assembly for the three mutants which exhibit reduced macroscopic 

peak current amplitudes, we cannot assume that the TEA dose-response of 

wt+mutant^ will be dependent only on the stoichiometries produced. Moreover, in 

order to provide an internally consistent account of mutant subunit dysfunction, both 

the TEA dose-response and the available data describing the reduction in current 

amplitudes should be considered. Here, we make theoretical predictions describing 

the extent of amplitude reduction in different populations of channels containing the 

T226R^, A242P^ or R417stop^ subunit, and develop a new parameter to describe the 

efficacy of post-assembly stages of expression. This is then incorporated into the 

quantitative description of co-assembly and no co-assembly, derived in the last 

chapter using the TEA-tagging technique, and we use these adapted models to 

determine whether co-assembly is affected by the three EA1 mutations. We then 

optimise the parameters describing assembly and post-assembly in the theoretical 

models in order to provide the best description of both amplitude and TEA dose- 

response data obtained for each mutant. This enables us to make predictions about 

the extent to which both assembly and post-assembly events are dysfunctional. We 

also test whether transcription is defective for the truncation mutant R417stop by 

injecting cDNA and comparing the amplitude and TEA dose-response data to those 

obtained following cRNA injection.

As a final step in our description of EA1 mutant dysfunction, we also co-express the 

R417stop mutant of Kvl.1 with wt K v i.2, in order to extend the characterisation of 

dysfunction for this mutant, and to address the broader question of whether the 

impairments we have characterised for EA1 mutations within Kvl.1 channels extend 

to heteromers containing a different Kvi subtype. In vivo, Kvl.1 subunits are likely to 

be largely assembled as heteromeric channels with other Kvi subtypes including 

Kvi .2, Kvi .4, Kvi .6 and Kvpl .1 (Rhodes et al., 1995; Shamotienko et al., 1997;
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Coleman et al., 1999). So far, we have exclusively expressed Kvl.1 subunits, in 

order to examine the dysfunction of EA1 mutations relative to the residues that they 

affect in wt Kvl.1. The autosomal dominant inheritance of EA1 indicates that both wt 

and mutant Kvi .1 subunits will be present within the same neurons, and so analysis 

of the interactions between these subunits is a critical first step in examining the 

disease mechanism. However, it is also likely that EA1 subunits will interact with 

many other Kvi subtypes in a variety of different combinations, which remain as yet 

undetermined. A comprehensive investigation of all of these stoichiometries is 

outside the present scope of EA1 studies in vitro. Nevertheless, the Kvi .2 subunit 

may be particularly relevant since it shows a close co-localisation with Kvl.1 in the 

regions of neurons which may be specifically attributed to the symptoms of EA1, i.e. 

the juxtaparanodal regions of peripheral nerve and the basket cells of the cerebellum 

(McNamara et al., 1993; Wang et al., 1993; Sheng et al., 1994; Wang et al., 1994; 

Veh et al., 1995; Laube et al., 1996; McNamara et al., 1996; Rhodes et al., 1997).
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Methods

Molecular biology
Kv1.1 cRNA and cDNA was obtained and injected into oocytes as described in 

Chapter 3 and the General Methods. Kv1.2 cRNA was obtained as described in the 

General Methods

Oocyte injection and electrophysiology
Experiments with Kv1.1 wt and EA1 subunits were performed as described in 

Chapter 3. For Kv1.2 experiments, "1 unit" of cRNA was defined as 4.6 nl, 20 pg/nl, 

and was co-injected with 20 pg/nl Kv1.1 wt or R417stop cRNA in different ratios as 

indicated. 1 unit of cDNA refers to 4.6 nl pf 170 pg/nl cDNA. Macroscopic current 

amplitude and kinetic measurements were obtained as described in the General 

Methods.

Theory
Post-assembly dysfunction

The theoretical description of Kvl.1 wt and EA1 subunit populations below is a 

continuation from Chapter 3. The mutations examined in this chapter each show 

reduced homomeric maximal current amplitudes compared to wt subunits, and also 

reduced current amplitudes when co-expressed with wt. This reduction in current 

amplitude may be due to two possibilities. First, assembly might be dysfunctional. 

This could have two major effects on the channel population: an alteration in the 

proportions by which certain stoichiometries are represented, and the production of 

fewer channels. The parameter f, defined in the last chapter, is used to describe the 

probability that a given subunit in a tetramer is wt; an alteration in the value of f  would 

therefore reflect a change in the relative probability of formation of different channel 

stoichiometries. If the same number of wt and mutant cRNA copies are injected, and 

the mutation does not interfere with channel assembly, q =  ̂ and f=  0.5. f is  related 

to q such that q is the relative probability that a given subunit is mutant and not wt. 

Any decrease in q due to dysfunctional assembly shifts the relative proportions of 

channels composed of different stoichiometries, i.e. the corresponding value of f  

imposes a skew on the binomial distribution used to define the relative proportions of 

each channel stoichiometry in Eqs 4 and 5, Chapter 3. Note that this reduction in q 

also implies a decrease in the total number of channels to (1 + q)/2 of control. This 

parameter does not distinguish between the number of subunits available and the
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efficacy of subunit incorporation into a channel; thus we use the term "assembly" to 

encompass the translation, folding and assembly of subunit protein into stable 

components of a tetrameric channel. These processes are likely to be inextricably 

interspersed during channel biogenesis (Schulteis et al., 1998), and so we do not 

attempt to separate them using different parameters in the present study. Thus, the 

value of f  describes the defect in events leading to channel assembly.

For T226R^, A242P^ and R417stop^ in this chapter, a second possibility exists. The 

reduced current amplitudes may also be caused by a defect downstream of channel 

assembly, where one or more of the subsequent processes limits K'’ current 

expression and amplitude. These defects cannot be represented by the parameters f  

and q, which relate only to the distribution and number of channel stoichiometries 

produced during assembly. Thus, the effect of post-assembly processes must be 

represented by another set of parameters. As a first attempt to represent these 

stages theoretically, we group together all stages following assembly and contributing 

to current amplitude, i.e. trafficking, gating kinetics, and single-channel 

conductance. We describe the overall efficacy of these stages by a single parameter 

im {m = 0, ..., 4), which varies with the number of mutant subunits m i n a  given

channel stoichiometry. We define io= 1, to indicate that homomeric wt tetramers 

complete post-assembly processes with a "maximal" efficacy. Thus a reduction in im 

(m = 1, ..., 4) implies that one or more post-assembly stages of expression are 

dysfunctional for channels containing m mutant subunits; im provides a quantitative 

estimate of subunit dysfunction.

Figure 1 illustrates the main stages in Kvl.1 channel expression following injection of 

cRNA into oocytes, and indicates the separation of these stages into pre- and post- 

tetramerisation steps, represented by the parameters fand im, respectively.

Current amplitude

Mutant subunits mediate reduced macroscopic peak current amplitudes when mutant 

cRNA is injected alone to produce homomeric channels {Imutant), and when co-injected 

with wt cRNA to produce a mixed population of channels {ico-inj)- To describe 

theoretically the effect of these reductions on the whole-cell current, we can use the 

values of /‘m (m = 1, ... 4), together with q.
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Figure 1 Schematic summarising the main celluiar stages of expression of Kv1.1 
subunits.
Following injection of cRNA into the cell, subunits are translated, folded and assembled in the 
ER. These stages determine the final stoichiometry of the Kv1.1 tetramer, and the value of the 
parameter f ,  defined here as the probability of wt subunit incorporation into the channel, 
which is related to the efficacy of mutant subunit assembly (see text). Tetramers are then 
exported from the ER and trafficked to the membrane, where they mediate K* flux, before 
eventual re-internalisation. Here, these processes are defined together as "post-assembly" 
events, and their overall efficacy is represented by the parameter /m(see text).

The maximal current amplitude produced by mutant subunits injected alone, 

normalised to the wt current amplitude, , is given by:

'wt

Eq. 8

When mutant and wt subunits are co-expressed, co-assembly may or may not take 

place between the two types of subunit. If co-assembly does not occur, and two sub

populations of homomeric channels are formed, the normalised current amplitude will 

be:

1 + £7 ■ /<co-inj _______ Eq. 9

However, if mutant and wt channels do co-assemble, we predict that five different 

stoichiometries of channels will form, in proportions determined by the binomial 

distribution (see Eq 4, Chapter 3). In this case, the current amplitude normalised to 

wt is described as follows:
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As in Chapter 3, we constructed wt*mutant^ concatemers, which should produce a 

uniform population of tetramers containing two wt and two mutant subunits. Injection 

of wt*wt^ cRNA produced current amplitudes that were indistinguishable from those 

obtained when an equivalent amount of wt cRNA was injected (coding for the same 

total number of subunits). Therefore, for wt*mutant^ concatemers, we assume that 

only post-assembly processes can affect the maximal current amplitude. Thus:

[çonçÿ_^i^ Eq. 11
Iwt

TEA dose-response

To distinguish between wt and mutant^ subunits, and to test whether co-assembly 

occurs, we use the TEA-tagging technique as described in Chapter 3. Two 

equations, Eq 5 and Eq 7, which describe co-assembly of subunits and no co

assembly respectively, were derived using data obtained from the expression of wt 

and wt^ subunits. These equations therefore describe a situation where subunits 

mediating equal currents are co-expressed. However, unlike for P244H^ and 

V404F, the mutations examined in this chapter do not mediate equal K"" currents to 

wt; i.e., the behaviour of mutant^ subunits may not be equivalent to that of wt^ in this 

instance. Therefore it is necessary to extend the descriptions of co-expression for the 

current chapter.

As discussed, the reduced current amplitudes observed for T226R, A242P and 

R417stop raise the possibility that stages of expression downstream of assembly, as 

well as assembly itself, are affected by the mutations. If co-assembly occurs between 

wt and mutant subunits, the parameter q provides a quantitative estimate of the 

efficacy of mutant subunit assembly compared to wt, and the corresponding value of 

f  determines the skew of the binomial distribution, i.e. the proportion by which each 

channel stoichiometry occurs in the co-assembled population.

Therefore we represent an alteration in the efficacy of assembly by allowing the 

parameter f io  vary. However, we cannot use Eq 5 from Chapter 3, because the TEA 

dose-response of the wt+T226R, wt+A242P and wt+R417stop currents will be 

affected not only by the proportions of each stoichiometry present, but also by the 

amplitude mediated by each stoichiometry. Where the amplitude is dependent on the
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number of mutant^ subunits present, m, we now describe the TEA dose-response of 

a co-assembled population by:

f c :  • f ■ (1 -  f r  ■ ' { [ T E A ]  + )}•
1 = ^ -------------------------- J----------------------------------------------------- Eq. 12

m=0

where f  and L  (m = 1, 4) are allowed to vary to reflect impaired subunit

incorporation into a channel and reduced efficacy of downstream stages, 

respectively. These parameters are also constrained by the amplitude data, as 

shown by Eqs. 8-11 above.

If wt and mutant^ subunits do not co-assemble, the TEA sensitivity of the whole-cell 

current produced is given by:

, { K , o / ( [ T E A ]  + K „ )} + {/, ■ K, . , H j T E A ]  + K , , )}

I + /4

Thus if co-assembly does not occur and two separate populations of homomeric 

channels form, the TEA dose-response will be determined by both populations, in the 

relative proportions by which they contribute to whole-cell current amplitude. In the 

case of R417stop, which does not mediate a K"" current distinguishable from that of 

un-injected cells, homomeric channels may not form at all. In this case, the TEA 

dose-response will be equal to that of wt channels alone, i.e. where m = 0.

For homomeric channel populations where the stoichiometry is known, i.e. wt, 

mutant^, or wt*mutant^, the normalised TEA dose-response data is not affected by 

current amplitude. Thus the dose-response of these currents is described by Eq 1 

where m = 0, 4 or 2, respectively, and the values of are determined by Eqs 1-3 

as described.

By incorporating the new parameter im, we are now able to provide a consistent 

theoretical description both of the amplitude data and of the TEA dose-response 

data, obtained when T226R, A242P or R417stop subunits are present in three 

different populations of channels: homomeric mutant^, wt*mutant^ concatemers, and 

wt+mutant^ co-expression.
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Results

The position of the TEA dose-response curve produced when wt and TEA-tagged 

subunits are co-expressed represents both the proportions of channel stoichiometries 

present, and also the contribution that each stoichiometry makes to the whole-cell 

current. When the subunits differ only in their TEA sensitivity, as for wt and wt^, the 

position of normalised TEA dose-response data for the whole-cell current produced 

by a population of wt+wt^ channels is dependent only on the proportions of channel 

stoichiometries present. However, when wt is co-expressed with mutant^ subunits 

that mediate a reduced current amplitude, the contribution of the two subunit types is 

not equal, and we predict that whole-cell current will have a TEA dose-response 

shifted towards that of wt subunits.

Assessment of error in the wt+wt^ model
We were able to establish the model for co-assembly of wt+wt^ subunits in the last 

chapter; however, we were concerned that it may be possible to make errors in the 

measurement of cRNA concentration, and therefore in the ratio of one type of cRNA 

to another in the co-injection situation. Although there was little inconsistency 

between several spectrophotometry readings of a single cRNA type (see Methods), 

the RNA is susceptible to contamination during transcription and purification, e.g. by 

DNA and/ or phenol, which could introduce an inaccuracy in measurement of true 

[cRNA]. As detailed in the Methods chapter, phenol was eliminated from the 

purification step by the use of gel matrix spin columns. However, there is a 

reasonable chance that cRNA concentrations were still overestimated due to 

contamination of the sample. Underestimation of [cRNA], however, is unlikely. To 

investigate the sensitivity of the model to such errors, we adapted our model of 

wt+wt^ to incorporate different ratios of wt ; wt^ cRNA. This ratio can be represented 

in the models by the parameter f, the probability that a given position in a tetramer is 

occupied by a wt subunit. The value of f is  determined by the relative contribution of 

the two types of subunit to the tetramer. We have shown that co-injection of wt and 

wt^cRNA in a 1:1 ratio produces TEA dose-response data which may be fitted by a 

value of f  = 0.5, since the efficacy of expression, including co-assembly, is predicted 

and shown to be equal. However, if one subunit was present at a higher 

concentration than assumed, e.g. due to an overestimation in the cRNA 

concentration, then this ratio would be different to the 1:1 ratio assumed, and the 

relative probability of wt subunit incorporation would also change. This would be
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shown by a change in the value of f. Thus f  encompasses not only the probability of 

wt subunit incorporation into a channel, which may be used to assess the relative 

efficacy of wt versus mutant subunit assembly, but also the amount of cRNA made 

available by injection into the cell.

We therefore assessed the predicted TEA dose-response curve for wt+wt^ co

expression, generated by Eq 5 and shown in Figure 7 in Chapter 3, to identify the 

range of values of f  for which the curve would not be significantly different to the 

experimental wt+wt^ dose-response data at the 1 % level. By examining the 

observed and predicted values of l/lmax at 0.1, 1 and lOmM TEA and using the 

Bonferroni correction for three comparisons (see Methods), we calculated this range 

to be 0.42 < f<  0.51. Figure 2 shows this range of values for f  and the curves 

produced by substituting this range of values into Eq 5 (Chapter 3), shown as a 

shaded region. Outside this region the curve does not give an acceptable agreement 

to the experimental wt+wt^ dose-response data at the 1 % level. We can therefore 

conclude that in this control experiment, [wt cRNA] may be overestimated by up to 29 

% relative to wt^, and the [wt^ cRNA] overestimated by up to 3 % relative to wt. 

Although an inaccuracy this large seems very unlikely, we must consider the 

possibility that a 29 % error in [cRNA] might also occur in any experiment where wt 

and mutant^ subunits are co-expressed. A 29 % overestimation in the relative 

concentration of either wt cRNA or mutant^ cRNA corresponds to a range of values 

of f  of 0.36 < f<  0.65. These values of /"correspond to a range in the value of q, the 

probability of incorporation of a mutant subunit into a tetramer relative to wt, of 0.54 < 

q < 1.78. Therefore, these errors should be considered during the subsequent use of 

this model to investigate the co-expression of the EA1 mutants with wt.

J  0.5

0
10"̂  0.1 1 10

Eq.5; [wt] 71-100% ; [wt^] 97-100%  
X wt+wt"

—  w t (m = 0)
—  wt^ (m -  4)

[TEA] (mM)

Figure 2 Shifts in TEA dose-response due to errors in cRNA concentration
The range of positions of the normalised TEA dose-response curve predicted by Eq 5 (grey 
region) which provide an acceptable fit of the data obtained for co-expressed wt+wt^ subunits 
(see Chapter 1, Figure 6). The right and left bounds of the range correspond to a 29 % 
overestimation of wt cRNA concentration, and a 3 % overestimation of w t\ respectively.
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Hom om eric populations

Before co-expressing wt with mutant^ subunits to examine the shift in TEA dose- 

response predicted by the reduced macroscopic peak current amplitude of mutant 

homomers, we tested whether the EA1 mutations themselves affected TEA 

sensitivity, in order to test the compatibility of the present experiments with the value 

of Ki4 obtained using wt^ in the last chapter. The Y379V substitution present on each 

of the mutant subunits is assumed to reduce TEA affinity for a channel in the same 

way as for wt^ subunits, as described. For T226R^, A242P^ and R417stop^, the 

homomeric current amplitude produced at 0 mM TEA was too small to be detected 

throughout the TEA dose-response protocol (Zuberi et al., 1999; Eunson et al., 

2000), summarised in Figure 3A.

B

1

J  0.5 

0
wt T226R A242P R417stop

1

0.5

0
wt*
wt

wt* wt* wt*
T226R A242P R417stop

Figure 3 Peak current amplitudes for mutant homomeric and concatemer channels
Macroscopic mean peak current amplitudes at +40 mV for wt, T226R, A242P and R41 /stop 
subunits expressed as homomeric channels (A), or concatemers with mutant and wt subunits 
at a fixed ratio of 1:1 (B), normalised to the mean value for wt homomeric currents {n = 5 - 
33). Error bars indicate S.E.M.

Therefore, the best approach available to examine any effect of the T226R, A242P or 

R417stop mutations on TEA sensitivity was to examine the dose-response of 

wt*mutant^ concatemers. As before, we constructed concatemers where each EA1 

subunit was joined to a wild-type subunit, to create channels of a fixed 1:1 ratio 

(wt*mutant^). The dose-response data of these channels is shown for each mutant in 

Figure 4A-C, together with the curve described by Eq 3 (Chapter 3) for the 

stoichiometry m = 2, with K ,,2 = 10 mM. These data show a similarity between the 

dose-response of each concatemer and that of wt*wt^ channels, although deviations 

between the data and the curve at 10 mM TEA did reach significance. However, in 

general, the similarity between the data and the curve predicted when m = 2 implies 

that the T226R^, A242P^ and R417stop^ subunits have an affinity to externally- 

applied TEA which is similar to that of wt^ subunits, consistent with the literature
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showing TEA sensitivity to have a strong dependence on the amino acid side chain 

at the 379 residue alone.

T226R B A242P

J  0.5

10̂  0.1 1 10

1

0.5

0
10 '  0.1 1 10

[TEA] (mM) 

R417stop

J 0.5

1 0 '  0.1 1 10

[TEA] (mM)

m wt*mutanE

Eq. 1 (Chapter 1); m = 2

—  Eq. 1 (Chapter 1); m = 0

—  Eq. 1 (Chapter 1); m = 4

[TEA] (mM)

Figure 4 TEA dose-response of w t*m utanr concatemers.
Dose-response data obtained for macroscopic currents at +40 mV produced by wt*T226R^ {n 
= 20), wt*A242P^ (n = 8) and wt*R417stop^ {n = 14) concatemers. Data are normalised to the 
mean peak current amplitude in 0 mM TEA. The curves described by Eq 1 when m = 2, m = 0 
or m = 4 are shown for reference (see Chapter 1 ). Error bars indicate S.E.M.

Concatemers also provide the opportunity to record the current amplitude mediated 

by the channel stoichiometry m -  2. Figure 3B shows that reduced current 

amplitudes are recorded when each wt*mutant^ cRNA is injected alone. Also shown 

is the current amplitude recorded when wt*wt^ concatemer cRNA is injected alone. 

This amplitude is similar to that produced by injecting an equivalent amount of wt 

monomer cRNA, encoding the same total number of wt subunits. This indicates that 

no alteration of current amplitude is imposed by the concatemer construct itself, e.g. 

the polylinker used to join the subunits together artificially. The current amplitude of 

wt*mutant^ thus gives us the value of /2  (see Eq 11). This value contributes to the 

prediction of the current amplitude produced on co-expression of wt+mutant^ 

subunits.

Co-expression

We substituted T226R^, A242P^ and R417stop^ subunits for wt^ and co-injected each 

in turn with w tin  a 1:1 ratio to determine whether co-assembly occurs between wt 

and TEA-tagged subunits, or two separate sub-populations of homomeric channels
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form, as described in the last chapter. For R417stop subunits, which are non

functional when expressed alone, tetramerisation may not occur at all.

The TEA dose-response was recorded in each case. Figure 5A-C shows the results 

of these three experiments: wt+T226R^, wt+A242P^ and wt+R417stop^. The curves 

for homomeric wt and wt^, i.e. m = 0 and m = 4 (see Figure 4 in Chapter 3) are also 

shown, for reference. As predicted, the dose-response data recorded in each co

expression situation lie closer to that of wt subunits than TEA-tagged subunits, 

indicating that each mutant^ subunit is contributing less to the whole-cell current than 

wt subunits. This reduced contribution follows a similar trend to the reduction in 

current amplitude in each case (Zuberi et al., 1999; Eunson et al., 2000), shown in 

Figure 5D.

T226R
B

A242P R417stop

#  \

1 0 -* 0.1 1 10

1

0
10 '  0.1 1 10

I  0.5

10 '  0.1 1 10
[TEA] (mM) [TEA] (mM) [TEA] (mM)

D

1

_E0.5

0
wt wt+ wt+ wt+
+wt' T226R ' A242P" R 417stop '

•  w t+m utant ^

— -  Eq. 12; f=  0.5, L  = 1 1  (co-assem bly) 

  Eq. 13 (no co-assem bly)

—  Eq. 1 (Chapter 1); m = 0

—  Eq. 1 (Chapter 1); m = 4

Figure 5 TEA dose-response of co-expressed wt+mutant^ subunits
A-C TEA dose-response of peak currents at +40 mV for wt+T226R^ {n = 13), wt+A242P^ {n = 
7) and wt+R417stop^ (n = 14) co-expressed subunits. Peak current amplitudes are 
normalised to the peak current in 0 mM TEA. The curve predicted by Eq 12, describing co
assembly of subunits where the probability of assembly of wt subunits is equal to that of 
mutant subunits (f = 0.5), and the efficacy of post-assembly expression stages is not impaired 
(/,„ = 1,.., 1; see text) is shown. Also shown is the predicted dose-response of the macroscopic 
current produced by two separate populations of homomeric wt and homomeric mutant^ 
channels, i.e. with no co-assembly, for each wt+mutant^ co-expression (Eq 13; see text). D 
Peak current amplitudes of macroscopic currents at +40 mV produced by each wt+mutant^ 
co-expression, and for w t+wt\ normalised to the peak current amplitude produced by wt 
homomeric channels {n = 5 - 33). Error bars indicate S.E.M.

Co-assem bly

We wanted to determine whether co-assembly occurs between wt and mutant^ 

subunits. First, the TEA dose-response data for wt+T226R^, wt+A242P^ and 

wt+R417stop^ are compared to the curve generated by Eq 13, describing no co
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assembly, in Figure 5. For homomeric channels formed by each of the mutant 

subunits, the current amplitude is small/ negligible. Therefore if two separate 

populations of homomeric channels are formed with no co-assembly between these 

mutants and wt subunits when co-expressed, the whole cell current would be 

provided almost entirely by homomeric wt channels. The TEA dose-response of this 

population would therefore be very similar to wt, as shown by the curves in Figure 5. 

However, in all three experiments, the TEA dose-response data lie far to the right of 

this curve. In each case, we can therefore reject the hypothesis that the mutant 

subunits fail to co-assemble with wt subunits.

Since the dose-response data in each of the three experiments are shifted to the 

right of the curve described by Eq 13, these data cannot be explained by a 

macroscopic current produced by two separate populations of wt homomers and 

mutant^ homomers, since the amplitude of the current mediated by mutant^ 

homomers is too small to account for the shift observed. This suggests that co

assembly is taking place. However we have also noted that the data fall closer to the 

wt than TEA-tagged homomeric dose-response. This is shown in Figure 5, by 

comparison of the data to Eq 12 when f=  0.5 and im (m = 0..., 4) = 1. This describes 

an equal efficacy of assembly of wt and mutant^ subunits, when mutant^ subunits 

mediate an equal current amplitude to wt, i.e. as described by Eq 5 in Chapter 3 

when examining wt+wt^, wt+P224H^ and wt+V404l^ co-expression data. The position 

of the data to the left of this curve indicates that mutant^ subunits are contributing 

less to the TEA dose-response than wt subunits. Thus to correctly identify if the 

reduced contribution of mutant^ subunits may be accounted for by dysfunctional 

assembly alone, or if post-assembly stages are affected, we must optimise the 

values of both f  and im- The optimal values of f  and L  will then provide us with 

quantitative estimates of mutant subunit dysfunction at assembly and post-assembly 

stages. Further, if the hypothesis of co-assembly is correct, the data must agree with 

Eq. 12 when fand L  are optimised.

Models of dysfunction at assembly and post-assembly stages
To find optimal values of fand L  for each mutant dataset, we compared the 

experimental data obtained with predictions which were made theoretically when f  

and im were allowed to vary. We examined the experimental data obtained from 

amplitude measurements and TEA dose-response experiments simultaneously, in 

order to identify optimal values of fand im which could account for all of the data 

obtained for the mutant subunits. To increase the accuracy of the TEA dose-
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response data and also to control against any cRNA-specific errors, we also co

expressed wt^ with un-tagged mutant subunits and recorded the dose-response. As 

shown in Figure 6, the wt^+mutant data lie as a "mirror image" to the wt+mutant^ 

data, indicating the same reduced contribution of mutant and mutant^ subunits 

compared to wt^ and wt. These data are fitted by substituting Tfor f, where T = 1 -  

From here, we consider both sets of TEA dose-response data when optimising f  and

Im-

We varied f  and L  within the appropriate equations in order to generate theoretical 

predictions for the experimental data, as follows: homomeric mutant current 

amplitude (using Eq 8), wt+mutant current amplitude (Eq 10), wt*mutant current 

amplitude (Eq 11), and wt+mutant^ / wt^+mutant TEA dose-response (Eq 12). We 

examined three possible situations to generate the following models: 1) assembly 

alone is affected, so f  \s allowed to vary but im {m = 0,.., 4) = 1,..,1; 2) post-assembly 

alone is affected, so L  is allowed to vary but f  = 0.5; 3) assembly and post-assembly 

are both affected, so fand L  are both allowed to vary. To test each model, we 

manually altered the value(s) of f  and/ or im, as appropriate, to generate the predicted 

amplitudes of the three populations (homomeric, co-expression or concatemer), and 

a predicted set of values of I /  Imax to be plotted against [TEA] for the co-expressed 

population. The observed and predicted amplitudes were then compared; the 

predicted TEA dose-response curves of wt+mutant^ and of wt^+mutant were each 

compared to the observed data at the three values of [TEA] applied experimentally. 

Therefore in total there were nine comparisons of predicted and observed data. For 

each model, we simultaneously tested all nine comparisons for significance at the 1 

% level assuming a normal distribution and applying the Bonferroni correction for 

nine comparisons, such that a model was rejected if any of the nine comparisons 

was significantly different.

Model 1: assembly alone is affected

We examined the fits of wt+T226R^, wt+A242P^ and wt+R417stop^ TEA dose- 

response data in turn by Eq. 12 when the value of fw as varied.
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Figure 6 Model 1 : Impaired assembly
A Comparison of the TEA dose-response data and macrosopic peak current amplitude data 
when wt+T226R cR NA are co-expressed, compared to the predi cted TEA dose response and 
amplitude data produced by varying the value of the parameter f  (i.e. representing the 
probability of wt subunit assembly; see text). The parameter /,„ (the efficacy of post-assembly 
stages; see text) is fixed at maximal values (i.e. 1). i TEA dose-response data for wt+T226R^ 
(circles) and also wT+T226R (triangles), compared to the dose-response curve predicted by 
Eq 12 when the parameter fis  optimised, ii Macroscopic peak current amplitude data for 
wt*T226R, T226 R and wt+T226R, compared to the am plitudes predicted (Eqs 11,8 and 10, 
respectively; see text), normalised to the peak current amplitude produced by homomeric wt 
channels. The optimal value of f , providing the best agreement between al I predicted and 
observed TEA dose-response and amplitude data, is indicated. This model is rejected due to 
a poor agreement of the predi cted amplitude values with those observed. B As in A, for the 
A242P mutant. TEA dose-response data was measured for wt+A242P^ only in this case. The 
model is rejected due to discrepancies between the predicted and observed amplitude 
measurements. C As in A, for the R417stop mutant. The model is rejected, as in A and B. 
Values of n range from 5-33. All error bars indicate S.E.M.

Varying fa lte rs  both the position of the TEA dose-response curve described, and 

also the prediction of current amplitude when mutant^ is expressed alone, and when 

wt+mutant^ are co-expressed. Fixing the value of /m (m = 0..., 4) = 1 prevented /2 

from falling within the range of acceptable values determined by the observed 

concatemer amplitude data, for each of the three mutants. Thus, the predicted and 

observed data were significantly different at p < 0.01, and the model is rejected for 

each mutant. Interestingly, optimisation of the value of f  obtained an acceptable 

agreement with the TEA dose-response data, but always failed to produce 

acceptable agreements with the data for at least one amplitude experiment for each 

mutant, as shown in Figure 6.
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The ability of changes in f  alone to produce an agreement of the predicted and 

observed dose-response data is similar to results reported by Zerr et. al. (Zerr et al., 

1998b). However, it is important to note that since the amplitude data are not 

predicted accurately, this model is incorrect.

Further, the possible error identified in the measurement of [cRNA] (see Figure 2) 

would alter the value of f, but not of L. Although the TEA dose-response data could 

be fitted by increases in the value of f  due to overestimation of mutant [cRNA], and 

consequently a lower actual concentration of mutant cRNA compared to wt when co

expressed, the amplitude data are not in agreement with the values predicted by an 

increase in the value of f  alone, for any of the three mutants. This indicates that the 

data obtained cannot be explained by an error in [cRNA].

Model 2: post-assembly events alone are affected

We investigated the possibility that co-assembly was not dysfunctional for each 

mutant, i.e. q = 1 and f=  0.5, but that the reduced contribution of mutant^ subunits to 

TEA dose-response and current amplitude when co-expressed with wt could be 

explained by a reduction in post-assembly events, represented by L. Figure 7 shows 

the best agreement of the TEA dose-response and amplitude data for each mutant 

when im alone was optimised. The T226R data are in agreement with this model (p > 

0.01). Therefore, we cannot reject the hypothesis that post-assembly events alone 

are affected, and that assembly itself is normal for this mutant. For the A242P 

mutant, reduction in the values of L  following a monotonie pattern, i.e. assuming that 

each successive mutant subunit in a tetramer would reduce (or fail to change) the 

current amplitude produced, did not provide a set of predicted values which were in 

agreement with the observed data (p < 0.01). However, if the value of /'a was allowed 

to increase compared to /2, i.e. the values of L  exhibited a multiphasic pattern, then it 

was not possible to reject the model (p > 0.01). Since our present data do not provide 

evidence that we can assume a monotonie pattern for im, we cannot reject Model 2 

for the A242P mutant. This will be discussed below. Since the model is derived 

assuming co-assembly between wt and mutant^ subunits, the agreement between
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Figure 7 Modal 2: Post-assembly function impaired
A TEA dose-response data and macrosopic peak current amplitude data when wt+T226R 
cRNA are co-expressed, compared to the predicted TEA dose response and amplitude data 
produced by varying the value of the parameter /„, (representing the efficacy of post-assembly 
stages; see text). The parameter fis  fixed at 0.5, representing an equal probability of 
incorporation of wt or mutant subunits into a tetramer. i TEA dose-response data for 
wt+T226R co-expressions, compared to the dose-response curve predicted by Eq 12 when 
the parameter L is optimised, ii Macroscopic peak current amplitude data for wt*T226R, 
T226R and wt+T226R wt+mutant^, compared to the amplitudes predicted (Eqs 11,8 and 10, 
respectively; see text), normalised to the peak current amplitude produced by homomeric wt 
channels. The optimal values of /,„, providing the best agreement between all predicted and 
observed TEA dose-response and amplitude data, are indicated. This model cannot be 
rejected since all predictions provide an acceptable agreement with the observed data (see 
text). B As in A, for the R417stop mutant. This model is rejected due to discrepancies in the 
TEA dose-response data. C As in A, for the A242P mutant, i and ii The values of L  are 
reduced in a monotonie pattern, i.e. assuming that an increase in the number of mutant 
subunits in a tetramer decreases the current amplitude produced by tetramers. This model is 
rejected due to inconsitencies between the predicted and observed amplitude data, iii and iv 
The values of L are allowed to vary in a multiphasic manner; note that the value of À is larger 
than the value of This model cannot be rejected since all predicted and observed data show 
an acceptable agreement (see text). All error bars indicate S.E.M.
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the predicted and observed data for both the A242P and T226R mutants implies that 

co-assembly occurs.

For R417stop, the model is rejected since the TEA dose-response data do not fall 

within the acceptable range. Therefore, for the R417stop mutation, we reject Model 2 

at p < 0.01.

Model 3: both assembly and post-assembly events are affected

The results from Models 1 and 2 indicate that both f  and L  must be optimised in 

order to fit all of the data for the R417stop mutant.
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Figure 8 Model 3: Both assembly and post-assembly function impaired.
A TEA dose-response data and macrosopic peak current amplitude data when wt+T226R 
cRNA are co-expressed, compared to the predicted TEA dose response and amplitude data 
produced by optimising the values of both the parameters f  and /,„ and (see text). This model 
represents a defect in both the assembly of subunits and in the post-assembly stages of 
expression, i TEA dose-response data for wt+T226R co-expressions, compared to the dose- 
response curve predicted by Eq 12 when the parameters f  and /,„ are optimised, ii 
Macroscopic peak current amplitude data for wt*T226R, T226R and wt+T226R, compared to 
the amplitudes predicted (Eqs 11,8 and 10, respectively; see text), normalised to the peak 
current amplitude produced by homomeric wt channels. The optimal values of f  and L  , 
providing the best agreement between all predicted and observed TEA dose-response and 
amplitude data, are indicated. This model cannot be rejected since all predictions provide an 
acceptable agreement with the observed data (see text). B As in A, for the A242P mutant. 
This model cannot be rejected. C As in A, for the R417stop mutant. This model cannot be 
rejected. All error bars indicate S.E.M.
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Figure 8 shows the best fits for the data when both f  and im are varied. Each of the 

nine comparisons between the observed and predicted data fall within the accepted 

range. Therefore we cannot reject Model 3 at p < 0.01, and conclude that both co

assembly and post-assembly events are affected by the R417stop mutant.

To complete the modelling, we also examined the predictions of Model 3 with the 

data observed for T226R and A242P. Optimising both f  and im gives a good 

agreement with the acceptable data ranges, indicating that Model 3 cannot be 

rejected at the 1% level of significance; however, as for Model 2, it was necessary to 

allow the value of is for the A242P mutant to be larger than the value of iz in order to 

accept the model.

Table 1 provides a summary of the macroscopic current amplitudes predicted by the 

models which were found to be acceptable for each mutant. The V404I and P244H 

mutants, and wt, are also included for completeness.

Expression of R417stop cDNA
So far we have discussed subunit expression in terms of assembly and post- 

assembly processes. Since injection of cRNA into oocytes begins the process of 

expression at translation rather than at transcription, we tested whether injection of 

cDNA would give similar results, or whether a possible defect in transcription might 

exist. We used R417stop subunits for this study since this mutation is the most 

disruptive to Kvl.1 primary structure, and R417stop subunits exhibit the most severe 

impairment of expression. Our R417stop cDNA and cRNA constructs encoded a stop 

codon, but were not truncated prior to expression by the cell. Figure 9 shows the 

mean macroscopic peak current amplitudes recorded at +40 mV from oocytes 

injected with wt (1 unit), wt+wt (2 units in total), R417stop (1 unit), or wt+R417stop 

(1:1 ratio; 2 units in total) cDNA into the nucleus, normalised to the mean amplitude 

produced by injection of 1 unit of wt alone. R417stop and wt+R417stop currents were 

reduced to 0.02 ± 0.01 and 0.51 ± 0.03 compared to wt, respectively, and both 

reductions were statistically significant (p < 0.05). Injection of 2 units of wt cDNA 

approximately doubled the macroscopic peak current amplitude (2.24 ± 0.29), 

indicating that wt currents were not saturated. These results are similar to those 

obtained when cRNA was injected (see Table 1), and indicate that no additional 

dysfunction of the R417stop mutant occurs during transcription of injected cDNA.
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Figure 9 Macroscopic current amplitudes produced by injection of wt and R417stop 
cDNA
Mean peak current amplitudes (at +40 mV) produced following injection 1 unit of R417stop 
cDNA {n = 3), or 2 units in total of wt+R417stop cDNA co-injected in a 1:1 ratio {n = 11), 
normalised to the mean peak current amplitude produced by 1 unit of wt (n = 8). The peak 
amplitude produced by 2 units of wt is also shown, to demonstrate that currents are not 
saturated {n = 3). Error bars indicate S.E.M.

Co-expression of the R417stop m utant with w t Kv1.2 subunits

To test whether the mechanisms of dysfunction of EA1 subunits identified above 

were likely to extend to heteromers containing the Kv1.2 subunit, or if these were 

restricted to specific interactions with the wt Kv1.1 subunit, we co-expressed Kv1.2 

cRNA with the R417stop mutant. Figure 10 shows the effect on Kv1.2 current 

amplitude of co-expressing R417stop. When one unit of Kv1.2 was co-expressed 

with an equal amount of R417stop, the peak current amplitude at +40 mV was 

significantly lower than the amplitude produced on injection of a single unit of Kv1.2 

alone (2.32 ± 0.36 pA and 3.85 ± 0.68 pA, respectively; p < 0.05), indicating a 

dominant negative effect of the R417stop subunit. Increasing the ratio of R417stop to 

Kvi .2 enhanced this reduction (1.20 ± 0.24 pA for 1:4 ratio, and 0.47 ± 0.04 pA for 

1:8 ratio). These results provide evidence that the R417stop subunit co-assembles 

with Kvi .2 and exerts a similar dominant negative effect on macroscopic current 

amplitude to that observed when co-expressed with Kv1.1 wt subunit.

As described earlier in this chapter, the reduction in current amplitude could 

represent dysfunction of heteromers at a range of different stages during expression 

of functional channels. To further examine whether the effect of R417stop in 

heteromers with Kvi .2 could be described in a similar way to the effect of R417stop 

on Kv1.1 function, we made use of the fact that wild-type Kv1.2 (referred to as Kv1.2 

for clarity) has a valine at position 381, corresponding to Y379 in Kvi .1, giving it a 

natural reduction in TEA affinity compared to wt Kvi .1 (i.e., similar to wt^). We 

therefore used the same TEA dose-response protocol as described above to 

examine co-assembly and the contribution of R417stop to the function of heteromers. 

Figure 10B shows the data obtained when TEA was applied to currents produced by
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expressing Kv1.2 alone, with wt Kv1.1, and with the R417stop mutant. Curves 

showing the position of the Kv1.1 wt, wt^, wt+wt^ and wt^+R417stop dose-responses 

obtained previously are included for comparison. There is a good agreement 

between the TEA dose-response of Kv1.2 and the curve fitted to wt^, i.e. where m = 

4, as would be expected from the presence of the valine at the position 

corresponding to Y379. Similarly, co-expression of Kv1.2 with wt Kv1.1 revealed a 

TEA dose-response indistinguishable from Kv1.1 wt + wt^. These observations 

confirm that Kv1.2 behaves in a similar way to wt^. When Kv1.2 was co-expressed 

with R417stop, the dose-response data fell in a similar position to that observed for 

Kv1.1 wt^ + R417stop. This provides additional evidence that R417stop co- 

assembles with Kv1.2, as implied from the dominant negative effect on current 

amplitude. The position of the dose-response data to the right of Kv1.2 + Kv1.1 

indicates a reduced contribution of R417stop to current amplitude than wt Kv1.2; this 

effect was similar, or even more pronounced, than with Kv1.1. To fully quantify this 

result, it would be necessary to construct concatemers and follow a similar approach 

as described above. However, the similarity between the amplitude and TEA dose- 

response data suggests that the mechanism of dysfunction of R417stop subunit 

during expression of channels is similar when co-expressed with Kv1.2 or with Kv1.1.
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—  Eq. 12; Model 3 fit of 
K v l.1  wE+R417stop 
(see Figure 8C)

Figure 10 Co-expression of R417stop with wild-type K v i.2 subunits.
A Mean peak current amplitudes in cells expressing Kvi .2 alone, or Kv1.2 co-expressed with 
R417stop in a 1 ;1, 1:4 or 1:8 ratio. The same number of Kvi .2 cRNA copies was injected in each 
condition, except where "2 units" is indicated, where the number of cRNA copies was doubled to 
show that current saturation levels were not reached. B TEA dose-response data of currents 
produced by expression of Kvi .2 alone {n = 4), Kvi .2 with R417stop in a 1:1 ratio (n = 5), or 
Kvi .2 with Kvi .1 wt in a 1:1 ratio (n = 5). Data points show the mean dose response in each 
condition. Curves fitted to the dose-response of Kvl.1 wt, w t\ wt+wt^ and wt+R417stop^ 
populations are taken from Figures 4, 6 and 8 (see text for equations) and are included for 
comparison of Kvi .2 data with the results of Kvi .1 modelling. All error bars indicate S.E.M.
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In addition to the dominant negative effect on macroscopic current amplitude and 

altered TEA dose-response when co-expressed with wt Kv1.1, we have previously 

shown that the R417stop mutant also affects macroscopic current kinetics: 

wt+R417stop heteromers exhibit a positive shift in the voltage threshold of activation, 

a slower timecourse of activation, faster deactivation, and an increase in C-type 

inactivation (Eunson et al., 2000). We therefore examined the kinetic properties of 

macroscopic currents produced by Kv1.2 homomers, compared to those of 

Kv1.2+Kv1.1 and Kv1.2+R417stop heteromers. Figure 11A shows the voltage 

dependence of activation of currents elicited by depolarising steps from a holding 

potential o f -100 mV (see inset example tail currents). The potential of half activation, 

Vo.5 , was more depolarised for Kvi .2 channels than for Kvi .1 (-11.71 ± 0.88 mV and 

-27.52 ± 0.25 mV, respectively; Figure 11 Ai), consistent with previous literature [see 

(Coetzee et al., 1999) for summary]. The slope factor (/c) was 14.78 ± 0.79 and 10.94 

± 0.23, respectively, indicating a slightly steeper voltage dependence of the Kvl.1 

subunit compared to K v i.2. Interestingly, co-expression of Kv1.2+Kv1.1 produced 

data which were not intermediate to those of the homomeric channels, but rather 

were similar to those of Kvi .2 homomers {V0 .5 = -8.33 ± 0.72 mV; k = 15.36 ± 0.65). 

Co-expression of Kvi .2 with R417stop in a 1:1 ratio resulted in a slight positive shift 

in voltage dependence of activation compared to the Kv1.2+Kv1.1 co-expression 

data, to values similar to those of Kvi .2 homomers { V 0 . 5  = -12.09 ± 0.86 mV; k = 

13.70 ± 0.77). However, increasing this ratio to 1:4 revealed a positive shift in V0 .5 (- 

6.01 ± 0.89 mV; k = 16.20 ± 0.82; Figure 11 Aii). Thus, compared to the voltage 

dependence of activation of Kvi .1 homomeric channels, the presence of wt Kvi .2 

subunits in heteromers appears to produce a natural positive shift in V 0 5  which 

masks any positive shift exerted by the R417stop subunits. Evidence that R417stop 

does shift t/o.sto positive potentials, as reported previously (Eunson et al., 2000), is 

provided by increasing the ratio of R417stop to Kvi .2 subunits. This result is 

important as it suggests that an increased voltage threshold of activation produced 

by the R417stop subunit may not be pathological in subsets of heteromeric channels 

in vivo that also contain Kvi .2 subunits.

Figure 11B shows the timecourse of activation of currents, represented by the 10-90 

% rise-time of currents elicited by depolarising steps as in 11 A. Consistent with 

previous literature [see (Coetzee et al., 1999)], Kvi .2 currents activated more slowly 

than Kvl.1 { tq = 20.0 ± 4.4 ms and 9.6 ± 1.7 ms, respectively; Figure 11 Bi).

Kvi .1 +Kv1.2 heteromers exhibited a similar timecourse of activation to Kvi .1 

homomers { tq = 7.6 ± 0.6 ms), indicating that the presence of more slowly activating
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Kv1.2 subunits in heteromeric channels did not reduce the speed of activation 

compared to Kv1.1 homomers. However, co-expression of Kv1.2 subunits with 

R417stop in a 1:1 or 1:4 ratio further decreased the speed of activation ( ro = 17.6 ± 

0.8 ms and 31.3 ± 8 .6  ms, respectively; Figure 11 Bii) compared to currents produced 

by Kvi .2 homomers. These results indicate that R417stop may reduce the speed of 

activation of currents produced by heteromers with Kvi .2 in vivo\ this effect may be 

particularly disruptive, since our results suggest that wt Kvl.1 subunits serve to 

increase the speed of activation of Kv1.1+Kv1.2 heteromers in a dominant manner.

Figure 11C examines the time constant of deactivation of tail currents during 

repolarisation from +40 mV. As shown in Figure 11Ci, homomeric K v i.2 currents 

deactivate more slowly than homomeric Kvl.1 currents { t.so = 24.5 ± 0.8 ms and 10.0 

± 0.3 ms, respectively). Currents produced by Kv1.2+Kv1.1 heteromers deactivated 

with a speed intermediate to homomeric currents, although this was more similar to 

Kvl.1 (r.5o = 13.8 ± 0.5 ms). When K v i.2 subunits were co-expressed with R417stop 

subunits in a 1:1 or 1:4 ratio, the time constant of deactivation increased in a dose- 

dependent manner (r .50 = 16.1 ± 0.5 ms and 13.2 ± 1.4 ms; Figure 11Cii). 

Interestingly, these values are similar to those obtained when Kvi .2 was expressed 

with Kvi .1 wt subunits. Previous work by our group has shown that co-expression of 

R417stop with wt Kvi .1 subunits results in currents with a r.50 value of ~ 8  ms 

(Eunson et al., 2000). Therefore it appears that when Kvi .2 and R417stop subunits 

are co-expressed, the slower deactivation of Kvi .2 subunits may compensate for the 

increased speed exerted by R417stop subunits. It is possible that heteromers 

containing all three subunits, as may occur in EA1 patients with the R417stop 

mutation, would deactivate faster than Kv1.2+Kv1.1 wt heteromers; however, the 

results shown here suggest that this effect may not be large, due to compensation by 

the slower deactivation of Kvi .2.

We next examined the C-type inactivation of currents during a steady-state 

depolarisation (Figure 11D). Currents produced by K v i.2 homomers, Kvl.1 

homomers and Kv1.2+Kv1.2 heteromers exhibited similar degrees of inactivation, 

measured at the end of a 5 s pulse to 0 mV (/ /  l^ax = 0.77 ± 0.02, 0.78 ± 0.02 and 

0.83 ± 0.01, respectively). Co-expression of Kv1.2+R417stop in a 1:1 ratio resulted in 

an increased inactivation similar to that observed for Kv1.1+R417stop (///max = 0.60 

± 0.01 and 0.59 ± 0.02). Increasing the ratio of Kv1.2:R417stop subunits to 1:4 

increased the degree of C-type inactivation consistent with a dose-dependent effect 

( / / / m a x  = 0.50 ± 0.02). These results indicate that R417stop increases the degree of
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C-type inactivation of heteromeric channels containing either Kv1.1 or Kv1.2 

subunits, and to a similar degree.

To summarise, the expression of R417stop with Kv1.2 subunits results in a similar 

dominant negative effect on the expression of macroscopic current mediated by 

functional heteromers as observed when R417stop was co-expressed with wt Kv1.1. 

The preliminary TEA dose-response data also indicated that the dysfunction of 

Kv1.2+R417stop heteromers occurs by a similar mechanism to that occurring in 

Kv1.1+R417stop heteromers. We therefore predict that the conclusions drawn from 

the modelling in this chapter may be relevant to heteromeric channels containing the 

Kv1.2 subunit. Analysis of macroscopic current kinetics has extended previous 

analysis of currents produced by Kv1.1+R417stop (Eunson et al., 2000), and 

provided specific information regarding the dysfunction of R417stop in heteromeric 

channels with Kv1.2.
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Figure 11 Effect of R417stop on macroscopic kinetic properties of K v i.2 currents
A Voltage dependence of activation of macroscopic currents elicited by depolarising steps from - 
100 mV to between -60 and +40 mV, followed by a repolarising step to -50 mV. The peak 
amplitude of tail currents (see insets; scale bars 2 pA and 60 ms) is normalised to the peak 
amplitude at +40 mV, and plotted against the potential of the preceding depolarising step. Data 
are fitted with a Boltzmann function; = 1 / ( 1 +  exp - ([V - Vos] I k), where Vos is the potential of 
half-activation, k is a slope factor, and is allowed to vary between 0 and 1. Ai: Data from 
homomeric Kvi .2 and Kvi .1 currents, and from co-expression of Kvi .2 + Kvi .2; Aii: Data from 
Kvi .2 are compared with Kvi .2 + R417stop (cRNA injected in a 1:1 ratio) and Kvi .2 + R417stop 
(cRNA injected in a 1:4 ratio). B Time course of activation of currents evoked by depolarising 
steps as in A (see insets; scale bars 1 pA and 50 ms). The 10% to 90% rise time of the peak 
value is plotted against the step potential. Data are fitted by a single exponential described by: 
r(V) = To + Tos* exp - ([V - Vos] / g), where Vos is the potential of channel half-activation as in A, and 
g is a slope factor. Bi: Data from Kvi .2 (n = 8), Kvi .1 (n = 4) and Kvi .2 + Kvi .1 currents {n = 5); 
Bii: Data from Kvi .2 are compared with data from Kvi .2 + R417stop (1:1 cRNA ratio; n = 5) and 
Kvi .2 + R417stop (1:4 cRNA ratio; r? = 4). C Time constant of deactivation of tail currents 
elicited by a depolarising step to +40 mV, followed by steps back to potentials between -80 mV 
and -20 mV (see insets; scale bars 2 pA and 200 ms). Tail currents were fitted with a single 
exponential and the time constant r is plotted against the step potential. The ascending part of 
the data is fitted by a single exponential: liV) = to+ tos * exp ([V - Vos] / g), where Vos and g are as 
in B. Ci: Data from K v i.2 (n = 9), Kvl.1 (n = 5) and K v i.2 + Kvl.1 (n = 5) currents; Cii: Data from 
Kvi .2 currents are compared to K v i.2 + R417stop (1:1; n = 5) and Kvi.2 + R417stop (1:4; n = 5). 
D C-type inactivation of macroscopic currents elicited by a 5 s depolarisation to 0 mV from a 
holding potential of -100 mV (see insets). The bar chart shows the current amplitude at the end of 
the step normalised to the peak amplitude at the start, for Kvi .2 (n = 8), Kvi .1 (n = 5), Kvi .2 + 
Kvl.1 (n = 5), Kvi.2 + R417stop (1:1; n = 5), Kvi.2 + R417stop (1:4; n = 5), and Kvl.1 +
R417stop (n = 4). Error bars indicate S.E.M.
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Observed

am plitude

m odel predicted

am plitude

f q io, h, >2, k, u

w t 1 - 1 0.50 1 1. 1.
1

1. 1. 1

w t+w t ̂ 1 .0 7 ± 0 .1 6 1

w t*w t^ 1.21 ± 0 .1 8 1

T226R 0.03 ± 0.02 2 0.02 0.50 1 1.
"
1,

1
0.48,

r ..........
0 .05, 0 .03

w t+T226R ^ 0.48 ± 0 .0 7 0.38

w t*T226R ^ 0.60 ± 0 .0 4 0.48

T226R 3 0.02 0.60 0.67 1. 0.8,
1

0.55, 0.3, 0.03

w t+T226R ^ 0.54

w t*T226R ^ 0.55

. . .

A 242P 0.10 ± 0 .0 2 2 0.16 0.50 1 1. 1.
1

0.56, 0.7, 0.1

w t+A 242P^ 0.81 ± 0 .0 4 0.71

w t*A242P ^ 0.47 ± 0 .0 3 0.56

"
A 242P 3 0.14 0.60 0.67 1. 1.

1
0.56, 0.8, 0.16

w t+A 242pT 0.71

wt*A242P'^ 0.56

P244H 1 .0 7 ± 0 .1 3 - 1 0.50 1 1. 1,
1

1, 1, 1

w t+P244H'^ 1.00 ± 0 .0 6 1

wt*P244H'^ 1.01 ± 0 .0 3 1

V4041 1.13 ± 0 .1 6 “ 1 0.50 1 1.
1

1.
1

1.
1

1.
r  " 

1

w t+ V 4 0 4 r 1 .1 4 ± 0 .0 7 1

w t*V 4 0 4 r 1.09 ± 0 .0 9 1

R 417stop 0.02 ± 0.01 3 0.05 0.65 0.54 1,
1 " 

0.60,
1

0.33,
1

0.10,
1

0.02

w t+R 417stop^ 0.33 ± 0.04 0.40

w t*R 417stop^ 0.45 ± 0 .0 6 0.33

Table 1

Summary of macroscopic peak current amplitudes observed for each mutant subunit 
expressed alone, co-expressed with wt in a 1:1 ratio, or expressed as a concatemer with 
subunits artificially fixed at a 1:1 ratio. Amplitudes predicted by acceptable theoretical models 
are shown, together with the optimised values of f, q and im (see text for equations and details 
of models).
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Discussion

This chapter has examined the mechanisms of dysfunction of three EA1 mutations 

identified by our group, T226R, A242P and R417stop, which each exhibit reduced 

macroscopic current amplitudes when expressed alone in oocytes, and also when 

co-expressed with wt Kv1.1 subunits. We have shown that each mutant co- 

assembles with wt subunits, and used a quantitative electrophysiological approach to 

determine whether dysfunctional mechanisms occur during the assembly of 

channels, during post-assembly stages in expression of functional channels, or both. 

Our results have shown that the R417stop mutation, which exhibits the most severe 

clinical phenotype, is dysfunctional both during assembly and during trafficking of 

tetramers to the membrane. We also found that the R417stop exerts similar effects 

on the amplitude of macroscopic currents mediated by heteromers formed by co

assembly with Kv1.2. The T226R and A242P mutants also appeared to affect 

assembly and post-assembly expression when co-expressed with Kv1.1 wt subunits, 

but to a lesser extent.

R417stop
R417stop is the only truncation mutation of hKv1.1 to be described to date, and is 

associated with a relatively severe drug-resistant EA1 phenotype (Eunson et al.,

2000). R417stop had a dominant negative effect on wt amplitude, but did not form 

functional homomeric channels on its own, indicating co-assembly with wt subunits. 

wt*R417stop concatemers also gave smaller macroscopic currents than wt 

homomers, implying an impairment in the function of heteromultimers. Measurement 

of the TEA sensitivity of currents produced by the co-expression of wt+R417stop 

confirmed that co-assembly occurred. We further examined the TEA dose-response 

and amplitude data and provided a quantitative discrimination between pre- and post- 

assembly events in Kv1.1 expression, and were able to identify two likely stages at 

which R417stop impairs channel function. A reduction in efficacy of pre-assembly 

events (represented by the parameter f) was necessary, but not sufficient to explain 

the data obtained with this mutant, indicating that both assembly and post-assembly 

events are impaired. Interestingly, the amplitude and TEA dose-response data were 

similar when R417stop was co-expressed with the Kv1.2 subunit instead of wt^

Kv1.1, implying that similar mechanisms of dysfunction of R417stop occur in 

heteromers with Kv1.2.
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Although the N-terminus of hKv1.1 plays an essential role in tetramerisation, the C- 

terminus has not previously been implicated. However, since C96 and C505, in the 

N- and C-termini respectively, come into close proximity at a late stage of Shaker 

channel biogenesis (Schulteis et al., 1998), there is evidence that the C-terminus is 

involved in forming the mature folded structure of the tetramer. Therefore it would be 

interesting to examine whether the stability of the mature tetrameric structure was 

impaired when the C-terminus was truncated; our results also suggest that a similar 

effect may occur for heteromers including Kvi .2 subunits, which co-assemble with 

Kvl.1 in vivo (Rhodes et al., 1995; Shamotienko et al., 1997; Coleman et al., 1999).

The reduction in efficacy of post-assembly stages in expression identified here 

cannot be accounted for by a reduced open probability or conductance of single 

channels, since wt*R417stop channels had similar single-channel properties to wt*wt 

(Rea et al., 2002). This result indicates that the post-assembly mechanism(s) of 

dysfunction of R417stop involve ER export, trafficking to the membrane and/ or 

membrane insertion and maintenance. Evidence from previous studies of the 

membrane targeting of Kvi subtypes indicates that a PDZ-binding sequence in the 

C-terminus is necessary for interactions with the membrane-associated guanylate 

cyclase PSD-95 (Kim et al., 1995), and there is also evidence to suggest that this 

may not be the only sequence in the Kvl.1 C-terminus which recognises anchoring 

proteins (Levin et al., 1996; Jing et al., 1997). Indeed, the results of our current study 

support this possibility since the wt*R417stop construct yielded approximately 50% of 

the wt current despite the linkage of the wt C-terminus to the R417stop subunit, 

which presumably results in a channel with no PDZ sequences free for binding 

(Songyang et al., 1997). (Note that the wt*wt concatemer gave a normal current 

amplitude, demonstrating that eliminating one of two free C-termini within the dimer 

did not reduce channel expression, and arguing that the reduced current obtained for 

the wt*R417stop concatemer can still be attributed to the C-terminal truncation.) 

Although consistent with these predictions, the results we have presented here do 

not exclude an alternative, although unlikely possibility, that R417stop homomers are 

able to form and to express in the membrane, but do not mediate any K'' flux. In 

order to test this possibility and to examine the conclusions of our quantitative 

approach further, we require an independent test of protein expression and 

localisation. This will be discussed in the next chapter.

In addition to possible defects during assembly and post-assembly stages in 

expression, the R417stop subunit also affects macroscopic kinetic properties of 

heteromeric channels when assembled with wt Kvl.1. Our previous work has
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indicated that R417stop reduces the speed of activation, and accelerates 

deactivation when expressed with Kv1.1 wt. Interestingly, C-type inactivation is also 

increased in channels containing R417stop subunits, reflecting a possible role of the 

C-terminus in this mode of inactivation. Here, we examined the macroscopic kinetic 

properties of heteromers formed with R417stop plus Kv1.2 subunits, to determine 

whether aspects of the dysfunction observed on co-expression with wt Kv1.1 

extended to other Kv1 subtypes. Association with the Kv1.2 subtype has been shown 

to occur in vivo and is potentially of importance in EA1 due to the co-localisation of 

Kv1.1 and Kv1.2 in peripheral nerve and in the cerebellum. We first examined the 

properties of Kv1.2 plus wt Kv1.1 heteromers, and interestingly, found evidence that 

the properties of different kinetic parameters tended to be dominated by one subtype, 

rather than intermediate to the properties of the subunit types when expressed as 

homomers. In particular, co-expression of Kv1.2 with wt Kv1.1 shifted the voltage 

threshold of activation of macroscopic currents to the right of Kv1.1 alone, similar to 

the position of the data obtained for Kv1.2 homomers. This effect appeared to mask 

the shift to depolarised potentials exerted by R417stop which was observed when 

this mutant was co-expressed with wt Kv1.1. Similarly, we found that the speed of 

deactivation of Kv1.2 subunits was slower than Kv1.1, and reduced the deactivation 

rate in Kv1.2+Kv1.1 wt heteromers. Co-expression of Kv1.2 with R417stop increased 

the speed of activation, as seen when R417stop was co-expressed with Kv1.1 

(Eunson et al., 2000); however these data did not indicate a faster deactivation than 

Kv1.2+Kv1.1 wt heteromers. These results may therefore provide important evidence 

that this effect of R417stop on the voltage threshold of activation, and on the speed 

of deactivation, is not pathological in Kv1.2+Kv1.1 heteromers; however, other 

heteromeric stoichiometries not investigated may be affected. On the other hand, the 

speed of activation of currents produced by Kv1.1+Kv1.2 heteromers was faster than 

for Kv1.2 homomers, indicating a dominance of the Kv1.1 subtype in this parameter. 

As observed when R417stop was co-expressed with Kv1.1, R417stop+Kv1.2 

heteromers exhibited a slow activation which was more similar to that of Kv1.2 

homomers. Thus the removal of the fast activation imposed by Kv1.1 wt subunits 

may be pathological in heteromers containing either or both of the wt Kv1.1 and 

Kv1.2 subunits assembled with R417stop. Finally, a similar increase in C-type 

inactivation was observed when R417stop was co-expressed with either Kv1.2 or 

Kv1.1, indicating that a similar mechanism of dysfunction for this parameter may 

occur in heteromers containing either Kv1.2 or Kv1.1 wt subunits.
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It is perhaps not surprising that truncation of the entire C-terminus of R417stop 

results in impairments of more than one process in channel expression. However, 

these results are important since the literature regarding the roles of the C-terminus 

of Kv1.1, and indeed of the C-terminus of Kv1 channels in general, is far from 

comprehensive. An additional mechanism affecting the expression and function of 

Kv1 subunits which has not been investigated in this chapter is the phosphorylation 

state of the protein. For example, phosphorylation of the residue S446 in the C- 

terminus of Kva1.1 has been shown to impair the interaction of Kva1.1+Kvpi.1 

heteromers with the oocyte cytoskeleton, which in turn increases the N-type 

inactivation of the channel imposed by the Kvp1.1 subunit (Jing et al., 1997). A 

discussion of these results in relation to the R417stop truncation mutant expressed 

here would be purely speculative, since the removal of the entire C-terminus would 

not only remove this phosphorylation site, but potentially also the mechanisms of 

cytoskeleton interaction. It will clearly be necessary to study the interactions of Kvl.1 

and R417stop with other subunits in order to fully understand the potential 

mechanisms of EA1 for this mutant.

T226R
The clinical phenotype of patients with the T226R mutation is severe, including 

generalised ataxia and myokymia with childhood onset. Epilepsy was also present in 

two out of five patients (Zuberi et al., 1999). The T226R mutation is one of three 

different missense mutations identified in EA1 which affect the same residue, located 

in the second transmembrane domain of Kvl.1 (S2); the substitutions reported are 

T226A and T226M (Comu et al., 1996; Scheffer et al., 1998). There was a profound 

decrease in macroscopic peak current carried by heteromultimeric and homomeric 

mutant channels at +40 mV; the measurements in this study were similar to those we 

reported in a previous study (Zuberi et al., 1999) although the dominant negative 

effect failed to reach significance when wt and T226R cRNA was co-expressed in a 

1:1 ratio in the present study. Further work will be necessary to identify the extent of 

the dominant negative action of T226R subunits on wt Kvi .1, and its relevance to the 

channel stoichiometries formed with different Kvi subtypes in vivo.

T226R channels also exhibited macroscopic currents with a shifted voltage 

dependence to more positive potentials, and slowed deactivation; both effects were 

rescued by co-expression with wt subunits. However, T226R currents also reduced 

the speed of activation, and this effect was not rescued by wt subunits (Zuberi et al., 

1999). The data obtained from concatemer expression also indicated a dominant 

effect of the T226R mutation on several kinetic parameters (Rea et al., 2002). These
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kinetic results are similar to those reported for T226A and T226M (Comu et al., 1996; 

Scheffer et al., 1998; Zerr et al., 1998b). Since we have shown here that T226R 

subunits co-assemble with wt Kvl.1, using the TEA tagging technique, this suggests 

that the mutation exerts a strong effect on activation kinetics even when wt subunits 

are present within the same channel. It will be interesting to investigate whether this 

effect is evident when T226R subunits are co-expressed with Kvi .2; we have shown 

here that Kvi .2 has a naturally slower activation rate that appears to dominate the 

activation kinetics of Kvi .2+Kv1.1 wt heteromers, and to mask the slower activation 

imposed by R417stop subunits expressed in a 1:1 ratio with Kvi .2.

The results of our quantitative analysis of the macroscopic current amplitude 

produced by populations of channels indicated that post-assembly processes in the 

expression of T226R subunits may be dysfunctional. Other work in our laboratory 

indicated that this could not be accounted for by a decrease in open probability or 

conductance of single channels at +40 mV (Rea et al., 2002), implying impaired 

trafficking. In addition, although our TEA dose-response data confirmed that the 

subunit co-assembled with wt subunits, our quantitative analysis of macroscopic 

currents did not exclude the possibility of a reduced efficacy of incorporation into a 

tetramer relative to wt. Overall, these results point to an important role of the T226 

residue during both expression and function of the channel.

A242P
The A242P mutation, again associated with a severe phenotype including seizures, 

also produced a profound reduction in current compared to wt, although without a 

clear dominant negative effect. Previously, our group has shown that homomeric 

A242P channels exhibit a negative shift in voltage dependence, slower activation and 

deactivation kinetics, and more C-type inactivation than wild-type channels. The 

effects on the voltage threshold of activation, and on activation and deactivation 

kinetics, were mild but still evident when A242P was co-expressed with wild-type 

subunits (Eunson et al., 2000). This indicates that whilst the A242P mutation induced 

changes in the kinetics of the channel current, there may be another, more important 

mechanism of dysfunction for this mutant in the disease situation, possibly linked to 

the observed reduction in current amplitude. As described in Chapter 3, a previously 

described EA1 mutation affecting a nearby residue (R239S) has been reported to 

produce non-functional subunits, which are unable to interact with wt subunits (Zerr 

et al., 1998b). Our quantitative description of currents mediated by populations of 

channels containing the A242P subunit do not exclude the possibility that a similar 

defect in A242P subunit assembly accounts for the abnormal functions observed.
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Further, the whole-cell kinetic data obtained when mutant and wild-type subunits are 

expressed (Spauschus et al., 1999; Zuberi et al., 1999; Eunson et al., 2000) may 

now be interpreted with more accuracy; this explanation could mean that the 

distribution of channels was skewed towards those containing relatively more wt 

subunits when co-expressed, possibly explaining the normalisation of the kinetics of 

whole cell currents observed. We also could not exclude the possibility that, in 

common with T226R, there was an impairment of current carried by heteromultimers 

and mutant homomers during post-assembly stages of expression. Other work in our 

laboratory showed that this effect could not be explained by a reduced open 

probability or conductance of single channels (Rea et al., 2002). This implies that a 

reduction in efficacy of stages downstream of assembly may be caused by a defect 

in membrane targeting of the A242P subunits. Interestingly, the best fits of the TEA 

dose-response and macroscopic peak amplitude data for the A242P mutant indicated 

that the stoichiometry of m = 3 may mediate a larger current {im) than the m = 2 

stoichiometry provided by the concatemer. A possible explanation for this is that the 

monomer and concatemer constructs exhibit altered behaviours, although this was 

not evident for wt monomers and concatemers. Further work may examine this effect 

by the expression of wt*A242P concatemers with different stoichiometries.

Three of the EA1 mutations reported by us, T226R, A242P, P244H, as well as the 

R392S mutation (Adelman et al., 1995), affect residues located in the S2 

transmembrane segment and adjacent region of the S2-3 linker. The structure of S2 

is a  helical (Monks et al., 1999). The abnormal presence or absence of the proline 

residue in A242P and P244H, respectively, may disrupt the structure since proline is 

often associated with bends of folded protein chains [see (Stryer, 1988)]. Another 

possibility is that residues within the a helix of S2 have different tolerances to amino 

acid substitution depending on whether they lie on the outer or inner face of the helix. 

During their investigation of the structure of S2, Monks et al identified residues on the 

outer hydrophobic face of the helix, which they predicted and confirmed were tolerant 

to substitution. The remaining residues were more sensitive to mutations, maybe 

since they were folded against the other parts of the channel and may be involved in 

conformational movements during gating of the channel (Monks et al., 1999). 

Although this study did not relate these findings to the position of EA1 mutations, it is 

interesting to note that a very good positive correlation exists between the EA1 

mutations identified in this region to date, and the residues predicted to be sensitive 

to substitution. This region will continue to be of interest as more is revealed about 

the role of S2 in gating and other functions of Kvl.1.
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Models of co-assembly
Using the TEA tagging technique, we have obtained evidence that that all of the five 

mutations examined in this chapter and in Chapter 3 are capable of co-assembly with 

wild-type subunits. This indicates that haploinsufficiency and dominant negative 

effects may not be a sufficient explanation for EA1 subunit dysfunction in each case. 

In this chapter, we have introduced the idea that the macroscopic current produced 

by a population of channels in a cell not only depends on the channel stoichiometries 

produced by assembly, but also on the properties of channels with those particular 

stoichiometries at stages downstream of assembly. This approach has extended the 

description of the mechanism of dysfunction for EA1 mutations, and highlighted 

inaccuracies in previous studies.

For example, a dominant negative effect of a mutant subunit may occur either during 

assembly, or post-assembly; here, we have found evidence that the dominant 

negative effect of R417stop may be at least partly explained by a reduced ability of 

wt+R417stop heteromers to target to the plasma membrane, compared to the 

efficacy of targeting of wt homomers in the absence of R417stop. A dominant 

negative effect on current amplitude is useful in identifying that subunits co- 

assemble; the strong dominant negative effect for the R392S mutant when co

expressed with wt indicated that co-assembly occurred (Adelman et al., 1995). 

However, if assembly alone is examined as the mechanism of the dominant negative 

effect, this result does not easily explain why mutant subunits do not form functional 

homomers; it might be expected that assembly between mutant subunits is as likely 

as assembly between mutant and wt, since tetramerisation requires an interaction 

between the T 1 domain of all four subunit N-termini. A later study of co-assembly for 

the R392S mutant with wt subunits (Zerr et al., 1998b) used the TEA tagging 

technique to examine the function of heteromeric channels, but again only assembly 

was considered, using the parameter f  to represent the probability of wt subunit 

incorporation into a channel, which relates to the efficacy of mutant subunit 

assembly. Contrary to the previous report, this study concluded that co-assembly 

between R392S and wt did not occur. Interestingly, R392S protein was detected in 

cell membranes. The apparent discrepancies between the dominant negative effect 

of R392S on current amplitude of wt+R392S heteromers, the conclusion that co

assembly did not occur, and the presence of R392S protein in the membrane, were 

not addressed. Such difficulties in explaining the behaviour of EA1 mutant subunits 

highlights the need for a comprehensive model of both assembly and the post- 

assembly events affecting mutant protein expression. We have found that such a
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description is necessary to simultaneously describe the data obtained from both 

amplitude and TEA tagging experiments; in particular, a good fit of TEA dose- 

response data when considering assembly alone can give rise to incorrect 

predictions of current amplitude (see results of Model 1 for R417stop), and 

investigation of post-assembly events is necessary to avoid such internal 

inconsistencies.

Previous studies of the way in which Kv1 channels assemble have established that 

the N-terminus contains a critical tetramerisation domain, T1 (Li et al., 1992; Shen et 

al., 1993). Initially, it is therefore perhaps not surprising that all of the mutations 

described here are able to co-assemble with wild-type, since none lie within the N- 

terminal region of the subunit. Equally, it may be unexpected that mutations at such a 

variety of residues all exhibit the potential to disrupt the process of assembly. 

However, several studies indicate that assembly is more complicated than a simple 

association of the T 1 domains of subunits, and is potentially affected by alterations of 

a variety of other regions in the channel (for example, (Shen et al., 1993; Tu et al., 

1996; Schulteis et al., 1998). In particular, a recent study investigating the 

determinants of channel folding, Trans Golgi glycosylation conversion, and cell 

surface expression of Kvi subunits has provided additional evidence that multiple 

regions of the channel contribute to these processes (Zhu et al., 2001). The data 

presented in this chapter indicate that for three mutations, in particular the R417stop 

C-terminal truncation, assembly may occur with a reduced efficacy compared to wild- 

type subunits. It will be interesting to relate these results to future findings regarding 

the way in which Kvl.1 subunits co-assemble.

Here, we have identified the stoichiometries present in populations of channels 

produced by co-expression of subunits (or expression of concatemers alone), in 

order to assess the relative probabilities of wt and mutant subunit assembly. In 

addition to the efficacy of tetramerisation itself, the probability of assembly for a given 

subunit is dependent on the amount of cRNA of that type available. We have used 

the Xenopus oocyte system to co-injected cRNAs of equal ratios, since this may be 

manipulated most accurately in oocytes. Although errors in these ratios may still 

exist, we have shown that injection of cDNA gave similar results, indicating 

consistency and providing evidence against the possibility of large errors. 

Nevertheless, the availability of subunit protein may be affected by the efficacy of 

transcription or translation itself. It is not currently possible to estimate how these 

effects may occur in vivo, and an estimation of the efficiency of translation is also 

limited in vitro by techniques which carry their own inherent errors in quantification of

95



protein levels, such as Western blotting. Further, translation, folding and assembly 

occurring within the ER and are likely to have a high degree of spatial and temporal 

overlap following injection of cRNA or cDNA into the cell, making it difficult to 

separate of these stages experimentally for analysis (Schulteis et al., 1998). Since 

the "quality control" of correctly translated and assembled protein is likely to occur at 

export from the ER (Ma et al., 2001), the proportional representation of different 

channel stoichiometries is currently the most reliable assessment of the efficacy of 

assembly. However, in cases where we have referred to a dysfunction of subunit 

assembly, it is possible that this represents a complex impairment of both assembly 

and biogenesis. Further work will be necessary to separate these stages.

Post-assembly events
For each of the three mutants studies in this chapter, we have identified possible 

dysfunction in the stages of expression occurring downstream of assembly. To 

separate these stages from assembly, we introduced a single mathematical 

parameter, im , to represent all post-assembly stages. This parameter may be further 

divided into the effects of each different stage as more data becomes available. For 

example, other work in our laboratory has investigated the single channel kinetic 

properties of wt*mutant heteromers, and shown that neither channel open probability 

nor unitary conductance contributed to the post-assembly dysfunction observed for 

each mutant (Rea et al., 2002). The remaining stages are thus targeting to the 

membrane, membrane insertion, and maintenance in the membrane. To directly 

measure these processes in order to investigate which may account for the post- 

assembly dysfunction of mutant subunits, it will ultimately be necessary to use 

biochemical approaches examining the association of subunits with proteins in the 

cell known to mediate each process, when this information and the appropriate 

techniques become available. Another approach is to visualise the subunit protein 

using imaging techniques, to assess the cellular distribution in a semi-quantitative 

manner. This will be addressed in the next chapter.

Quantitative approach
In Chapters 3 and 4, we have followed and extended a quantitative approach to 

examine the ability of mutant subunits to co-assemble with wt, and the effect of 

mutant subunits on the function of different populations of channels. We found that 

the existing description of subunit expression, defined in terms of channel 

stoichiometry alone (Zerr et al., 1998b), was incorrect when applied to mutant 

subunits which exhibited a reduced current amplitude, since a description of post- 

assembly stages of expression had been omitted.
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Our quantitative description of pre- and post-assembly stages in expression was able 

to identify two stages in the mechanism of dysfunction of R417stop subunits, which 

exerted the most severe reduction in macroscopic peak current amplitudes of 

heteromeric channels. For the T226R and A242P mutants, which each caused 

reductions of heteromeric current amplitude which were less severe than R417stop, 

we were able to reject the hypothesis that assembly alone was affected, indicating a 

post-assembly defect. However we could not distinguish between the possibility that 

post-assembly stages alone were affected, versus both assembly and post-assembly 

stages, due to the errors in the measurement of [cRNA], and the variability of current 

amplitudes elicited by oocytes. Therefore, this quantitative approach has been able 

to clearly distinguish between assembly and post-assembly dysfunction, extending 

the previous understanding of the mechanisms of EA1, and has been of particular 

use in determining the mechanisms of dysfunction of more severely affected 

mutants. Further accuracy is required to resolve the different stages of expression for 

those mutants exhibiting less severe reductions in current amplitude. (The 

quantitative approach was able to provide consistent accounts of the data for 

mutants which did not alter macroscopic peak current amplitude, P244H and V404I). 

This quantitative approach may be further improved in future studies should more 

rigorous methods for cRNA quantification become available. However the use of a 

single approach to provide internally consistent accounts of the efficacy of expression 

of subunits during different cellular stages has provided results which could be 

verified independently, and has potential use in other studies of subunit interactions.

The statistical method used to determine whether predicted data values were in 

acceptable agreement with the observed data, proved to be an important determinant 

of whether models were rejected. All wt data exhibited an acceptable agreement with 

the predictions of the theoretical approach, which provided a stringent test of the 

internal consistency of a range of electrophysiological and pharmacological 

measurements when different populations of channels were examined. This implies 

that any discrepancies between the theoretical predictions and the data observed for 

mutant subunits were caused by dysfunction of the mutant subunits. We used three 

possible models to account for these discrepancies, and each model was rejected if 

the predicted and observed data were significantly different according to the same 

level of significance tested for the wt model. In future studies, it would be possible to 

discriminate between the models with a higher level of certainty if the natural errors in 

macroscopic current recordings were reduced. It will also be important to further 

characterise the TEA dose-response properties of the wt*mutant^ concatemer
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constructs, which were not in complete agreement with the prediction for the channel 

stoichiometry m = 2 , although this effect would not alter the overall conclusions of 

this study.
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Chapter 5: Construction and imaging of EGFP-tagged Kv1.1 

and R417stop subunits

Introduction

The results of the previous chapter led us to the conclusion that truncation of the C- 

terminus of the Kv1.1 subunit, by the EA1 mutation R417stop, causes an impairment 

of subunit assembly and of trafficking to the plasma membrane. These dysfunctions 

of R417stop were identified using a model developed in Chapters 3 and 4, where the 

behaviour of R417stop subunits was examined when expressed alone, and together 

with wt subunits either as monomers or as fusion concatemers. The results obtained 

using electrophysiology were used to obtain an optimal description of the behaviour 

of R417stop which could account for the complete data set, and to point to important 

roles of the C-terminus of Kv1.1. However, since our approach was novel in itself, we 

now aim to provide an independent test of these hypotheses and therefore also of 

the optimal model.

Several techniques exist to determine the intracellular expression and distribution of 

protein. Studies using immunocytochemistry have been largely responsible for 

determining the localisation of Kv1.1 subunits in vivo (Wang et al., 1993; Wang et al., 

1994; Mi et al., 1995; Veh et al., 1995; Laube et al., 1996; Rasband et al., 1998). 

Western blotting and immunoprécipitation are also widely used techniques for 

detecting the expression and interactions of ion channels (for example, (Rhodes et 

al., 1995; Rhodes et al., 1997; Shamotienko et al., 1997; Zerr et al., 1998b; Coleman 

et al., 1999). These techniques provide the standard biochemical tests for 

determining the localisation of ion channels, most often effective in mammalian cells 

rather than Xenopus oocytes since the latter contain a highly protein-rich cytoplasm 

which may produce non-specific antibody binding. However, the results obtained 

using these approaches remain rather macroscopic in terms of intracellular 

compartmentalisation. Cells may be fractionated and prepared with specific reagents 

to separate membranes from cytoplasm, for example, but the detection of ion 

channel protein in these fractions is likely to carry a large error and ultimately relies 

on semi-quantitative image analysis.

Recently, a technique was developed to identify the specific localisation of a K* 

channel subunit in the membrane of Xenopus oocytes, using antibody labelling of an 

extracellular epitope inserted artificially into the subunits (Zerangue et al., 1999).
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Although this technique provides a more reliable test of membrane expression than 

others, it does not allow a direct comparison of membrane and cytoplasmic 

fluorescence, such as we require for the current study. To overcome the difficulties 

outlined above, we therefore devised an approach which would combine 

advantageous aspects of different techniques to explore Kv1.1 subunit localisation. 

We have continued to use Xenopus oocytes since this provides the most direct 

continuation of the work presented in Chapters 3 and 4. We introduced an enhanced 

green fluorescent protein (EGFP) tag to Kv1.1 and R417stop subunits and injected 

these constructs into oocytes, so that the localisation of the fusion proteins produced 

could be visualised directly and compared between the membrane and cytoplasm 

using a single analysis technique. The opacity and large size of oocytes provides the 

potential for a clear discrimination between fluorescence on the outer membrane and 

inner cytoplasmic faces of the cell using confocal microscopy. In this way we are able 

to provide a more quantitative account of subunit localisation than has been achieved 

previously using fluorescence imaging of flat, transparent mammalian cells (for 

example, (Kupper, 1998; Manganas and Trimmer, 2000)). This technique is likely to 

involve a degree of error that is no larger than that inherent in Western analysis, and 

has the additional advantage of providing an in situ visualisation of subunit protein.

EGFP has been used in several studies of channel localisation (for example, 

(Kupper, 1998; Manganas and Trimmer, 2000; Ma et al., 2001). EGFP itself is the 

GFPmutI variant of wild-type GFP, which has the double amino acid substitutions 

F64L and S65T resulting in a red-shifted, brighter fluorescence and higher 

expression in vitro (Clontech). The protein contains several cystein bonds which 

create a rigid tertiary structure, so that the fluorescent property of the protein is 

usually maintained despite fusion to other proteins. This structure also makes the 

protein relatively unlikely to interact and induce conformational change within the 

"host" protein, although this cannot be assumed [see (Hughes, 2000) for review]. 

Here, we have fused EGFP to the extreme N-terminus of Kvl.1 , following a similar 

technique to that used for GFP-Kv1.3 and GFP-Kv1.4 (Kupper, 1998). GFP in this 

position impairs the N-type inactivation of wild-type Kvi .4, presumably by preventing 

the insertion of the N-terminal amino acids into the channel pore (Zhou et al., 2001), 

but otherwise does not appear to affect channel function (Kupper, 1998). In 

particular, GFP-Kvl .4 exhibits expression levels similar to wild-type Kvi .4, indicating 

that the GFP protein does not interfere with the T1 tetramerisation domain further 

along the N-terminal tail. Since wild-type Kvl.1 does not exhibit N-type inactivation, 

the above observations suggest that fusion of GFP to the N-terminus of Kvl.1 will
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cause minimal disruption to the function of the subunit. Here, we characterise the 

functional properties of our EGFP-Kv1.1 construct, and use confocal microscopy to 

examine protein localisation as an independent test of the hypotheses raised in 

Chapter 4.
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Methods

Molecular biology
To create fluorescent fusion constructs, we removed cDNA encoding enhanced 

green fluorescent protein (EGFP) from the pEGFP vector (Clontech; see General 

Methods) and subcloned it immediately 5' to the first ATG start codon of the Kv1.1 

coding region, contained in the pSGEM vector. To facilitate cloning, we introduced a 

unique Age1 restriction site at this position using site-directed mutagenesis (see 

General Methods). The primers were as follows:

(forward): GCCGCTCTAGACCGGTATGACGGTGATG:

(reverse): GAGGGTCATACCGGTCTAGAGGGGGGG. We then linearised the 

resulting sequence with an Age1 digest and dephosphorylated the cut ends to 

prevent re-ligation (see General Methods). Age1 sites were then also introduced at 

the beginning and end of the EGFP coding region in pEGFP, using mutagenesis 

PGR. The primers were as follows:

(forward): ATATACCGGTATGGTGAGGAAGGGGGAGGAG;

(reverse): ATATACCGGTGTTGTAGAGGTGGTGGATGG.

The resultant 723 base pair fragment containing the EGFP coding region was then 

removed from pEGFP using an Age1 digest and subcloned into the linearised Kv1.1 

construct in a standard ligation reaction (see General Methods). EGFP was also 

subcloned into the R417stop construct using the same method and primers as 

above.

During ligation, the single Age1 restriction site and Age1 ends of the EGFP insert 

fragment meant that several possible unwanted constructs might arise. First, insert 

fragments may join at the cut ends. Second, a fragment could insert into the vector 

the wrong way round. Third, multiple copies of the fragment, joined end to end, could 

insert into the vector. The first possibility is prevented by the lack of an ampicillin 

resistance gene in the insert fragment, meaning that these plasmids cannot grow on 

agar plates containing ampicillin. The two remaining unwanted possibilities can be 

distinguished from the intended single insert of the correct orientation using 

restriction digests. Figure 1 shows the fragments predicted from restriction mapping 

of the different possible constructs obtained during this ligation of EGFP and wt 

Kv1.1 (the same cDNA maps apply to R417stop in this region). Gels confirming the 

correct construct are shown (Figure 1 A). Gonstructs showing the correct fragments
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were sequenced into each end of the insert to confirm that the sequence was correct 

and in frame.

A Correct insertion of EGFP into Kv1.1
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B Incorrect insertion of EGFP into Kv1.1
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Figure 1 Restriction endonuclease digests to test the EGFP-Kv1.1 construct.
A Diagram of the position of the EGFP insert in the Kv1.1 sequence map, showing the 
position of restriction sites for the BssSI enzyme (italics, below), and fragment sizes 
produced for the correct construct (above). A gel demonstrating the correct fragment sizes 
produced following a BssSI digest of the EGFP-Kv1.1 construct, in comparison to the 
fragments produced by a BssSI of unmodified Kv1.1, is also shown. B Predicted fragments 
produced by BssSI digests for possible incorrect EGFP-Kv1.1 constructs, where EGFP does 
not insert (i; also see gel in A), EGFP is in the wrong orientation (ii), and where multiple 
EGFP inserts occur (ill).

EGFP-Kv1.1 and EGFP-R417stop DNA constructs were linearised using Nhe1 and 

transcribed as described in the General Methods.

Electrophysiology
General electrophysiology procedures are described in the General Methods.
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Confocal microscopy

Preparation and imaging of oocytes is described in the General Methods. "1 unit" of 

EGFP-Kv1.1 or EGFP-R417stop represents 23 nl of 20pg/nl cRNA. For co

expression experiments, 1 unit of each type of cRNA was co-injected. All 

fluorescence measurements taken from a particular region of the cell, i.e. membrane, 

cytoplasm or the whole cell, were normalised to the signal produced in the 

corresponding region of cells injected with 1 unit of EGFP-Kv1.1 cRNA { F e g f p - k v i . i ) -
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Results

Characterisation of EGFP-Kv1.1 and EGFP-R417stop currents
Macroscopic current kinetics

Injection of EGFP-tagged Kv1.1 (EGFP-Kv1.1) cRNA into oocytes resulted in the 

expression of functional channels with large currents. Before using the EGFP 

constructs to examine protein expression and localisation, we first characterised the 

macroscopic properties of these currents compared to those produced by unmodified 

constructs. Figure 2A shows example traces of currents elicited by depolarising steps 

in oocytes injected with EGFP-Kv1.1 or unmodified wt Kv1.1 cRNA. As shown in 

Figure 28, the voltage threshold of activation was shifted to more positive potentials 

for EGFP-Kv1.1 {V0 .5 = -10.90 ± 0.76 mV) compared to wt Kvl.1 {V0 .5 = -27.52 ± 0.25 

mV) when tail currents were measured 2 ms after the repolarising step to -50mV.

The values of the slope factor, k, were 15.56 ± 0.69 and 10.94 ± 0.23 for EGFP- 

Kvl.1 and wt Kvl.1, respectively, indicating a slightly less steep voltage dependence 

of EGFP-Kvl.1. However, when tail currents were measured 4 ms into the -50  mV 

step (rather than 2 ms), the current-voltage relationship of EGFP-Kvl .1 was shifted 

left, whereas the current-voltage relationship of wt Kvl.1 currents was shifted right 

(not shown). Thus there is evidence that the threshold of activation of EGFP-Kvl .1 

currents is shifted to more positive potentials compared to wt Kvl.1 when tail 

currents are analysed identically, although this may at least partly be explained by a 

change in the shape of the tail current immediately following repolarisation. This may 

be an interesting point for further investigation, but for the purposes of this chapter in 

which we primarily examine the trafficking of subunits, we suggest that the voltage 

dependence of activation of EG FP-Kvl.1 shows a moderate shift to more positive 

potentials. The time course of activation, shown in Figure 2C by the 10-90 % rise 

time of currents elicited as above, was similar for EGFP-Kvl .1 and wt Kvi .1 (at 0 

mV: 16.6 ± 2.0 ms and 18.7 ± 3.4 ms, respectively).

Figure 2D shows example traces of EG FP-Kvl.1 and wt v l.1 currents elicited by a 

depolarising step to +40 mV, followed by a step back to a series of hyperpolarized 

potentials, to examine the time course of deactivation of tail currents. As shown in 

Figure 2E, current deactivation was slightly slower for EGFP-Kvl .1 currents than for 

wt Kvl.1 (r_ 5o = 19.0 ± 2.4 ms and 15.0 ± 1.1 ms, respectively). C-type inactivation, 

measured by the steady-state decrease in current amplitude during a long 

depolarising step at 0 mV, was similar for EGFP-Kvl .1 and wt Kvl.1 (20 ± 1 % and 

17 ± 1 %; Figure 2F).
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Figure 2 Characterisation of macroscopic current kinetics for EGFP-Kv1.1.
A Example traces of EGFP-Kvl .1 and wt Kv1.1 currents elicited by depolarisation from a holding 
potential of -100 mV to steps between -60 mV and +40 mV, before stepping back to -50 mV. 
Enlarged tail currents, following the step back to -50 mV, are also shown. B Voltage dependence 
of activation. Peak tail current amplitudes were recorded for wt Kv1.1 currents (n = 17; filled 
circles) and EGFP-Kvl .1 currents (n = 10; open diamonds) 2 ms following the voltage step to -50 
mV. Data are normalised to the tail peak at +40 mV, and plotted against the preceding 
depolarised potential. Data are fitted with the Boltzmann function: /™m, = 1 / (1 + exp - ([V - V0 5] / 
k), where Vos is the potential of half-activation, and k is a slope factor. C Time course of 
activation of currents evoked by depolarising steps as in B. The time taken for currents to rise 
from 10 % to 90 % of the peak value is plotted against the step potential. Data are fitted by a 
single exponential described by: ẑ V) = ro + zos* exp - ([V - Vos] / g), where Vos is the potential of 
channel half-activation as in B, and g is a slope factor. D Example traces of deactivating tail 
currents elicited by a depolarising step to +40 mV, followed by steps back to potentials between - 
80 mV and -20 mV. E Tail currents were fitted with a single exponential and the time constant r 
is plotted against the step potential. The ascending part of the data obtained for EGFP-Kvl .1 
currents {n = ^^) and wt K v i.1 (n = 18) is fitted by a single exponential: z{V) = zo+ zos * exp ([V- 
Vos] / g), where Vos and g are as in 0. F C-type inactivation of EGFP-Kvl .1 currents (n = 11 ) and 
wt Kvi .1 currents (n = 14), measured as the current amplitude at the end of a long depolarisation 
to 0 mV, normalised to the peak amplitude at the start of the pulse.
Filled circles (• ) wt Kvl.1 data; open diamonds ( o  ) EGFP-Kvl.1 data. All error bars indicate 
S.E.M.

Macroscopic current amplitude

Following the initial characterisation of EGFP-Kvl.1 macroscopic current kinetics, we 

next analysed macroscopic current amplitudes in order to examine whether the 

EGFP constructs would provide a suitable representation of Kv1.1 and R417stop 

expression and localisation. Figure 3A shows the mean peak current amplitude of 

whole-cell currents measured at +40 mV for cells injected with 27.6 nl of 20 pg/nl 

EGFP-Kvl. 1 cRNA, compared to those injected with the same amount of wt K v i. 1 

cRNA. On average, the peak amplitude of EGFP-Kv1.1 currents at +40mV was 

somewhat smaller than unmodified Kv1.1 currents when the same concentration and 

volume of cRNA was injected. However, this is likely to be at least partly accounted
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for by the addition of the 726 bp EGFP insert, which makes the EGFP-Kv1.1 

construct about 50 % larger than the unmodified Kv1.1 construct. Thus, a given 

amount of EGFP-Kv1.1 cRNA may encode only about two-thirds of the number of 

subunit copies as the same amount of unmodified Kv1.1. As shown in Figure 3A, the 

maximal current amplitude produced by 27.6 nl of 20 pg/nl EGFP-Kv1.1 cRNA is 

similar to that produced by two-thirds of this amount (i.e. 18.4 nl, 20 pg/nl) of 

unmodified Kv1.1 cRNA (11.74 ± 1.58 pA and 9.67 ± 1.68 pA, respectively; p > 0.05). 

Although it is not possible to be certain whether the number of subunit copies 

encoded by the cRNA is the only factor affecting the current amplitude expressed by 

EGFP-Kv1.1, these results indicate that most of the reduction in current amplitude 

observed could be simply accounted for in this way, and that the assembly and 

subsequent expression of EGFP-Kvl.1 subunits is similar to unmodified Kv1.1.

We next examined the relationship between EGFP-Kv1.1 and EGFP-R417stop 

current amplitudes, to determine whether the expression of these constructs could be 

compared in the same way as unmodified Kv1.1 and R417stop in the previous 

chapters. As shown in Figure 3B and the inset example trace, R417stop-EGFP 

exhibited a similar lack of expression to unmodified R417stop (see Chapter 3). In 

particular, the relationship between EGFP-R417stop and EGFP-Kv1.1 peak 

amplitudes at +40 mV was similar to that observed between the unmodified subunits 

(cf Chapter 3); EGFP-R417stop current amplitudes were 0.8 ± 0.1 % compared to 

those of EGFP-Kvl .1. Taken together these observations suggest that the EGFP tag 

does not significantly alter the expression of Kvl.1 or R417stop subunits.

A B
30

%20

I  10u 0.5

+40 mV p 
-100 mV^

h J  0.2 nA
250 ms

K vl.1  Kvl.1 E G F P -K v l.1 EGFP- EGFP-
27.6nl 18.4nl 27.6nl Kvl.1 R417stop

Figure 3 Macroscopic peak amplitudes of EGFP-Kvl .1 and EGFP-R417stop currents.
A Macroscopic currents at +40 mV are compared between cells injected with EGFP-Kv1.1 or 
unmodified Kv1.1 cRNA (20 pg/nl). The amount of unmodified Kvi .1 cRNA injected reflected the 
same concentation (27.6 nl; n = 33) or predicted number of subunits (18.4 nl; n = 4) as a 27.6 nl 
injection of EGFP-Kvl .1 cRNA (n = 11 ). B Comparison of current amplitudes produced by 
EGFP-Kvl .1 and EGFP-R417stop (n = 10) at +40 mV. The inset example trace shows the current 
mediated by EGFP-R417stop during a depolarising step to +40 mV from a holding potential of - 
100 mV.
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Fluorescence imaging

Autofluorescence

Since EGFP does not appear to have an effect on expression of subunits which 

would alter the relationship between Kv1.1 wt and R417stop function, we analysed 

EGFP fluorescence of EGFP-Kv1.1 and EGFP-R417stop to examine and compare 

subunit localisation. Oocytes were halved and imaged on both the cytoplasmic and 

membrane faces of each half using confocal laser scanning microscopy (see 

Methods and General Methods). As shown in Figure 4, we found that water-injected 

control oocytes emit a strong autofluorescent signal between about 530 and 600 nm. 

This autofluorescence could be eliminated, while retaining the peak emission 

wavelength of EGFP (507 nm), by using a narrow 30 nm filter centred on the 515 nm 

light wavelength. We then found that EGFP-Kvl. 1 exhibited a strong fluorescent 

signal { F e g f p - k v i . i )  in both the cytoplasm and membrane, which was clearly 

distinguishable from autofluorescence in the water-injected controls (Fh2o): the value 

of Fh2o was 23 ± 4 % and 22 ± 3 % when compared to F e g f p - k v i . i  in the membrane 

and cytoplasm, respectively (see Figure 5B and C).

EGFP excitation and emission

SOOnmLP filter
488 507

515/30nm filter

Autofluorescence

500

500 530

500

600 X7nm H^O

600 X/nm

)

600 X/nm

600 X/nm

Figure 4 Elimination of autofluorescence.
Diagrams showing the excitation (dotted line) and emission (solid line) spectra of EGFP, with 
peaks at 488nm and 507nm, respectively. As shown by the example images of the cytoplasm of 
water-injected oocytes (insets; scale bar 250 pm), a strong fluorescent signal is observed when a 
SOOnm long-pass (SOOnmLP) emission filter is used, but this is largely eliminated when using a 
SOnm wide filter centred on 515nm (515/30nm), which also preserves the 507nm emission peak 
of EGFP for later experiments. These results, and those using other filters (not shown), indicate 
that when excited by 488nm light, endogenous oocyte protein emits an autofluorescent signal 
between -530 and 600nm (shaded region, bottom panel).
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Expression and localisation o f EGFP fusion proteins

The data and modelling presented in Chapters 3 and 4 suggest that R417stop 

subunits have an impaired tetramerisation. Since unassembled/ unfolded subunits 

are likely to be degraded in the ER, the fluorescent signal provided by EGFP- 

R417stop protein would be predicted to decrease throughout the whole cell, 

compared to the fluorescence of EGFP-Kv1.1 wt. In addition, the optimum model of 

the electrophysiological data indicated dysfunction of one or more post-assembly 

stage(s) of trafficking to the membrane for channels containing R417stop subunits. 

Therefore we might expect the fluorescent signal of EGFP-R417stop to be 

particularly low in the membrane relative to the rest of the cell. An alternative 

possibility which has not been eliminated by our modelling is that some R417stop- 

containing channels may reach the membrane but completely fail to contribute to K"" 

flux. To test each of these hypotheses, we examined the expression and localisation 

of EGFP-R417stop. As shown in Figure 5B and 50, the whole-cell fluorescent signal 

produced by EGFP-R417stop {pEGFP-R4 i 7stop) was very low compared to F e g f p - k v i . i  (29 

± 5%), consistent with reduced assembly and stability of EGFP-R417stop homomeric 

channels. In the cytoplasm alone, F e g f p - r 4 1 7 s îop  was 37 ± 5 % compared to F e g f p - k v i . i  ; 

this value is significantly higher than Fh2o in the cytoplasm (see above; p < 0.05).

This indicates that EGFP-R417stop protein is expressed, albeit at a low level, 

consistent with the evidence of R417stop expression provided in Chapters 3 and 4 by 

the dominant effect of R417stop on wt current amplitudes, kinetics and TEA dose- 

response, which indicated that the value of q (representing the probability of 

incorporation of mutant subunits into the tetramer, relative to the probability for wt) 

was < 1. The value of Fegfp-r417s\op in the membrane (28 ± 7 %) was not significantly 

different to Fhzo (see above; p > 0.05), indicating a specific inability of R417stop to 

reach the membrane. These results provide evidence against the possibility that a 

substantial number of non-functional R417stop subunits are expressed in the plasma 

membrane, and support the conclusion of impaired trafficking provided by the 

modelling in Chapter 4.

Co-expression

We next investigated whether the localisation of wt and R417stop subunits was 

altered by co-expression. In Chapters 3 and 4, we found that R417stop had a 

dominant negative effect on wt current amplitude in heteromeric channels, and that 

the trafficking of these channels was impaired. To directly examine the effect of 

R417stop subunits on the localisation of wt subunits, we co-expressed 1 unit of
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EGFP-Kv1.1 cRNA with 1 unit of unmodified R417stop. The fluorescent signal 

obtained was then compared with that produced by 1 unit of EGFP-Kv1.1 alone.

Thus in both conditions, the fluorescent signal was potentially the same except for 

any effect of the invisible R417stop subunits. As shown in Figure 5B-E, co

expression of EGFP-Kv1.1 with R417stop (EGFP-Kv1.1 + R417stop) resulted in a 

fluorescent signal, FEGFP-Kvi.uR4 i 7stop , of 46 ± 5% compared to F e g f p - k v i . i  in the 

membrane; this was a statistically significant reduction (p < 0.05). FEGFP-Kvi.uR4 i 7stop 

was also reduced compared to F e g f p - k v i . i  in the cytoplasm, but this result did not 

reach statistical significance; neither were the values of FEGPP-Kvi.uR4 i 7stop and F e g f p -  

Kvi.i significantly different when the whole cell was considered. These data point to a 

dominant negative effect of R417stop on the expression of EGFP-Kv1.1 in the 

membrane, which is not accounted for by a reduction in overall expression of EGFP- 

Kvl. 1; a more precise quantification of this reduction would require determination of 

the precise ratio of subunit types. However, the dominant negative effect shown here 

indicates that there is a selective defect in membrane targeting of heteromers due to 

the R417stop subunits, i.e. consistent with the prediction of Chapter 4 that the values 

of /Y - 'u , the efficacy of post-assembly stages for heteromers containing mutant 

subunits, are < 1 (relative to wt homomers).

To examine the effect of wt subunits on the expression pattern of R417stop subunits, 

we co-expressed EGFP-R417stop with unmodified wt Kv1.1 (EGFP-R417stop +

Kv1.1 ). Figure 5B-E shows that co-expression of wt subunits increased the amount of 

R417stop fluorescence in the membrane {FEGPP-R4 i 7stop̂ Kvi.i = 39 ± 6 % compared to 

F e g f p - k v i . i ) ,  although this failed to reach significance compared to FEGPP-R4 i 7stop (see 

above; p > 0.05). Compared to FEGPP-R4 i 7stop, there was no significant difference when 

FEGPP-R4 i 7stop+Kvi.i was measured either in the cytosol (48 ± 7 %) or when membrane 

and cytosol levels were averaged together (29 ± 5 %) (all values expressed as a 

percentage of the corresponding value of F e g f p - k v i . i  ; p > 0.05). However, when 

averaged across the whole cell, the level of fluorescence in oocytes injected with 

EGFP-R417stop + Kv1.1 was significantly higher than for water-injected controls, 

which was not the case when EGFP-R417stop was expressed alone (see above, and 

Figure 5C; p < 0.05). This result raises the possibility that wt co-expression may 

partially ‘rescue’ the R417stop mutant from degradation, although more experiments 

would be required to test this tentative conclusion.
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Figure 5 EGFP tagging of wt and R417stop to examine protein expression,
A Example images acquired by fluorescence imaging of the membrane (m) or cytoplasmic (c) 
side of halved oocytes injected with cRNA encoding EGFP-Kv1.1, EGFP-R41 7stop, EGFP-Kvl. 1 
together with unmodified R417stop (EGFP-Kvl.1 + R417stop), EGFP-R417stop together with 
unmodified Kv1.1 (EGFP-R417stop + Kv1.1), or water, as indicated. Dotted lines indicate the 
region of fluorescence measurement. Scale bar 250 pm. B, C, D Bar charts showing the mean 
fluorescent pixel value obtained from oocytes imaged on the membrane side (B), cytoplasmic 
side (C), or averaged across the whole cell (D), normalised to the mean fluorescent signal 
obtained in the corresponding region of cells expressing EGFP-Kv1.1 {Fecfp-kvi »)• Oocytes were 
injected with EGFP-Kvl.1 (n = 10), EGFP-R417stop (n = 4), EGFP-Kvl .1+R417stop, EGFP- 
R417stop +wt (n = 5) or H2O (n = 3). Asterisks denote a significant difference of p < 0.05 between 
the conditions indicated by the dashed line (Student's t-test). All error bars indicate S.E.M.
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Discussion

Membrane targeting and the Kv1.1 C-terminus

Overall, the results of the fluorescence measurements are consistent with the 

conclusion of the quantitative electrophysiological and pharmacological 

measurements in Chapter 4: that membrane expression of homomers and 

heteromers containing R417stop subunits is impaired. The results of this chapter 

lend independent validation of this approach. They also argue against the presence 

of a substantial population of non-functional heteromers in the membrane, and 

indicate that assembly of mature R417stop subunits is impaired. In addition, we have 

found independent evidence that assembly of heteromeric channels containing 

R417stop subunits may also be dysfunctional.

Several studies have pointed to the importance of the Kv1 C-terminus in membrane 

expression. As discussed in Chapter 4, dysfunctional trafficking of R417stop subunits 

may result from the loss of a PDZ binding sequence in the last few amino acids of the 

C-terminus of Kv1.1. Amino acids corresponding to T493, D494 and V495 in Kv1.1, 

which are conserved in members of the Shaker family including Kv1.2 and Kv1.4, 

have been shown to mediate binding to the membrane-associated guanylate 

cyclases PSD-95 and SAP-97 (Kim et al., 1995). The function of this association is 

likely to be in clustering of Kvi channels, and possibly sorting of Kvi subtypes to 

specific subcellular locations within neurons. Further evidence indicates that self

association of PSD-95 molecules, which is not dependent on PDZ domains, forms an 

anchoring complex which serves both to cluster and to suppress re-internalisation of 

Kvi .4 (and potentially other Kvi subtypes) which are associated with PSD-95 via 

PDZ interactions (Jugloff et al., 2000). It is not known whether similar interactions 

may occur in Xenopus oocytes. A further C-terminal motif identified in the Kvi .4 and 

Kvi .5 subunits has also been shown to be important in cell surface expression in 

HEK 293 cells (Li et al., 2000). It is important to note that in contrast to the current 

results and others using Xenopus oocytes, the wt Kvi .1 subunit exhibits a much 

reduced level of membrane expression in mammalian cells, which may be due to 

retention signals on the C-terminus (Manganas and Trimmer, 2000). However, a 

recent report has indicated that truncation of the C-terminus does not rescue surface 

expression of Kvl.1 by removal of such a sequence, and suggested that the 

glycosylation state of the subunit may be altered by C-terminal truncation, impairing 

Trans-Golgi processing (Zhu et al., 2001). Further, a very recent report of the cell 

biological consequences of the EA1 mutations discussed here has identified
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inefficient A/-Iinked glycosylation of R417stop when expressed in COS-1 cells and 

hippocampal neurons, together with a strong aggregation of R417stop protein in the 

ER (Manganas et al., 2001). The C-terminal truncation appeared to cause allosteric 

disruption of protein folding. In addition, the authors identified that conservation of 

amino acids R417-E423 were important in reducing intracellular aggregation of the 

subunit, by a mechanism distinct from protein misfolding. Thus the evidence found in 

our present study of defective trafficking of R417stop, as well as defects during 

channel folding and assembly, implies important roles of the C-terminus that are 

consistent with the predictions of other literature, which are likely to be of importance 

when co-expressed with other Kvi subtypes in vivo. This result would have been 

more difficult to detect in mammalian cells due to the low surface expression of the 

wt subunit itself. However, interactions with proteins involved in trafficking in vivo will 

ultimately be most accurately studied using neurons.

The EGFP-Kvl.1 construct

The EGFP-Kvl. 1 construct which we have made and characterised here has 

macroscopic current amplitudes and kinetics which are generally similar to 

unmodified Kvl.1. A more comprehensive characterisation would include single 

channel analysis and a closer examination of discrepancies such as the altered 

shape of tail currents, indicating an apparent shift in the voltage dependence of 

activation to more positive potentials for EGFP-Kvl. 1. Characterisation of the EGFP- 

R417stop currents was not possible due to negligible maximal current amplitudes at 

+40 mV. However, with respect to the expression and localisation of subunits, the 

macroscopic current amplitude of EGFP-Kvl. 1 and EGFP-R417stop provided an 

indication that the EGFP tag did not significantly alter the expression of the subunits 

to which it was attached. This enabled us to use the constructs as a viable means of 

comparing protein expression and localisation. This finding is similar to the results 

obtained when GFP was fused to Kvi .3 and Kvi .4 subunits in a similar position 

(Kupper, 1998). In particular, we found that the relationship between wt Kvl.1 and 

R417stop expression was not altered in the EGFP constructs; i.e. there did not 

appear to be an alteration of expression specific to either protein. The whole-cell 

decrease in fluorescence of EGFP-R417stop compared to EGFP-Kvl. 1 is thus 

unlikely to be due to the EGFP tag itself, but rather a consequence of R417stop 

dysfunction in forming stable tetrameric channels. The localisation of subunits could 

also be potentially affected by the EGFP tag, for example by interfering with 

trafficking machinery; however, the strong fluorescent signal of EG FP-Kvl.1 in the 

membrane, together with unaltered current amplitudes compared to unmodified
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Kv1.1, provides evidence that this is not the case. Despite the possibility that minor 

alterations in channel expression and function may be attributed to the EGFP tag, it 

is likely that these effects are the same for both EGFP-Kv1.1 and EGFP-R417stop, 

such that they do not affect the comparison between the function of the two subunit 

types. Thus, the differences observed between EGFP-Kv1.1 and EGFP-R417stop 

provide evidence of R417stop dysfunction due to truncation of the C-terminus.

Co-expression of EGFP-tagged wt Kv1.1 and R417stop

We also examined the effect of co-expressing unmodified R417stop with EGFP- 

tagged wt, and vice versa, to observe the way in which the fluorescent protein was 

affected by the presence of the invisible subunits of the different type. We co-injected 

cRNAs in a 1:1 concentration ratio, despite the larger size of the EGFP-tagged 

constructs. This was the simplest approach to co-expression which did not make 

assumptions about the rates of protein synthesis, which may also vary between the 

different cRNAs. Although it was not possible to precisely manipulate the ratio of 

subunits produced in these experiments, the effects observed were in clear 

agreement with the predictions of the quantitative electrophysiological and 

pharmacological results in Chapter 4. In particular, the observation that the addition 

of R417stop subunits significantly decreased the expression of EGFP-Kvl. 1 

fluorescence in the membrane provides evidence of a negative effect of R417stop 

subunits on the membrane targeting of heteromeric channels. Experiments 

examining different co-expression ratios would be necessary in order to probe this 

effect further. Another useful approach would be to co-express wt and mutant 

subunits fused to fluorophores emitting light of different wavelengths. We attempted 

this experiment by fusing the red fluorescent protein DsRed (Clontech) cDNA coding 

region to Kvl.1 wt and to R417stop, following a similar approach to that used for the 

EGFP constructs. We co-injected EGFP-Kvl. 1 with DsRed-R417stop (or 

alternatively, DsRed-Kvl .1 with EGFP-R417stop) and imaged cells for the 

fluorescent signals using a double-labelling filter set to collect both EGFP and DsRed 

emission wavelengths. However, we did not obtain a reliable fluorescent signal for 

either DsRed-Kvl.1 or DsRed-R417stop, probably because the autofluorescence of 

the oocyte is high within the range of wavelengths required to detect DsRed (peak 

emission 583 nm). Future experiments using expression of EGFP and DsRed 

constructs in mammalian cells may overcome this problem.

Analysis of subunit localisation using the EGFP approach
The data obtained here for EGFP-tagged Kvi 1 constructs has provided a semi- 

quantitative measure of wt and mutant subunit localisation. The oocyte system
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provides an advantage over mammalian cells for quantifying the fluorescent signal in 

the cytoplasm versus the plasma membrane region, since the opacity and large size 

of the oocyte makes it possible to measure membrane fluorescence alone by 

imaging the outer surface of the cell. However, there is still room for error in these 

measurements as it is not possible to separate the two regions with absolute 

certainty. Here, we have also presented a value for the “whole cell” fluorescence, 

calculated as a sum of the fluorescence measured on the cytoplasmic and 

membrane faces for each oocyte. These values are intended to provide an 

approximate indication of EGFP expression levels independent of localisation; 

however, comparisons between the whole-cell fluorescence emitted by different 

cRNA constructs should be made with caution, since it may not be possible to 

measure the fluorescence of the cytoplasmic and membrane faces to equal extents; 

therefore, localisation of protein may cause a bias in this overall measurement.

The quantitative estimates of f  and L  in the optimum model of R417stop dysfunction 

in Chapter 4 (Model 3, where both assembly and post-assembly stages are impaired) 

are supported qualitatively by the results presented here. The optimum value of f  was 

predicted to be 0.65, which corresponds to a decrease in the probability of mutant 

subunit incorporation into a tetramer, q, to a value of 0.54 (compared to the 

probability of wt incorporation). If protein which is not assembled correctly into a 

tetramer is degraded by the cell, it might be predicted that the total fluorescent signal 

produced by EGFP-R417stop protein would be approximately 50 % of that produced 

by EGFP-Kv1.1 protein. In each of the cell areas compared, i.e. cytoplasm, 

membrane and whole-cell, we found that the fluorescent signal of EGFP-R417stop 

was between about 28 and 37 % of the corresponding EGFP-Kv1.1 signal. These 

values are therefore rather lower than the quantitative estimates of Chapter 4. 

Interestingly, the fluorescent signal measured when EGFP-R417stop was co

expressed with non-fluorescent Kv1.1 wt was slightly higher than that measured for 

EGFP-R417stop alone (29 -  48 %), and closer to the value predicted in Chapter 4. 

This increase was not significant, but may suggest that wt partially rescues the 

decrease in R417stop expression. The optimisation of the parameters f  and im in 

Chapter 4 depended more heavily on the data provided by the co-expressed 

populations than the homomeric R417stop current, since the latter was of negligible 

amplitude. Thus, the fluorescent measurement for EGFP-R417stop+wt may be a 

closer representation of the predictions of Model 3. The discrepancies which remain 

between the quantitative predictions of Model 3 indicate the usefulness of the 

stringent quantitative description in explaining the results of more qualitative
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fluorescence measurements, and also those of other qualitative analyses such as 

Western blotting, for which the degree of error is less readily determined.
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Chapter 6: Functional characterisation of hyperekpiexia mutations 

of G lyRal in a family exhibiting compound heterozygosity 

Introduction

Hyperekpiexia is a neurological disorder linked to mutations of the GLRA1 gene, 

which encodes the glycine receptor alpha-1 subunit (G lyRal). G lyRal is understood 

to be the main mediator of inhibitory glycinergic transmission in the spinal cord and 

brainstem. The disorder is characterised by severe muscle stiffness (hypertonia) in 

infancy, and an exaggeration of the normal startle response to sudden stimuli which 

continues into adulthood. Like EA1, hyperekpiexia is thus a channelopathy of the 

CNS which results in hyperexcitability due to dysfunction of a channel that has an 

inhibitory role, and the two disorders have several additional features in common. 

Most cases of hyperekpiexia described to date have a dominant inheritance, 

indicating that wt and mutant subunits are likely to be present within the same cell. 

Like Kv channels, GlyRs are formed of multiple pore-forming subunits. Most cases of 

hyperekpiexia identified to date [see (Brune et al., 1996; Rees et al., 2001) for 

exceptions] are caused by a single amino acid substitution in the a1 subunit 

(although the hyperekplexia-like phenotypes of the mutant mice spastic and oscillator 

are caused by aberrant splicing of the GlyRpl subunit and a microdeletion in G lyRal, 

respectively (Buckwalter et al., 1994; Kingsmore et al., 1994; Mulhardt et al., 1994)). 

Thus although there are clearly fundamental differences in the principles of GlyR and 

Kvl.1 function, interactions between wt and mutant subunits in hyperekpiexia and 

EA1 have the potential to occur in similar ways and may contribute to the symptoms 

of disease by common mechanisms.

Recently, a family has been described who have hyperekpiexia inherited in a 

compound heterozygous manner (Vergouwe et al., 1999). Two different mutations, 

resulting in the amino acid substitutions R252H and R392H, exist on separate alleles 

within the same family, and are each recessive when present on a single allele in the 

parents and two of the children (see Figure 1 ). However, when both mutant alleles 

are inherited together in the other two children, this combination gives rise to the 

hyperekpiexia phenotype. This situation provides a unique opportunity to examine 

the relationship between GlyRal function and a known clinical phenotype when two 

alleles carry different mutations and are inherited alone or together, and to 

investigate any interaction between the two mutants which may give rise to novel
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properties of the GlyRal receptor and account for the resulting hyperekpiexia 

phenotype.

wt + R252H wt + R392H

wt + R252H R252H + R392H

Figure 1 Inheritance pattern of a hyperekpiexia fam ily exhib iting compound 
heterozygosity fo r the two mutations R252H and R392H
The two hyperekpiexia mutations of GLRA1, resulting in the GlyRal amino acid substitutions 
R252H and R392H, are inherited in a compound heterozygous manner; unaffected carriers 
(open symbols) and individuals with the disease phenotype (filled symbols) show a recessive 
mode of inheritance, but with two rather than one mutant allele present in the family. Both 
mutant alleles are required to elicit the disease phenotype.

To date, only two cases of human hyperekpiexia have been reported which exhibit 

single recessive mutations. Recessive loss-of-function mutations can provide an 

important insight into the level of receptor function required to sustain a normal 

phenotype. One is the missense amino acid substitution I244N (Rees et al., 1994). 

The patient was found to be homozygous for this mutation, and had a typical 

hyperekpiexia phenotype, whereas the parents (who were second cousins) and one 

tested sibling were each heterozygous for the mutation, and asymptomatic. The 

second case of hyperekpiexia reported to show a recessive inheritance is a deletion 

of exons 1 -6 of GLRA1, which was found to result in a loss of all functional domains 

of GlyRal (Brune et al., 1996). Despite a severe phenotype, this condition was 

surprisingly not lethal, in contrast to the osc/7/afor mouse, which has an apparent 

functional knockout of GlyRal and is lethal early in life (Buckwalter et al., 1994). 

Together these reports raised important questions regarding the extent to which 

functional redundancy may occur for the GlyRal receptor in humans. The existence 

of compound heterozygosity in the family studied here and also in two recently 

reported cases (Rees et al., 2001) provides an additional point of interest. Since all 

other cases of human hyperekpiexia reported to date are dominant, a complex 

picture of the functional role of GlyRal is emerging from studies of the different 

mutations. Here, we have investigated the reason why both mutations present in the 

family reported by Vergouwe et. al. must be inherited together to elicit the disease 

phenotype. We have also examined the functional basis of the recessive nature of 

each mutation when inherited with a wt allele.
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The position of the two mutations in the G lyRal structure, R252H and R392H (see 

Figure 2) provides an additional point of interest. Both arginines lie at the membrane- 

cytosol border and thus may play important roles in the structure and expression of 

the receptor. R392 resides at the cytoplasmic interface of the M3 transmembrane 

domain; the function of this region of the receptor has not been investigated and 

remains unknown. The arginine residue at this position is conserved within other 

highly homologous members of the "nicotinic" superfamily of ligand-gated receptors, 

including y - aminobutyric acid type A receptors (GABAaRs) and serotonin type 3 

receptors (5-HT3Rs), although interestingly, not in nicotinic acetylcholine receptors 

(nAchRs) [see (Mukerji et al., 1996) for summary]. The R252 residue lies at the 

membrane interface of the M2 transmembrane domain; M2 has been shown to line 

the channel and thus is likely to be the pore-forming region of G lyRal (Pribilla et al., 

1992; Bormann et al., 1993). GABAARs, 5-HT3Rs and also nAChRs all exhibit a 

conserved arginine or lysine residue at this analogous position (Langosch et al., 

1993). It has been suggested that a positively charged amino acid is required for 

cessation of the transfer of the weakly hydrophobic M2 segment through the ER 

membrane during biosynthesis (Langosch et al., 1993). Conservation of arginine or 

lysine at the cytosol-membrane border of transmembrane segments is consistent 

with this idea. The M l/2  cytoplasmic loop of the receptor, adjacent to the R252 

residue, has also been implicated in hinge-like conformational changes during 

channel activation (together with the extracellular M2/3 loop; (Lynch et al., 1997; Saul 

et al., 1999)). Indeed, the importance of the arginine at position R252 has been 

previously investigated by Langosch et. al. (Langosch et al., 1993) (NB the position is 

published as R219), where artificial R252E and R252Q substitutions were 

introduced. A dramatic effect of both mutations was reported, resulting in a non

functional receptor in each case, and the authors concluded from fluorescence 

imaging that these R252 mutants did not reach the cell surface. They suggested that 

the positive charge of the arginine residue at this position may be essential for 

expression at the plasma membrane. Interestingly, the naturally-occurring R252H 

mutation studied in this chapter is a substitution where the positive charge and 

strongly hydrophilic nature of the side chain are conserved. Examination of 

dysfunction for this mutation will therefore provide a pertinent test of this hypothesis, 

by determining whether membrane insertion and receptor function are conserved 

when arginine is substituted for a positive histidine residue in the R252H mutant. 

Similar questions will be addressed by examination of the R392H mutation.
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Figure 2 Sequence and membrane topology of the human GlyRal subunit
A Schematic representation of the putative topology of the hOlyRal subunit, showing the 
hyperekpiexia mutations identified to date, including those studied here (boxed labels). B 
Sequence homology of the region surrounding the R392 residue (highlighted) and analogous 
positions in G lyR a l, GABAaR, nAchR and 5-HT3R subunits.
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Methods

Molecular biology
We introduced the mutations G1135A and G1555A to human GLRA1 (contained in 

the pRSSP6012A3 vector) by site-directed mutagenesis, resulting in the amino acid 

substitutions R252H and R392H. The numbering of these amino acid positions 

relates to the peptide cleavage site at AO in the human GlyRal protein. This position 

also corresponds to the first codon of the rat DNA sequence. Site-directed 

mutagenesis was performed using Pfu polymerase and primers as follows. R252H 

forward: GCTGCACCTGCTCATGTGGGCCT;

reverse: CCTAGGCCCACATGAGCAGGTGC.

R392H forward: GACAAAATATCCCACATTGGCTTCCCC;

reverse: GGGGAAGCCAATGTGGGATATTTTGTC. The success of the mutagenesis 

was initially analysed by cutting the DNA using the restriction enzymes BssSI for 

R252H, and Fau1 for R392H, and comparing the fragment sizes to those produced 

by the same digest of the wild-type construct. Wt and mutant clones were then also 

completely sequenced on both stands to confirm the correct sequence, as shown in 

Figure 3.

R252H
757

A T C  A C A A A A T A T C C r C  C ' ,  A T T G G C T T C C C C A T

A A v \

R392H

A T C T . C A C C T C T r  C G t " Î  C T . I- C C T A  C A T C

Figure 3 cDNA sequence analysis of the R252H and R392H mutant constructs
Sequence analysis confirmed that both mutations were successfully introduced into the 
G lyRal wt cDNA construct (top sequence row), by G to A base subsitutions in both cases 
(highlighted sequence row). Boxed regions indicate the affected codons, with the position of 
the base mutation marked.
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EGFP tagging

DNA of the EGFP coding region was purchased in the pEGFP vector (Clontech; see 

map in the General Methods). We excised the EGFP coding region from pEGFP and 

introduced it at the beginning of the GlyRal N-terminus, between the third and fourth 

amino acids following signal peptide cleavage (S3 and A4), similar to the method 

used by David-Watine et. al. (David-Watine et al., 1999) for introducing GFP into the 

zebrafish G lyR aZI.

To facilitate cloning, we introduced a single Not1 restriction site at this position of the 

pRSSPGOI2A3-GLRA1 plasmid using site directed mutagenesis. We chose to use a 

single cloning site since it introduces minimal disruption to the GLRA1 sequence; 

potential difficulties with this approach and tests for the correct cloning results are 

described below. The primers were as follows;

(forward): CGCTCCGCAGCGGCCGCCACCAAGCCTATGTC;

(reverse): CATAGGCTTGGTGGCGGCCGCTGCGGAGCGAG. The resulting 

sequence was then linearised with a Not1 digest, and the cut ends de

phosphorylated using CIAP to prevent re-ligation (see General Methods).

Not1 sites were also introduced into the pEGFP construct to allow removal of the 

EGFP coding sequence (and subsequent cloning into pRSSP6012A3-GLRA1). The 

primers for the site-directed mutagenesis were designed such that the Not1 site 

(GCGGCCGC) was inserted one base 5' to the EGFP start codon (ATG 290-292). 

The extra base, C289, was included in order to keep the sequence reading in frame. 

A poly-AT tail was also added 5' to the Not1 site to enhance binding of the restriction 

enzyme to the DNA. The forward primer sequence was then: 

ATATATATGCGGCCGCCATGGTGAGCAAGGCGAGG. On the reverse DNA strand, 

the Not1 site was introduced immediately 3' to the stop codon (TAA 1007-1009; the 

DNA sequence remains in frame). The position of this restriction site enabled the 

exclusion of the stop codon from the EGFP sequence fragment, in order to produce a 

continuous reading frame when the fragment was inserted into the pRSSP6012A3 

vector. A poly-AT tail was added at the 3' end. The reverse primer was then:

ATATATATGCGGCCGCCTTGTACAGCTCGTCCATGCC. The resulting construct 

was digested with Not1 to yield a 726 base pair fragment containing the EGFP 

coding region, and this was subcloned into the linearised pRSSP6012A3 vector using 

T4 DNA ligase (New England Biolabs). Using the same method, EGFP was also
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Figure 4 Insertion of EGFP into the G lyRal construct
A Diagram of the position of the EGFP insert in the GlyRal sequence map, showing the 
position of restriction sites for the BssSI and Hindlll enzymes (italics, below), and fragment 
sizes produced for the correct construct (above). Note that the R252H mutation removes a 
BssSI restriction site, and so the fragments sizes produced by a BssSI digest of EGFP- 
R252H differ from those of EGFP-GlyRa1 and EGFP-R392H. B Gels demonstrating the 
correct fragment sizes produced following BssSI or Hindlll digest of the EGFP-GlyRa1 
constructs, in comparison to the fragments produced by digests of unmodified G lyRal. C 
Predicted fragments produced for incorrect EGFP-GlyRal constructs, detected by BssSI 
digests when EGFP is in the wrong orientation (I) or when EGFP does not insert (ii; also see 
gel in B), and by Hindlll \Nhen multiple EGFP inserts occur (iii).

subcloned into the R252H and R392H GlyRal mutants at the same position, to 

provide direct comparisons between wt and mutant during fluorescence imaging.

During ligation, the single Not1 restriction site and Not1 ends of the EGFP insert 

fragment meant that several unwanted possible constructs might arise, as described 

in the Methods of Chapter 5. Figure 4A shows the fragments predicted from 

restriction mapping of the different possible constructs obtained during this ligation of 

EGFP and wt G lyRal (the same maps apply to R252FI and R392H in this region). 

Gels confirming the correct construct are shown in Figure 48. Diagrams of the 

unwanted constructs are shown in Figure 40. Constructs showing the correct digest 

fragments were sequenced into each end of the insert to confirm that the sequence 

was correct and in frame.

All G lyRal DNA constructs were linearised using Mlu1 and transcribed as described 

in the General Methods.

cRNA injection
We found that the level of expression of currents in oocyte batches injected with 

cRNA could vary considerably, for example with seasonal effects. Therefore, 

recordings were compared between oocytes of the same batch wherever possible. 

However, the variability also meant that it was necessary to constantly re-assess the 

saturation level of currents produced by cRNA, to assure that saturation was always 

avoided. This meant that the amount of cRNA injected as one "unit" (representing 

one allele in co-expression experiments) could not always be the same between 

different batches. To identify this amount, we injected each batch of de-folliculated 

oocytes with several different amounts of wt cRNA and recorded macroscopic current 

amplitudes at +40 mV. For a given batch, an amount of cRNA which gave rise to 

non-saturating responses to glycine of -5-8  pA was chosen to represent 1 unit. A
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typical injection amount designated to represent 1 unit was 9.2 nl of 3.56 pg/nl 

G lyRal cRNA, i.e. 32.71 pg. Groups of oocytes within the batch were also injected 

with other types of cRNA so that the current amplitudes produced could be compared 

to wt. The amount of cRNA injected in each condition was matched appropriately to 1 

unit of wt cRNA; for example, we injected 1 unit of mutant cRNA, or 2 units in total of 

a mixture of wt + mutant at a 1:1 ratio, or 5 units in total of a mixture of wt + mutant at 

a 1:4 ratio, etc. Maximal current amplitudes were then recorded and averaged 

between oocytes within each group, and then normalised to the mean current 

obtained when a single unit of wt was injected (unless otherwise stated). To 

maximise the fluorescent signal obtained when imaging EGFP-tagged G lyR al, 27.6 

nl of 80 ng/nl G lyRal-GFP cRNA, i.e. 2.21 ng, was injected as 1 unit.

Electrophysiology
Voltage protocol

Two electrode voltage clamp was performed in normal frog Ringer (NFR) solution as 

described in the General Methods. For all experiments (except current-voltage 

relationships), the oocyte membrane potential was clamped at a holding potential of 

-80  mV, resulting in an inward current (caused by Cl' efflux) on application of glycine. 

Electrodes were pulled to a tip resistance of 0.5-2 MQ and filled with 2 M potassium 

acetate (acidified to pFI 6.2 with 100 mM MCI). Currents were recorded for 30 s, with 

glycine application at 5 s and washout at 20 s. Recordings were filtered at 200 Hz 

and sampled at 500 Hz. All recordings used for measurements of current amplitude 

were made 3 days post injection unless otherwise stated.

Glycine application

Glycine was diluted to concentrations ranging from 0.03 mM to 30 mM in NFR. 

Solutions were applied to the bath by a fast (-10 ml/min) gravity-driven perfusion 

system via a manifold tube, and further accelerated over the oocyte by the 

construction of a narrow channel within the chamber (-0.5 ml volume). At the start of 

an experiment, coloured dye was used to confirm that the flow of solution was 

approximately laminar through the channel. An interval of at least 3 min was allowed 

between successive glycine applications, to allow recovery from desensitisation. 

Different concentrations of glycine were applied in a pseudo-random order, using 0.3 

mM glycine every third application to control for recovery from desensitisation and 

consistency of the current response (see Figure 5).
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For picrotoxin (PTX) experiments, 100 pM PTX (shielded from light by a foil 

wrapping) was mixed with 3 mM glycine and applied to cells in the same way as 

glycine alone (see above). Maximal current amplitudes in a single cell were recorded 

in 3 mM glycine, followed by 3 mM glycine+PTX, followed by 3 mM glycine, with each 

drug application lasting for 15 s and being separated by at least 4 min intervals, as 

described above. Example traces were also obtained during a 25 s continual 

application of 3 mM glycine, with 100 pM PTX co-applied between 10 and 20 s 

period, to illustrate the effect of PTX and the return to the normal glycine-evoked 

current.

Analysis
Current amplitude

Peak current amplitudes were measured 3 days following injection unless otherwise 

stated. Amplitude measurements were averaged for each condition within a single 

batch of oocytes, and these mean values normalised to the mean obtained for the 

control condition (i.e. a single unit of wt) from the same batch. Normalised data from 

different batches were pooled, and the mean value given ± S.E.M. When current 

amplitudes were assessed directly, e.g. when examining the saturation curve for 

[cRNA] injection, data were averaged after pooling between batches. Statistical tests 

of significance were performed using a Student’s t-test. Values of n refer to the 

number of oocytes.

Glycine dose-response

Peak current amplitudes obtained with each concentration of glycine were 

normalised to the near-maximal response obtained for that cell, at a concentration of 

glycine common to all data sets. Values of n indicate the number of oocytes tested at 

a given concentration, with one recording per oocyte. When a given concentration 

was recorded more than once for a single oocyte, e.g. the test concentration used to 

verify recovery from desensitisation, the average response was calculated and 

counted as a single n number. Normalised dose-response data were then averaged 

between oocytes recorded from the same batch, during the same experiment. The 

responses, y, to different concentrations of glycine, [A], were fitted by the Hill 

equation:

y  = y .
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where y^ax is the maximum response, EC50 is the concentration of the agonist which 

elicits 50 % of the maximal response, and Hh is the Hill co-efficient. Data fitting was 

performed with the Levenburg-Marquardt algorithm using Microcal Origin for PC, with 

Ymax, EC50 and n» as free parameters.

PTX experiments

Peak current amplitudes in glycine+PTX were normalised to the average of the two 

glycine peak responses, to reduce the effect of any desensitisation on current 

amplitude.
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Figure 5 Application of glycine in dose-response experiments
Diagram illustrating an example set of glycine applications during a dose-response protocol. A 
test application of 0.3 mM glycine (denoted by asterisk) was applied every third recording, to 
detect whether desensitisation was affecting the peak current amplitude. Other concentrations 
of glycine were applied in a pseudo-random order. 3-5 minute intervals were left between 
successive glycine applications to allow recovery from desensitisation. Each individual 
application (at -80 mV) lasted for -10 s and was washed out by NFR.

Confocal m icroscopy

Following injection and incubation, oocytes used for experiments involving EGFP- 

tagged constructs were prepared for confocal microscopy and imaged using the 

EGFP optics, as described in the General Methods. For GlyRal-EGFP constructs, 

optimal acquisition settings were; laser 30 %, iris (aperture) 4.5, gain 100 % and 

offset -42, and these setting were used for all experiments. Both halves of each 

oocyte were imaged on the cytoplasmic side, and also on the membrane side, i.e. 

obtaining four images per oocyte. Un-injected oocytes were also imaged following 

the same method. The uppermost part of the oocyte was brought into focus during a
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continual scan using a wide iris to collect a large signal. The iris was then reduced to 

the optimal setting (see above). A stack of optical sections was then obtained every 

10pm into the oocyte, to a depth of 250 pm (cytoplasm) or 350 pm (membrane side). 

Stacks of images were then re-constructed to form a single projection for analysis 

(see General Methods). The resulting image was analysed as described in the 

General Methods. All data were normalised to the fluorescent signal obtained when 1 

unit of EGFP-GlyRal cRNA was injected {FEGPP-GiyRai)-

In general, oocytes which had been used for electrophysiological recording and 

glycine dose-response analysis appeared to emit a lower fluorescent signal after 

fixation, and so recordings and fluorescence measurements were taken from 

different cells within the same batch.
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Results

w t G ly R a l currents

We first examined the currents produced by injection of wt GlyRal cRNA alone in 

Xenopus oocytes. Figure 6A shows examples of chloride currents elicited by the 

application of different concentrations of glycine at a holding potential of -80  mV. The 

mean dose-response data are shown in Figure 6B. Fitting the Hill equation to these 

data gave an EC50 value of 0.29 ± 0.03 mM and Hill co-efficient (Dh) of 1.63 ± 0.28, 

similar to the values reported in previous literature [see (Rajendra et al., 1997) for 

review].

A
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Figure 6 Glycine dose-response of macroscopic wt G lyR al currents.
A Example traces of GlyRal wt outward Cl currents elicited by a series of applications of 
different glycine concentrations, at a holding potential of -80 mV. B Mean dose-response data 
of wt G lyRal currents normalised to the peak current elicited {n = 3 - 28), and fitted with the 
Hill equation (see text). Error bars indicate S.E.M.

We used 3 mM glycine, eliciting the near-maximal current response, for subsequent 

experiments where current amplitude was examined. We obtained a saturation 

curve for [wt cRNA] injection, shown in Figure 7, by injecting GlyRal cRNA at a 

range of different concentrations and recording the currents produced after three 

days of incubation. The expression of this current increased steeply with increased
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amount of cRNA injected. We chose to inject typically 32.71 pg cRNA to represent a 

single "allele" of GLRA1. This amount may be doubled without reaching saturation of 

current amplitudes, and halved to produce currents which remain detectable, which 

are both critical factors when examining the amplitudes obtained on co-injection of wt 

with mutant to mimic the disease genotype.

0

-  -6 
TO -8 
Q. -10  
 ̂ -12 

I  -14 
-16 
-18
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Figure 7 Saturation of GlyRal current amplitudes with increasing cRNA doseage
Mean peak current amplitudes of macroscopic currents elicited by 3 mM glycine application at 
-80 mV, for oocytes injected with different amounts of cRNA {n = 3 - 9). Error bars indicate 
S.E.M.

Response of m utant subunits to glycine application

We next examined the expression of glycine-mediated currents when each mutant 

subunit cRNA was expressed alone. As shown in Figure 8A, 3 mM glycine 

application at a holding potential o f -80 mV did not evoke currents which were 

distinguishable from water-injected controls, for R252H or R392H (-0.025 ± 0.013 pA 

and -0.024 ± 0.011 pA, respectively; -0.042 ± 0.010 pA for water-injected controls). 

Responses were absent throughout the range of glycine concentrations tested, i.e. 

up to approximately 100 times the wt EC50 value. Importantly, when normalised to the 

wt current amplitude produced by the same, single unit injection of cRNA, the 

amplitudes recorded for R252H and R392H represented 0.4 % of the wt current in 

both cases. Further, co-expression of R252H and R392H in a 1:1 ratio to mimic the 

genotype of the hyperekplexia patients also resulted in negligible current amplitude (- 

0.031 ±0.015 pA; 0.3 % of the amplitude recorded for the same amount of wt). 

Altering the holding potential in order to vary the driving force or to reverse the 

direction of Cl' flux did not result in any detectable potentiation of Cl' current in either 

mutant (Figure 8B); both mutant subunits remained non-functional over the range of 

voltages used. The wt GlyRal channel showed a linear current-voltage relationship 

with maximal current at negative holding potentials and a reversal potential of ~ -20 

mV.
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To test whether the lack of glycine-current elicited following mutant cRNA injection 

was due simply to a reduced receptor density, e.g. due to less efficient translation, 

we injected different amounts of mutant cRNA and recorded responses to 3 mM 

glycine at -80 mV. Figure 8C shows that neither mutant elicited any current at any 

amount of cRNA injected. We then examined whether the timecourse of receptor 

expression may be altered for the mutants. Figure 8D shows that no current was 

detected with either mutant at any timepoint following injection that was tested.
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Figure 8 Expression and functional properties of the R252H and R392H mutants
A Glycine dose-response data for macroscopic currents produced in oocytes injected with 
the R252H and R392H mutants, alone or together in a 1:1 ratio, at a holding potential of -80 
mV. Example traces are also shown for measurements made in 3 mM and 30 mM glycine. B 
Mean peak macroscopic current amplitude measured in 3 mM glycine at different holding 
potentials, for oocytes injected with R252H or R392H cRNA. C Mean peak macroscopic 
amplitudes of currents measured in 3 mM glycine at -80 mV, in oocytes injected with different 
amounts of R252H or R392H cRNA. D Mean peak current amplitudes measured at different 
times following injection (one recording per oocyte), in 3 mM glycine at -80 mV. Values of n 
range from 3 - 6. Error bars indicate S.E.M.

Co-expression o f w t and mutant G lyRal

The finding that neither mutant subunit mediated any current on glycine application 

provides evidence that hyperekplexia in the affected members of this family is 

caused by a loss of GlyRal function when the two mutants are inherited together. 

However, we do not know the mechanism of this loss of function. Since we could not 

directly examine the properties of the mutant channels when expressed alone or 

together, we next examined whether either had an effect on the normal properties of
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wt currents when mutant and wt subunits were co-expressed. Co-expression of 

mutant and wt subunits also mimics the genotype of the parents and children of the 

family who do not have a disease phenotype.

Macroscopic current amplitude

Figure 9 shows the current amplitude produced by 3 mM glycine application to cells 

injected with wt (single unit, representing one allele: see Methods), wt+wt (i.e. 2 

units, representing two wt alleles) and wt+mutant in a 1:1 ratio (representing one 

allele of each). We also injected wt+mutant in a 1:4 ratio, to examine the effect of 

increasing the dosage of mutant cRNA. As described in the Methods and Figure 7, 

the current mediated by 1 unit of wt was not saturated, and increased in a roughly 

linear manner on injection of a second unit (wt+wt). However, injection of wt+R252H 

and wt+R392H failed to increase the current amplitude significantly above that 

produced by a single unit of wt alone in each case (89.9 ± 8.6 % and 87.3 + 9.7 %; n 

= 20 and 14 figure legend respectively; p > 0.05). Although these data were not 

significantly different to wt, we examined the possibility that the slight decrease in 

amplitude observed could indicate a mild dominant negative effect of each mutant. 

We co-expressed wt+R252H and wt+R392H in a 1:4 ratio to test whether increasing 

the amount of mutant cRNA relative to wt would enhance this effect. However, as 

shown in Figure 9, the current amplitudes were not further decreased compared to a 

single unit of wt, and remained not significantly different (111.9 ± 11.9% and 97.6 ± 

11.2%; n = 7 and 11; p >  0.05).
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Figure 9 Peak current amplitude measurements for w t and mutant G lyRal subunits 
expressed alone and together
A Mean peak macroscopic current amplitudes in response to 3 mM glycine application (at -80 
mV) for wt homomeric currents, and wt+mutant co-expressions {n = 3 - 20). Data are 
normalised to the mean peak amplitude produced foil owing injection of 1 unit of wt GlyRal 
cRNA. The amplitude produced following injection of 2 units and 5 units of wt cRNA is also 
shown, to demonstrate that currents produced by 1 unit of wt were not saturated. B 
Macroscopic currents elicited by 3 mM glycine in oocytes injected with 1 unit of mutant cRNA 
alone, both mutant cRNAs together in a 1:1 ratio, or not injected {n = 3 - 9). Currents are 
normalised to the mean peak current produced by 1 unit of wt.
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Since the addition of R252H or R392H cRNA to 1 unit of wt cRNA neither decreased 

nor increased macroscopic current amplitudes compared to those produced by 1 unit 

of wt alone, these results suggest that neither mutant produces subunits which 

associate with wt subunits as heteromers. If the mutant subunits inhibited the 

expression of a heteromeric channel, current amplitude may be expected to 

decrease due to sequestering of wt subunits available to form normal functional 

homomers. Even if there was no dominant negative effect of mutant subunits on wt 

expression, the presence of functionally silent mutant subunits in heteromeric 

channels would be expected to increase the channel density, and therefore 

potentially also increase the macroscopic current amplitude. The simplest 

explanation for the observed lack of increase in amplitude is that mutant subunits do 

not associate with wt subunits. Nevertheless, it is possible that mutant subunits do 

co-assemble with wt subunits and exert a negative effect which is compensated for 

by the increased channel density. To further investigate any evidence of mutant 

subunit assembly with wt subunits, we examined the glycine-evoked current by 

obtaining dose-response relationships of the currents produced when wt and mutant 

subunits were co-injected.

Glycine dose-response

Figure 10A shows example traces of currents produced by co-injection of wt and 

mutant cRNA, on application of different glycine concentrations. 10B and C show 

mean dose-response data, normalised to the peak current for each cell and fitted 

with the Hill equation, for wt+R252H and wt+R392H. The EC50 values for wt+R252H 

and wt+R392H expressed at a 1:1 ratio were 0.22 ± 0.02 mM and 0.31 ± 0.03 mM, 

and Hill co-efficients (a?h) were 1.62 ± 0.26 and 1.66 ± 0.36, respectively. When 

expressed at a 1:4 ratio, to examine the effect of increasing the mutant cRNA 

dosage, the EC50 values were 0.23 ± 0.04 mM and 0.26 ± 0.03 mM, and nn values 

were 2.00 ± 0.45 and 1.76 ± 0.44, for wt+R252H and wt+R392H, respectively. These 

results indicate that the wt dose-response in not altered by co-expression of either 

mutant in a 1:1 or a 1:4 ratio. The current-voltage relationships when wt and mutant 

cRNAs are co-injected are also similar to wt (Figure 10D).

Taken together, the results so far imply that if mutant and wt subunits co-assemble, 

heteromeric channels have the same macroscopic current properties (maximal 

current response, EC50 and Hill co-efficient) as wt homomers. Even using single 

channel analysis, the behaviour of heteromeric glycine receptors remains only 

partially understood (for example, see discussion by (Lewis et al., 1998)). Although it 

is possible that mutant subunits co-assemble with wt subunits and exert effects which
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have not been detected in the experiments above, our results would be most simply 

explained by a lack of interaction between each mutant subunit and wt, or by a 

complete lack of mutant expression. The latter possibility also raises potential 

concerns about the ability of the mutant cRNAs which we generated to express in our 

system. To address each of these questions, we introduced a green fluorescent tag 

to wt (EGFP-GlyRa1) and mutant (EGFP-R252H and EGFP-R392H) DNA constructs 

to create fusion proteins of EGFP and GlyRal subunits which could be analysed 

using fluorescence microscopy.
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Figure 10 Properties of glycine-evoked currents when wt and mutant subunits are co 
expressed
A Example traces of currents elicited by 3, 0.3 and 0.03 mM glycine (bar indicates application 
period, which is followed by washout) in oocytes injected with wt+mutant (1:1 ratio) or wt 
cRNA alone. B and C Glycine dose-response of macroscopic currents (at -80 mV) in oocytes 
injected with wt+R252H (n = 3 - 18) or wt+R392H {n = 3 - 13) cRNA in a 1:1 ratio (A) or 1:4 
ratio (B). Data are normalised to the mean peak current, and fitted with the Hill equation (see 
text). D Relationship of peak current amplitude, elicited by 3 mM glycine, to different holding 
potentials, for wt G lyRal, wt+R252H or wt+R392H macroscopic currents {n = 2 - 5).
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Imaging of EGFP-GlyRa1

Characterisation o f EGFP-GlyRa1 macroscopic currents

First, we characterised the electrophysiological properties of glycine-evoked currents 

produced following injection of cRNA encoding EGFP-tagged wt (EGFP-GlyRa1) and 

mutant subunits (EGFP-R252H and EGFP-R392H). Figure 11A shows example 

traces of macroscopic currents elicited by 3 mM glycine at -8 0  mV, indicating that 

EGFP-GlyRal subunits assembled to form functional receptors which produced 

large current amplitudes in response to glycine, whereas EGFP-R252H and EGFP- 

R392H mediated negligible currents. As shown in Figure 11B, the mean peak current 

amplitude in response to 3 mM glycine for cells injected with EGFP-GlyRal was 

significantly reduced compared to currents mediated by unmodified G lyRal (32 ± 7 

%; p < 0.05). As discussed in Chapter 5, addition of the EGFP sequence increases 

the size of the subunit and so injection of equal concentrations of EGFP-GlyRal and 

unmodified G lyRal may result in the production of fewer EGFP-GlyRal subunits 

compared to G lyRal subunits. This may at least partly account for the reduction in 

current amplitude observed. However, since the EGFP-GlyRal construct is about 1.5 

times larger than unmodified G lyR a l, it could be predicted that the increased size 

would result in about 33 % fewer channels; this does not account for the 68 % 

reduction in current amplitude observed. It is therefore likely that the EGFP protein 

itself reduces the macroscopic current amplitude of EGFP-GlyRal. To examine any 

further differences between EGFP-GlyRal and unmodified G lyRal, we examined 

the response to different concentrations of glycine, as shown in Figure 11C. The 

position of the data for EGFP-GlyRal were similar to those for unmodified G lyR a l, 

although there was a shift to the right at concentrations of glycine lower than 1 mM, 

and a small increase in the EC# (0.36 ± 0.05). The value of nn is 1.38 ± 0.22. Taken 

together with the reduction in macroscopic amplitude, these results may indicate a 

reduction in the probability of glycine binding, possibly due to the presence of the 

EGFP protein on the N-terminus of G lyRal in the proximity of the glycine binding 

site. To further analyse this possibility it would be necessary to examine single 

channel properties. However, the results shown here indicate that despite a reduced 

current amplitude, the EGFP-GlyRal subunit produces glycine-evoked macroscopic 

currents with similar glycine dose-response properties to unmodified G lyRal 

currents. In particular, these results indicate that the EGFP tag is unlikely to increase 

the expression of the mutant subunits; negligible currents were produced by EGFP-
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R252H and EGFP-R392H (0.2 ± 0.05 % and 0.2 ± 0.02 % of EGFP-GlyRa1 

amplitudes, respectively; Figure 11 A). We are therefore able to use these constructs 

to determine whether the mutant protein is expressed.
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Figure 11 Current amplitude and dose-response of EGFP-tagged G lyR al constructs
A Example traces of macroscopic currents measured in oocytes injected with EGFP-R252H, 
EGFP-R392H or EGFP-GlyRa1 cRNA, on 3 mM glycine application (bars) at -80 mV. Note 
that scales differ. B Macroscopic current amplitudes elicited by 3 mM glycine (-80 mV) for 
oocytes injected with EGFP-GlyRa1 (n = 12), unmodified G lyRal (n = 9), EGFP-R252H {n = 
3) and EGFP-R392H {n =3) cRNA injected at equal amounts in each case. Data are 
normalised to the mean peak current elicited by EGFP-GlyRal. B Glycine dose-response of 
EGFP-GlyRal currents compared to that of GlyRal (oocytes from the same batch; n = 3 - 5 
for each data point), normalised to the mean peak current, and fitted by the Hill equation. All 
error bars indicate S.E.M.

Fluorescence imaging

Figure 12Ai shows example images obtained at lOx magnification by confocal 

microscopy from oocytes injected with 1 unit (see Methods) of EGFP-GlyRal, EGFP- 

R252H or EGFP-R392H cRNA, 2 units in total of a mixture of EGFP-R392H +

GlyRal cRNA, and un-injected oocytes, halved and imaged on both the membrane 

and cytoplasmic faces. Images were projected from a stack of optical sections, and 

the mean fluorescent pixel value measured within the region indicated by the dotted 

line (see General Methods). Also shown are images from single optical slices 

obtained at 60x magnification, revealing that cytoplasmic fluorescence of EGFP- 

tagged subunits is localised to the densely-packed cytoplasmic vesicles of the 

oocyte, which are clearly distinguishable from the fluorescent signal emitted from 

EGFP-tagged subunits localised in the membrane.
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As shown in Figure 12B-D, the mean fluorescent pixel value in each condition was 

normalised to the mean value obtained within the corresponding cell region (i.e. 

membrane, cytoplasm, or a whole-cell average) when 1 unit of EGFP-GlyRa1 cRNA 

was injected {FsGFP-GiyRai)- Both EGFP-R252H and EGFP-R392H emitted a 

fluorescent signal which was significantly higher than oocyte autofluorescence in the 

membrane (0.45 ±0.14 and 0.64 ±0.10, respectively, compared to 0.12 ± 0.04 in un- 

injected oocytes; p < 0.05 in each case), cytoplasm (1.13 ± 0.16 and 3.62 ± 0.33, 

respectively, compared to 0.71 ± 0.04 for un-injected cells), and when averaged over 

the whole cell (0.65 ±0.14 and 1.53 ±0.16, compared to 0.30 ± 0.02 for un-injected 

cells) (Figure 12B-D). This result indicates that both mutant subunits are expressed 

in oocytes, and provides evidence that the lack of glycine-mediated current in each 

mutant is not due to a failure of the cRNA constructs or expression system.

These results also indicate that both mutants reach the cell membrane. Figure 12B 

shows that membrane expression of EGFP-R252H was reduced compared to F e g f p - 

GiyRai, but this effect did not reach significance in the current study (p = 0.08). EGFP- 

R392H fluorescence in the membrane was not significantly reduced when compared 

directly to FsGPP-GiyRai in the membrane (although see below for further discussion).

On the other hand, in the cytoplasm (Figure 12C), EGFP-R252H exhibited a similar 

level of fluorescence to EGFP-GlyRal, and EGFP-R392H fluorescence was 

significantly increased (1.13 ± 0.16 and 3.62 ± 0.33, respectively). This effect was 

largely due to a lower level of EGFP-GlyRal expression in the cytoplasm than in the 

membrane, which is indicated in Figure 12B and C by normalising the 

autofluorescent signal of un-injected oocytes to the signal produced by EGFP- 

G lyRal (autofluorescence 0.71 ± 0.04 of the EGFP-GlyRal signal in cytoplasm, and 

0.12 ± 0.04 in membrane).

Interestingly, the EGFP-R392H signal was higher than FsGPP-GiyRai in the cytoplasm, 

but lower (albeit not significantly) than FsGPP-GiyRai in the membrane. As shown in 

Figure 12D, the level of EGFP-R392H fluorescence measured across the cytoplasm 

and membrane of cells was at least as high as EGFP-GlyRal (1.53 ± 0.16; not 

significantly different to FsGPP-GiyRai ; P = 0.06). This indicates that EGFP-R392H 

protein is not degraded at a higher rate than EGFP-GlyRal, suggesting that folding, 

assembly and export from the ER are normal. Therefore, the difference in distribution 

of EGFP-R392H protein compared to EGFP-GlyRal protein raises the possibility that 

R392H is selectively maintained in the cytoplasm rather than in the membrane (see 

also 60x magnification images of EGFP-R392H in Figure 12Ai). To test whether this
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effect may be "rescued" by G lyRal subunits, we co-injected 1 unit of EGFP-R392H 

cRNA with 1 unit of unmodified G lyRal (EGFP-R392H+GlyRa1) and compared the 

emitted EGFP-R392H signal with that produced when 1 unit of EGFP-R392FI 

expressed alone. As shown in Figure 12B-D, there was no effect of EGFP-GlyRa1 

subunits on the localisation of EGFP-R392H in any region of the cell. This result is 

consistent with the idea that R392H and GlyRal subunits do not associate, which 

was suggested by the electrophysiological results.

In this study, the fluorescent signal of EGFP-R252H was similar to FEGPP-GiyRai in the 

cytoplasm, and appeared to be reduced in images of the membrane and whole-cell 

average, although neither measurement reached statistical significance. These 

results suggest that expression of the R252H subunit may be reduced, and that this 

effect may be strongest at the membrane, although further study will be necessary to 

clarify this result.

GlyR p subunit
The results of the imaging experiments have clearly shown that both the R252H and 

R392H subunits are expressed. Flowever, our electrophysiological data showed that 

both mutants are non-functional. Since physiological GlyRs are pentamers containing 

3 a subunits and 2 p subunits, all of which form transmembrane elements of the 

channel, we examined whether association with GlyRp subunits might enhance the 

function of mutant a1 subunits. Figure 13A shows examples of the glycine-evoked 

currents produced following injection of wt+p and mutant+p cRNAs in a ratio of 1.5:1 

to mimic the 3:2 stoichiometry of heteromers. The lack of glycine-evoked current in 

cells injected with mutant+p cRNA indicates that full receptor function was not 

rescued in mutant subunits by co-injection of the p subunit. Figure 13B shows the fit 

of the Hill equation to the dose-response of wt+p currents; interestingly, these data 

are similar to those observed for wt alone: EC# = 0.22 ± 0.03 and Hh = 1.62 ± 0.3. 

This is consistent with some previous reports (e.g. (Lewis et al., 1998)) but not with 

others that indicate a reduced glycine affinity for wt+p heteromers [see (Rajendra et 

al., 1997) for review]. This discrepancy cannot be explained; however, one possibility 

is that a lack of shift in the EC# for wt+p currents indicates that the p subunit is not 

expressing or associating correctly with the G lyRal subunits. Lewis et. al. reported 

that the sensitivity of wt channels to picrotoxin (PTX), an inhibitor of GlyRs at high 

concentrations, was reduced when wt and p were co-expressed ((Lewis et al., 1998); 

L. Sivilotti, personal communication). This therefore provides
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Figure 12 EGFP tagging of G lyR al wt and mutant subunits to examine protein 
expression
A Example images acquired by fluorescence imaging of the membrane (m) or cytoplasmic (c) 
side of halved oocytes injected with cRNA encoding EGFP-GlyRa1, EGFP-R252H, EGFP- 
R392H, EGFP-R392H together with unmodified GlyRal (EGFP-R392H + GlyRal ), or un- 
injected oocytes, as indicated. Dotted lines indicate the region of fluorescence measurement. 
For wt, mutant and un-injected oocytes, an example of a high magnification image of the 
cytoplasm/membrane region is also shown. Scale bar represents 250 pm in low magnification 
(lOx) images and 62.5 pm in 60x images. B, C, D Bar charts showing the mean fluorescent 
pixel value obtained from oocytes imaged on the membrane side (B), cytoplasmic side (C), or 
averaged across the whole cell (D), normalised to the mean fluorescent signal obtained in the 
corresponding region of cells expressing EGFP-GlyRal (Fegfp-g/vr»)). Oocytes were injected 
with EGFP-GlyRal {n = 6), EGFP-R252H (n = 6), EGFP-R392H {n = 4), EGFP-R392H + 
G lyRal {n = 3), or were not injected (n = 6). Asterisks denote a significant difference of p < 
0.05 between the conditions indicated by the dashed line (Student's t-test). All error bars 
indicate S.E.M.
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a pharmacological test of whether (3 subunits are present and form heteromers with 

wt. We compared the PTX sensitivity of glycine-evoked currents when wt cRNA was 

injected alone, and with GlyR(31 cRNA. Figure 13C shows the reduction in the 

amplitude of currents elicited by 3 mM glycine when 100 pM PTX was added. 

Currents produced by wt subunits alone were reduced to 70.3 ± 3.5 %, whereas 

those produced when wt GlyRal and GlyRpi were co-injected (wt+p) were only 

reduced to 94.1 ± 2.7 %. The inhibition by PTX of glycine-evoked currents was 

significantly greater for wt currents than for wt+p currents (p < 0.01 ). This indicates 

that the GlyRal subunit is translated and able to assemble with wt p subunits. 

Therefore the lack of current observed when GlyRpi cRNA was co-injected with the 

non-functional mutant a subunits implies that the GlyRpi subunit cannot rescue 

R252H or R392H subunit function.
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Figure 13 Co-expression of G lyR al with the GlyRp subun it
A Mean peak amplitudes of macroscopic currents measured during application of 3 mM 
glycine to oocytes injected with GlyRp {n = 3), R252H+GlyRp {n = 3) or R392H+GlyRp {n = 3) 
cRNA (co-injections in a 1 ;4 ratio). B Glycine dose-response of macroscopic currents 
produced when wt G lyRal and GlyRpi are co-expressed {n = 4 - 6). Currents are normalised 
to the peak response. The position of the dose-response curve for GlyRal homomeric 
currents is shown for reference. C Peak current amplitudes elicited by 3 mM glycine, or 3 
mM glycine+100pM picrotoxin (PTX) was applied to oocytes injected with G lyRal {n = 7) or 
G lyRal+GlyRp (n = 5) cRNA, normalised to the mean peak current produced by 3mM glycine 
in each case. All error bars indicate S.E.M.
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Discussion

The results presented here indicate that, at least in the Xenopus oocyte expression 

system, the two mutations R252H and R392H each render the G lyRal subunit non

functional over a wide range of agonist concentrations, different holding potentials, 

and at different time points. Co-expression with the GlyRpi subunit, with which 

G lyRal subunits form heteropentamers in vivo (Pfeiffer and Betz, 1981; Pfeiffer et 

al., 1982; Langosch et al., 1988), did not rescue mutant subunit function. The lack of 

expression of Cl current for the two mutants could be due to several possible classes 

of effect of the mutations. First, the mutant proteins may not be stably expressed and 

assembled by the cell. Second, subunit protein may form channels, but these are not 

stably maintained in the membrane. Third, channels may form in the membrane, but 

glycine binding is impaired. Fourth, channels may have normal glycine binding but 

the allosteric transduction of this signal to trigger channel opening may be 

dysfunctional. Finally, selectivity or gating of the Cl- current itself may be altered. 

Since both mutants failed to mediate any detectable current, it was not possible to 

distinguish between these potential mechanisms using electrophysiology alone. 

However, the dramatic loss of function of the mutant subunits when expressed alone, 

taken together with their lack of effect on macroscopic current properties when co

expressed with wt subunits, suggested that the mutant subunits may not express at 

all, and/ or may not associate with wt subunits. We therefore tagged the mutant 

GLRA1 constructs with EGFP to allow visualisation of the mutant protein. The results 

of these experiments indicated that protein expression did occur for both mutants in 

our system. Semi-quantitative analysis of protein distribution gave the preliminary 

result that both mutants reached the plasma membrane. However, in contrast to the 

selective localisation of G lyRal protein to the membrane, both mutants exhibited a 

relatively stronger localisation in the cytoplasm. Therefore, although it remains 

possible that mutant subunits do co-assemble with wt, and exert confounding effects 

which are not detectable by macroscopic current measurement, our results are most 

simply explained by a reduction in the trafficking of mutant subunits to the 

membrane, and a lack of association with wt subunits, for both mutants. The current 

results do not allow separation of the stages of trafficking into ER export and 

membrane insertion; for example it is not possible to distinguish between the 

localisation of the fluorescent signal to the ER or to cytoplasmic vesicles. However it 

is interesting to note that a high level of EGFP-R392H protein was expressed in the
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cytoplasmic region of the cell, suggesting that this protein was not degraded at a 

higher rate than EGFP-GlyRa1 protein. This may suggest that a selective defect in 

membrane targeting occurs, rather than in ER export, since the latter may be the 

main quality control step during protein expression, leading to the degradation of 

incorrectly-formed proteins. Overall, it therefore appears that in the family reported by 

Vergouwe et. al., inheritance of both mutant alleles results in a complete loss of 

function of G lyRal subunits, leading to the hyperekplexia phenotype. In the 

unaffected family members, inheritance of one wt allele together with one mutant 

allele results in half the overall G lyRal-mediated current, and this current is 

unaltered by the presence of the mutant G lyRal protein. This current elicited by the 

single wt allele is sufficient to support a normal phenotype in the heterozygous 

members of this family.

R252H

The complete loss of G lyRal function due to single amino acid substitutions raises 

important points of interest for G lyRal physiology. Langosch and colleagues have 

previously studied artificial mutations of the R252 residue to glutamate or glutamine, 

R252E and R252Q, which substitute the positively charged arginine residue for 

negative and uncharged sidechains, respectively. When expressed in HEK-293 cells, 

these mutants both prevented maturation of oligomerised G lyRal homomers, which 

remained only core-glycosylated, and appeared to prevent expression in the plasma 

membrane and promote intracellular aggregation in the ER region (Langosch et al., 

1993). The naturally-occurring substitution of arginine for histidine in the R252H 

mutant studied in this chapter provides an interesting comparison to these findings. 

The loss of functional current we have observed by electrophysiology, together with a 

possible reduction in the level of protein observed using fluorescence imaging, is 

consistent with the idea that R252 mutants less readily form mature proteins that 

reach the membrane. Qualitative examination of the distribution of cytoplasmic 

fluorescence in oocytes did not indicate that aggregation occurred for the R252H 

mutant; however, we did not examine the R252E and R252Q mutants for a direct 

comparison of our results with the cell type and methods used in the Langosch et. al. 

study. Interestingly, the severe disruption of G lyRal function by the R252H mutant 

indicates a much higher degree of importance of the arginine/lysine residue at this 

position than previously predicted; the histidine sidechain has more fundamental 

properties in common with arginine and lysine than any other amino acid. The loss of 

protein maturation and membrane expression when arginine was substituted for 

glutamate or glutamine in the Langosch et. al. study suggests that the hydrophilic
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property of the positive charge of arginine or lysine may be critical for stabilising the 

correct membrane topology of M2 in GlyRs, nAchRs, G A B A aR s and 5-HT3Rs, and 

that the less stable positive charge of histidine in the R252H mutant may also affect 

this process. In addition, the equilibrium constant of ionisation (pK; the pH at which 

an acid is half dissociated) of arginine and lysine, at 10.0 and 12.0 respectively, are 

somewhat higher than for histidine (6.5) and glutamate (4.4) [see (Stryer, 1988)].

This indicates that at a physiological intracellular pH of around 7.4, the carboxyl 

residues of the arginine and lysine side chains remain protonated, i.e. they are basic 

amino acids, whereas histidine is only partially protonated at pH 7.4 and can be basic 

or acidic. Glutamate is acidic. We show here that histidine, which can be positively 

charged and basic like arginine and lysine, is similarly as disruptive as glutamate. 

Perhaps a more notable difference between histidine, arginine and lysine is that the 

former has a imidazole ring in its sidechain, whereas the carbon chains of lysine and 

arginine are the longest of all amino acids (see Figure 14). The relevance of a long, 

basic sidechain at position R252 unclear, but these properties may be the most 

specific to arginine and lysine and thus may underlie their critical conservation at this 

residue. Further work is necessary to distinguish between the importance of these 

properties, and that of positive charge, in order to fully explain the results found for 

the R252H, R252E and R252Q mutations.

coo
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(Gin, Q)

Figure 14 Amino acid molecular structures 

R392H

Interestingly, the R392H mutation studied here is also an arginine to histidine 

mutation, and also resides at the cytosol-membrane border (of transmembrane 

segment M4). The functional data obtained for R392H indicate that this mutation is 

equally as disruptive as R252H, although evidence from imaging of EGFP-R392H 

suggests that there is a higher level of R392H protein maintained in the cell. These 

observations suggest that the mechanism of dysfunction for R392H may be different
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to that of R252H. However, these results also provide a further example of severe 

disruption caused by an arginine to histidine mutation at the interface between a 

transmembrane segment and the cytosol.

GlyR function in vitro

Previous studies of GLRA1 mutations in hyperekplexia have utilised both the 

Xenopus oocyte system and mammalian cell lines. Basic properties of the G lyRal 

receptor appear to differ in these two systems. The EC50 for glycine is somewhat 

higher for receptors expressed in the Xenopus oocyte membrane, which may reflect 

a combination of a reduced accessibility/ affinity to glycine, slower glycine application 

over the whole cell membrane and increased desensitisation. Whole-cell voltage 

clamp also contributes to these points. Our glycine dose-response parameters for wt 

G lyRal are within the ranges reported by previous studies using Xenopus oocytes. 

Here, we examined amplitudes which are large compared to other reports, although 

interestingly the amount of cRNA injected was very small in comparison (e.g. 2300pg 

in (Saul et al., 1999)). This is likely to be due to the flanking regions provided by the 

pRSSP6012A3 vector, which are optimised for expression in Xenopus oocytes. 

Comparison of the large current amplitudes obtained for wt with the negligible 

amplitudes obtained for each mutant clearly indicated a lack of mutant receptor 

function in our system, over a >100-fold range of cRNA amounts injected. The 

parameters of the wt G lyRal dose-response were unaffected by co-injection of the 

mutant cRNAs. Thus, although parameters of the dose-response may vary between 

studies, internal comparison of the results of the present experiments strongly 

indicate that both mutants are non-functional in the oocyte expression system. This 

work could be extended to a study of single channel kinetics to further test this 

conclusion. Although unlikely, it is possible that these studies would reveal that the 

mutant subunits do mediate a Cl" current in response to glycine, which is not 

detectable using macroscopic current analysis. Parameters such as the rate of 

activation and desensitisation of receptors cannot be reliably measured using whole

cell recordings and bath-applied glycine. However, the direct comparison of G lyRal 

currents in the present study indicates that glycine-mediated Cl' flux in the two 

mutants is reduced by a factor of several thousand, and represents an effective loss 

of function to negligible levels.

The use of the oocyte system to examine the cause of a clinical phenotype clearly 

has some unavoidable limitations. In the current study, either mutation may mediate 

a greatly reduced current which was undetectable in our system, which may 

nevertheless represent a functional current. An accurate determination of how such
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reductions would relate to R252H and R392H current elicited in human spinal cord 

and brainstem is unlikely to be possible in a heterologous expression system.

Notably, G lyRal subunits are expressed as functional homomers in most in vitro 

studies, whereas association with GlyRp subunits into heteromers occurs in vivo. We 

examined the currents produced by co-injection of G lyRal wt and mutant subunits 

with G lyRpi, and found no difference in amplitude or glycine dose-response 

compared to G lyRal homomeric currents. However, in vivo the GlyRp subunit has 

been shown to interact with other important proteins, for example gephyrin. This is an 

anchoring protein which interacts with the GlyRp subunit (Meyer et al., 1995) and 

enables clustering of GlyR heteromers at synapses (Kirsch et al., 1993). Cluster 

sizes are also closely correlated to differences in mIPSC amplitude, suggesting that 

clustering of GlyRs via gephyrin may contribute to the regulation of synaptic 

transmission (Oleskevich et al., 1999). Therefore the role of the GlyRp subunit may 

be relatively redundant in vitro but is likely to confer unique properties to GlyRs in 

vivo, directly and/ or by association with auxiliary proteins such as gephyrin. The 

expression of R252H and R392H may be significantly altered by such associations; 

for example, the increased presence of R392H protein we observed in the cytoplasm, 

possibly due to an impairment of membrane insertion, was not "rescued" by wt or by 

the GlyRpi subunit, but may be recovered in vivo via an interaction with GlyRp, 

gephyrin and the cytoskeleton. Although our study is therefore limited to studies to 

the G lyRal subunit in relative isolation, we have been able to contribute to the 

understanding of these mutations by showing that properties of R252H and R392H 

reduce the levels of protein expression and membrane insertion, respectively.

Further work is necessary to investigate these points in more detail and to examine 

conditions that are closer to the in vivo state.

Functional redundancy
An important question raised by studies of hyperekplexia regards the extent to which 

functional redundancy of the G lyRal subunit may occur. The idea that G lyRal has a 

specific role which is essential for a normal phenotype is supported by two main 

points. First, the microdeletion of GLRA1 in the oscillator mouse causes a severe 

phenotype in homozygotes, including a fine motor tremor induced by startle, which 

increases to prolonged periods of rigor, and death by postnatal day 23 (Buckwalter et 

al., 1994). These symptoms are likened to strychnine poisoning and strongly 

implicate a dysfunction of glycinergic inhibition. The microdeletion in GLRA1 results 

in the loss of the M3-4 cytoplasmic loop and the M4 transmembrane domain of the 

G lyRal subunit, and homozygous mice exhibit a 90 % loss glycine-replaceable
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strychnine binding in spinal cord membranes. The lethal phenotype therefore 

appears to be caused by a functional knockout of the G lyRal subunit, which cannot 

be compensated for by other GlyRa isoforms. Secondly, most cases of human 

hyperekplexia are caused by a dominant mutant GLRA1 allele, indicating that in 

these cases a single wt allele is not sufficient to maintain a normal phenotype. This 

again suggests that the wt GlyRal subunit expression is critical for normal 

glycinergic transmission, and may not be compensated for by other receptor 

subtypes.

On the other hand, the possibility that functional redundancy occurs for G lyRal has 

been raised by the non-lethal homozygous deletion of most of GLRA1 in one case of 

hyperekplexia (Brune et al., 1996), the recessive mutation in a different family (Rees 

et al., 1994), and now also by the apparent loss of function of G lyRal in the case of 

compound heterozygosity examined in this chapter (Vergouwe et al., 1999). The 

electrophysiological data obtained for the recessive I244N mutation in a later study 

(Lynch et al., 1997), together with the data for R252H and R392H presented here, 

may provide an important insight into why this apparent functional redundancy 

occurs. Lynch and colleagues examined two previously reported dominant 

hyperekplexia mutations residing in the M2-3 extracellular loop, K276E and Y279C, 

in addition to the I244N mutation in the M l-2 loop. While all three mutants decreased 

maximal current amplitude, increased the EC50 for glycine, taurine and (3- alanine, 

and converted p- alanine and/or taurine into competitive antagonists, the authors 

noted large variations in the degrees of these effects for the different mutants. They 

consequently described K276E and Y279C, together with the previously studied M2- 

3 loop hyperekplexia mutations R271L and R271Q (Rajendra et al., 1995), as having 

a "complete disruption phenotype", whereas I244N had a "partial disruption 

phenotype". These terms were defined according to severity with which the mutation 

reduced the ability of the receptor to transduce the binding of glycine, as well as the 

binding of G lyRal agonists taurine and p-alanine, into channel activation; definition 

was based on measurement of the E C 5 0  for agonist activation (and I C 5 0  in cases 

where taurine and/ or p-alanine were converted into antagonists). It is notable that 

the milder impairment of I244N on converting the agonist binding signal to channel 

activation was coupled to a large reduction in maximal current amplitude. Since 

I244N homomers exhibited a normal competitive antagonism by pHjstrychnine, 

which acts at a binding site in close proximity to the glycine binding site, the glycine 

binding site is unlikely to be disrupted, and I244N receptors appear to have a greatly 

reduced level of expression. Taken together, these observations suggest that in
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order to impose a dominant effect on GlyR function and give rise to hyperekplexia, 

mutations with low expression levels must have a complete disruption phenotype. 

Low expression levels of mutants may serve to alleviate the effects that these 

mutations have on wt GlyRal receptors co-expressed within the same cell, and so if 

a mutant subunit has both a mild disruption phenotype and a low expression level, 

there would be little effect on the function of wt subunits. This idea is also consistent 

with the dominant cases of hyperekplexia, which all exhibit complete disruption 

phenotypes and cause the disease regardless of the maximal current amplitude they 

mediate. In the compound heterozygous case studied here, we have shown that 

expression of functional G lyRal homomers is eliminated by the R252H and R392H 

mutations. Consequently, it was not possible to study a "disruption phenotype" for 

either mutant; however, the data obtained in co-expression experiments with wt 

subunits indicated that the mutants had no dominant effect on wt glycine response 

properties or on maximal current amplitude. These findings were further supported by 

the imaging data, which suggested that levels of R252H expression may be reduced 

in the membrane, and that a high level of R392H was selectively retained in 

cytoplasm; R392H subunit localisation was not affected by co-expression with wt 

subunits. These results imply that interaction of the mutant subunits with wt subunits 

is may be prevented, or largely reduced. Therefore, the results of all cases of 

hyperekplexia reported to date are consistent with the idea that a single copy of 

GLRA1 is sufficient to sustain normal glycinergic transmission in vivo, but that the 

presence of a highly disruptive mutant subunit has a dominant effect that gives rise to 

a hyperekplexia phenotype. Similarly, loss or near-complete loss of function of the 

second GLRA1 allele product in the apparent functional knockouts reported here and 

by Brune et. al. (1996) also results in hyperekplexia.

A remaining question is why this loss of G lyRal function is not lethal in these two 

cases in humans (although infant death may occasionally be caused by functional 

GLRA1 knockout without this cause being identified), in contrast to the oscillator 

mouse. Some severe cases of hyperekplexia result in infant death, due to the severe 

hypertonia, apnoea and aspiration pneumonia (Giacoia and Ryan, 1994). Rigor or 

other symptoms of the oscillator phenotype may contribute to lethality in mice, 

together with species-specific differences in gene regulation. Mice may be more 

sensitive to reduced GlyRal function than humans, although it is interesting to note 

that the GLRA1 missense mutation in the spasmodic mouse is recessive. To fully 

address these issues, it would be necessary to examine receptor expression in both 

mouse and human spinal cord.
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Several possibilities may explain the rescue from lethality in humans, including an 

upregulation of the expression and/or function of other GlyRa isoforms, particularly 

a2, which is localised in the spinal cord and replaced by a1 around birth. At present, 

the necessary data addressing this possibility is lacking. Another possibility is that the 

GABAa receptor can compensate for GlyR function in spinal cord circuits, where they 

are co-localised in subpopulations of spinal interneurons; GABA and glycine have 

been shown to be co-released at synapses between interneurons and motoneurons 

in neonatal rat (Jonas et al., 1998). The upregulation of GABA affinity via the 

allosteric modulation of GABARs by clonazepam, a benzodiazepine, provides 

effective treatment in many cases of hyperekplexia. Interestingly, in the recessive 

case of hyperekplexia where the I244N mutation appears to greatly reduce G lyRal 

current, the patient showed a very good response to clonazepam (Rees et al., 1994). 

It is not known how clonazepam produces its therapeutic effects; its potentiation of 

GABA transmission may reflect a common circuitry with G lyR a l.
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Chapter 7: General Discussion

This thesis has examined basic ion channel physiology in two inherited 

channelopathies; EA1, caused by mutations in the Kv1.1 potassium channel subunit 

(Browne et al., 1994), and hyperekplexia, linked to mutations of the G lyRal glycine 

receptor subunit (Shiang et al., 1993). We have identified mechanisms by which 

specific disease mutations alter the function of affected subunits, and extended this 

to an investigation of the interaction between mutant and wt subunits as would occur 

in each disease. We have also begun to relate these results to the functional 

interplay between mutant subunits and other subtypes and channels that occur in 

vivo. This work has highlighted a variety of physiological, clinical and technical issues 

which are central to the channelopathies field, and merit discussion in this wider 

context.

Phenotypic variability
The initial characterisation of macroscopic current amplitudes and kinetics of the five 

EA1 mutants T226R, A242P, P244H, V404I and R417stop, identified by our group 

and presented here and elsewhere (Zuberi et al., 1999; Eunson et al., 2000), 

revealed distinct differences in the way in which each mutation affected subunit 

function. We found that there was a strong co-variance between the degree of 

altered function in vitro, and the severity of the disease phenotype in families with the 

different mutations. The P224H and V404I mutations, present in families with 

neuromyotonia alone or typical, drug-responsive EA1, respectively, had normal 

macroscopic current amplitudes when expressed alone, and co-assembled with wt 

subunits to form heteromers which also mediated currents with maximal current 

amplitudes similar to wt. There was no evidence that assembly or trafficking of 

subunits was impaired for either mutant. Previous work found that V404I had some 

effect on macroscopic kinetics, and P244H exerted mild effects which were corrected 

by co-expression with wt (Eunson et al., 2000). On the other hand, the truncation 

mutant R417stop causes severe, drug-resistant EA1 in affected patients, and 

resulted in the most disruptive functional alterations in vitro, including a dominant 

negative effect on macroscopic current amplitude, and evidence of disruption of both 

channel assembly and trafficking. Our previous work has also shown that R417stop 

also shifts the voltage dependence of activation to more positive potentials, 

decreases the speed of activation, increases the speed of deactivation, and 

increases the amount of C-type inactivation of currents at positive potentials (Eunson
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et al., 2000). The remaining two mutations, T226R and A242P, cause EA1 with an 

intermediate severity. We found that both exert moderate reductions in macroscopic 

current amplitudes, and also that assembly and/ or trafficking is impaired. Some 

kinetic parameters were also affected when each mutant was co-expressed with wt.

Overall, these results suggest that the differing effects of individual mutations of 

KCNA1 may go a long way to explaining the phenotypic variability emerging in EA1.

In particular, our results with the R417stop mutation lend strong evidence for a close 

relationship between disease severity and subunit dysfunction; truncation of the 

entire C-terminus of the subunit may remove several domains which are important for 

different roles of the subunit, such as assembly, trafficking and localisation, and 

indeed our results have pointed to such multiple dysfunctions. It follows that a subunit 

harbouring a variety of impairments might be less easily compensated for in vivo by 

wt or other subunits, resulting in a severe and drug-resistant phenotype. However, 

the rarity of the disease makes it difficult to test the strength of these correlations by 

studying other families with the same mutations. Our group has recently identified the 

T226R mutation in a second family with EA1, in which the mother has EA1 with 

similar symptoms to those of the first family, but her son has a very severe 

generalised myotonia. Further investigation of the genetics and Kv1.1 physiology in 

this family may reveal the reason for the increased severity of symptoms in this 

patient; alternatively, it is possible that the single T226R mutation gives rise to 

variable phenotypes in different individuals, for example due to an altered disease 

penetrance, indicating that phenotypic variability may not be fully explained by single 

point mutations alone. A further possibility is that other mutations or polymorphisms 

may exist on other genes, and that these contribute to a more complex disease 

mechanism and account for the different severity of symptoms. In addition, 

symptoms associated with a disease, i.e. not specifically characteristic of it, such as 

epilepsy in EA1 (Zuberi et al., 1999; Eunson et al., 2000), can also vary between 

patients. These variations in phenotype might not be attributable to the single genetic 

lesion underlying the main disease itself, but instead may reflect an increased 

susceptibility to related CNS dysfunctions.

Apart from R417stop, all EA1 mutations reported to date are single amino acid 

substitutions, which makes their possible relationship to phenotypic variability 

intriguing, but also potentially more complicated to understand. As discussed in 

Chapters 3 and 4, each mutation examined here affects a conserved residue which, 

alone or as part of a local domain, could be involved in specific functions of the 

subunit. In our study of G lyRal in a hyperekplexia family in Chapter 6, we found that
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either the R252H or the R392H mutation alone rendered the G lyRal subunit non

functional in vitro. As discussed in Chapter 6, all other hyperekplexia mutations are 

also single amino acid substitutions, and it is possible to identify a link between the 

severity of functional alterations in vitro and whether the disease inheritance is 

dominant or recessive; this is perhaps due to the ability of wt subunits to compensate 

for loss of function more effectively than for altered function. If correct, this 

hypothesis would be specific to the G lyRal subunit, since our results with the Kv1.1 

mutations in EA1 indicate that mutant subunits mediating very small currents 

nevertheless exert strong dominant effects on the function of heteromers. A 

discussion of the links between phenotype and the nature of point mutations in other 

channelopathies is outside the scope of this thesis; it is becoming clear that a full 

understanding of the disease mechanisms of channelopathies is likely to require a 

much greater characterisation of the function of specific residues and regions of 

individual affected subunits. As new evidence emerges regarding the role of 

functional domains in ion channels, it will become possible to elucidate the 

mechanisms of disease with a greater accuracy. Thus this goal is both highlighted 

and achieved by the in vitro examination of disease mutations. For example, as 

discussed in Chapter 3, the recent description of the mechanism of N-type 

inactivation in Kv1 channels (Zhou et al., 2001) identified essential residues in the 

pore region which interacted with the N-terminal inactivation gate, including the V404 

residue studied here in an EA1 family with the V404I mutation. This raises the 

exciting possibility that the mechanism of EA1 in this family may be elucidated by a 

study of N-type inactivation, and that a greater understanding of ion channel 

physiology will uncover more potential mechanisms.

Mechanisms of ion channel subunit dysfunction
Here, we have studied the function of subunits in relative isolation in order to 

characterise the underlying functional defects incurred by the disease mutations. The 

number of potential interactions with other subunits is large and knowledge of these 

interactions is far from complete. In the EA1 families, we have focussed on 

interactions of mutant and wt subunits since all cases of the disease are dominant, 

indicating that mutant and wt subunits will both be present within cells. However, 

association of mutant subunits with different subtypes raises two additional 

questions: whether the mutant subunit exerts a similar dysfunction, or if this may be 

compensated for by the other subunit(s), and secondly, whether a unique property of 

the other subunit is affected and so provides the mechanism of the disease. In some 

cases, we found that the effects on the function of heteromers containing wt and
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mutant subunits is dominant, for example for the R417stop and T226R mutations, 

and may go most of the way to explain how the symptoms of the disease arise. We 

showed that the R417stop mutation also has a dominant negative effect on 

macroscopic current amplitudes when co-assembled with the Kv1.2 subunit, and so it 

is likely that heteromers containing a combination of Kv1.1, Kv1.2 and R417stop 

subunits in vivo would be similarly dysfunctional. However in other cases, such as 

V404I and P244H, the effects on wt Kv1.1 function were more subtle. As discussed 

above, the mechanism of V404I dysfunction may be in the disruption of N-type 

inactivation, which we did not address here since Kv1.1 subunits do not possess an 

N-terminal inactivation particle. However, the association of V404I with inactivating 

subunits such as Kvpi.1 or Kv1.4 may reveal a significant effect which goes further 

to explain the disease phenotype in this family. There may be other as yet 

unidentified mechanisms by which P244H exerts a dysfunction through association 

with other subtypes. Nevertheless, the correlation we have observed between 

phenotype and the effect of EA1 mutants on wt Kv1.1 function may suggest that the 

interaction of mutant and wt Kv1.1 subunits is particularly important, and that other 

interactions may be secondary. It remains to be seen whether it is possible for an 

EA1 subunit to have a greater effect on the function of a different subtype than it has 

on wt Kv1.1.

Ion channel dysfunction may be broadly separated into two categories: those which 

have an apparently normal expression level as homomers, and those which have an 

altered expression level. In the former case, mechanisms of dysfunction may include 

alterations in channel localisation or gating properties, for example. Apart from 

determining whether channels reach the plasma membrane, studies of localisation 

are limited in vitro, and instead need to be studied in vivo where clustering and 

localisation at synapses, for example, are critical processes for correct function of the 

channels within neurons. Direct studies of the effects of channelopathies at this level 

will await the construction of knock-out or knock-in animals. Channel gating is easily 

examined in vitro, and these studies form the majority of reports of channelopathies 

to date. However, it should also be noted that channel gating can also be directly or 

indirectly affected by interactions with other neuronal proteins which may not be 

endogenous to the heterologous cell used to study channels in vitro.

For mutants exhibiting a reduced level of expression at the membrane, i.e. exhibiting 

reduced macroscopic current amplitudes which are not explained by a reduced 

conductance of individual channels, dysfunction may be present during expression, 

trafficking and maintenance at the membrane. Thus, as well as interactions with
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other subtypes, it is clear that ion channels undergo interactions with many other 

proteins during these essential cellular processes. Study of these interactions may 

provide the most fruitful insight into the way in which mutant subunits give rise to 

channel dysfunction. For both the Kv1.1 and GlyRal subunits studied here, an 

understanding of interactions with proteins serving to cluster and anchor the 

channels is becoming well established. Here, we found that the EA1 mutation 

R417stop exhibited impaired trafficking, evident in both the quantitative modelling of 

electrophysiological measurements, and in the imaging of EGFP-R417stop fusion 

protein. This suggested that truncation of the C-terminus in this mutant resulted in the 

loss of essential trafficking signals. Evidence from several Kv1 subunits indicates that 

a PDZ domain at the end of the C-terminus is responsible for an interaction with the 

PSD-95 and SAP-97 membrane-associated guanylate cyclases (Kim et al., 1995), 

which form anchoring complexes and help to maintain channels in the membrane 

(Jugloff et al., 2000). Although the R417stop mutant exhibited several other 

additional impairments, we have provided evidence that at least part of dysfunction 

for this mutant is due to loss or interference with the essential cellular process of 

trafficking, which occurs via association with other proteins. In our study of 

hyperekplexia, the R392H mutation of G lyRal provides an interesting potential 

candidate for a failed anchoring mechanism. By fluorescence imaging of EGFP- 

R392H fusion protein, we found that the total cell expression of the mutant protein 

was as strong as wt G lyR a l, but that protein levels in the membrane were low. 

Injection of R392H subunit cRNA into oocytes did not result in any functional glycine- 

mediated current. The high levels of protein present in the cell provides evidence 

against a dysfunction in subunit folding or assembly, since in this case it might be 

expected that mis-folded protein would be degraded. It is therefore possible that the 

R392H subunit protein is potentially functional but lacks the necessary interaction 

with membrane-associated proteins, wt G lyRal subunits assemble with GlyRp 

subunits in vivo, and are brought into clusters via the interaction of the GlyRp subunit 

with gephyrin (Prior et al., 1992; Kirsch et al., 1993; Meyer et al., 1995). It is not 

known whether a gephyrin homologue exists in Xenopus oocytes, or whether an 

interaction of this kind is responsible for the successful expression of wt G lyRal ; it is 

interesting to note that G lyRal subunits form functional homomeric channels without 

co-expression with the GlyRp subunit, suggesting that an alternative mechanism 

exists to promote the membrane insertion of G lyR a l, at least in oocytes. Indeed, our 

results suggest that some R392H does reach the membrane. Thus the idea that 

insertion of the R392H subunit into the plasma membrane may be prevented by a
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loss of association with clustering proteins such as gephyrin (via GlyRp) in vivo is 

purely speculative. However, this would be an interesting possibility for further 

investigation, particularly in mammalian cell lines or cultured neurons where the 

endogenous proteins would be most similar to those in neurons in vivo.

Paroxysmal phenotypes
One important question relevant to both EA1 and hyperekplexia which remains 

completely unexplained is how the mutation of ion channel genes results in an 

episodic phenotype. In hyperekplexia, this is perhaps more readily explained, since 

attacks of startle are generally triggered by sudden stimuli. The exaggerated startle 

response appears to be a hyperexcitability of the normal reflex pathways, and so it is 

possible that the symptoms only become evident when these dysfunctional pathways 

are recruited. In EA1, attacks of cerebellar inco-ordination are often linked to stress 

or sudden movement, but this is not exclusive, and it is not clear how these triggers 

might affect the cerebellum. In particular, it is not known how dysfunctional Kv1.1 

channels in the cerebellum would be asymptomatic in between attacks. These 

questions might ultimately be answered by a greater understanding of cerebellar 

circuitry and an episodic demand for networks involving Kv1.1 channels.

Interestingly, both diseases also have continuous components to their symptoms.

EA1 patients often have a continual myokymia, i.e. hyperexcitability of peripheral 

nerve, and hyperekplexia patients have hypertonia (generalised stiffness) at birth, 

although this gradually recedes. In each case, the pathways involved are peripheral 

and continually active. Thus it is likely that the episodic symptoms of these diseases 

are closely linked to the demand and recruitment of particular pathways with which 

the affected channels are involved.

An additional factor which is likely to influence the onset of attacks is the availability 

of compensatory mechanisms in the nervous system. In general terms, the nervous 

system exhibits various homeostatic mechanisms which are likely to provide 

essential stability during the critical, but inherently unstable processes of plastic 

change [see (Turrigiano, 1999) for review]. In disease, however, these mechanisms 

may not be able to provide the continuous compensation required to maintain normal 

stability. The episodic onset of attacks could be closely linked to temporary disruption 

of such homeostatic mechanisms, for example resulting in the increase in 

extracellular potassium which has been noted in epilepsy in vivo (Moody et al.,

1974). Such challenges to neurons could then unmask dysfunctional activity which is 

normally compensated for by other mechanisms. More specifically, a degree of 

functional redundancy can exist between different subtypes of the same channel, or
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closely related channels, which may be able to partially compensate for dysfunctional 

channel activity. The onset of episodic attacks may thus be linked to a temporary loss 

of compensation by the alternative channel pathway. As discussed in Chapter 6, the 

glycine receptor subunit has been found to co-localise with the GABAa receptor, 

which may perform similar functions in spinal cord inhibitory pathways and account 

for the normal functioning of these circuits in between attacks of hyperekplexia. 

Indeed, complete loss of G lyRal function may be more effectively compensated for 

than a G lyRal mutation with altered function, as appears to be common to dominant 

cases of the disease. In EA1, many different Kv1 subtypes exist and evidence 

indicates that Kv1.1 subunits are often assembled as heteromeric channels with 

other subtypes (Rhodes et al., 1995; Shamotienko et al., 1997; Coleman et al.,

1999). Thus there is potential for compensation, although the diversity itself suggests 

that even subtypes with similar characteristics, such as Kvl.1 and Kv1.2, may each 

have a very specific function.

Evidence for compensation and functional redundancy in vivo may be provided by 

murine knock-outs and knock-ins of particular subtypes. These studies allow 

investigation of both the function of ion channels in the complete neuronal 

environment, and of any compensatory effects which might occur during 

development. In one study addressing this issue, the Apiysia Kvl.1 a subunit 

(A K v I.la ) was over-expressed in a transgenic mouse to investigate the regulatory 

mechanisms that co-ordinate the expression of different Kv genes during 

development in the mammalian CNS (Sutherland et al., 1999). This manipulation 

appeared to result in a down-regulation of endogenous Kval .2 and Kv(31.1 

expression, and an up-regulation of Kval .4. Overall the mice had a hyperexcitable 

physiology and phenotype, which was counter-intuitive to the over-expression of a 

Kvi subunit. Although the knock-in was not a murine gene, the results of this study 

indicate that developmental gene regulation of several channel subtypes may be 

affected by a lesion of a particular gene. A related possibility is that channel subtypes 

usually downregulated during development may be maintained to compensate for 

loss of function in disease; for example, the GlyRa2 subunit may provide a 

compensatory mechanism such as this if G lyRal expression is impaired in 

hyperekplexia, as discussed in Chapter 6. These factors are therefore provide and 

additional level of complexity when considering the effect of genetic mutations in 

channelopathies, should a mutation alter gene expression.
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Prospects
Ultimately, the clinical treatment of channelopathies is likely to depend on the 

understanding of disease mechanisms which is gained from functional studies of the 

affected ion channels. Paradoxically, the most successful treatments found to date 

for EA1, namely the carbonic anhydrase inhibitor acetazolamide and antiepileptic 

drugs including carbamazepine, act by mechanisms which are not yet understood. 

Acetazolamide is likely to exert its therapeutic effects by causing cell 

hyperpolarisation and a reduction in neuronal excitability, which may be linked to the 

effect that inhibition of carbonic anhydrase has on extracellular CO2 concentration 

and pH; however the details of this potential mechanism are not yet known. The 

response of different patients to these drugs is variable and in some cases there is 

no alleviation of symptoms. It is possible that the elucidation of disease mechanisms 

specific to mutations exerting particular dysfunction, or indeed to each individual 

mutation, may be necessary to accomplish fully affective treatments. In 

hyperekplexia, successful treatment is less variable, with the benzodiazepine 

clonazepam found to be effective in the majority of cases. As discussed in Chapter 6, 

the enhancement of GABAergic function by clonazepam may compensate for 

G lyRal function due to common signalling pathways. Although clonazepam may 

have some drawbacks, such as a reduction in the sensitivity of GABA receptors with 

chronic treatment [see (Fleeter et al., 1996) for discussion], the success of this 

treatment may indicate that unlike EA1, hyperekplexia may be treated with a less 

specific approach, possibly reflecting the degree of functional redundancy which is 

emerging for G lyR a l. Ideally, future research will be able to identify drugs which act 

in a specific manner on affected receptors, but which exert a therapeutic action 

common to different cases of the disease.
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