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ABSTRACT

The peroxisome is a subcellular organelle that carries out a diverse range of

metabolic functions, including the β-oxidation of very long chain fatty acids, the

breakdown of peroxide and the α -oxidation of fatty acids.  Disruption of

peroxisome metabolic functions leads to severe disease in humans. These

diseases can be broadly grouped into two categories: those in which a single

enzyme is defective, and those known as the peroxisome biogenesis disorders

(PBDs), which result from a generalised failure to import peroxisomal matrix

proteins (and consequently result in disruption of multiple metabolic pathways).

The PBDs result from mutations in PEX genes, which encode protein products

called peroxins, required for the normal biogenesis of the peroxisome.  PEX1

encodes an AAA ATPase that is essential for peroxisome biogenesis, and

mutations in PEX1 are the most common cause of PBDs worldwide.  This study

focused on the identification of mutations in PEX1 in an Australasian cohort of

PBD patients, and the impact of these mutations on PEX1 function.

As a result of the studies presented in this thesis, twelve mutations in PEX1 were

identified in the Australasian cohort of patients.  The identified mutations can be

broadly grouped into three categories: missense mutations, mutations directly

introducing a premature termination codon (PTC) and mutations that interrupt the

reading frame of PEX1 .  The missense mutations that were identified were

R798G, G843D, I989T and R998Q; all of these mutations affect amino acid

residues located in the AAA domains of the PEX1 protein.  Two mutations that

directly introduce PTCs into the PEX1 transcript (R790X and R998X), and four

frameshift mutations (A302fs, I370fs, I700fs and S797fs) were identified.  There

was also one mutation found in an intronic region (IVS22-19A>G) that is

presumed to affect splicing of the PEX1 mRNA.  Three of these mutations,

G843D, I700fs and G973fs, were found at high frequency in this patient cohort.

At the commencement of these studies, it was hypothesised that missense

mutations would result in attenuation of PEX1 function, but mutations that

introduced PTCs, either directly or indirectly, would have a deleterious effect on

PEX1 function.  Mutations introducing PTCs are thought to cause mRNA to be

degraded by the nonsense-mediated decay of mRNA (NMD) pathway, and thus
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result in a decrease in PEX1 protein levels.   The studies on the cellular impact of

the identified PEX1 mutations were consistent with these hypotheses.  Missense

mutations were found to reduce peroxisomal protein import and PEX1 protein

levels, but a residual level of function remained.  PTC-generating mutations were

found to have a major impact on PEX1 function, with PEX1 mRNA and protein

levels being drastically reduced, and peroxisomal protein import capability

abolished.  Patients with two missense mutations showed the least impact on

PEX1 function, patients with two PTC-generating mutations had a severe defect

in PEX1 function, and patients carrying a combination of a missense mutation

and a PTC-generating mutation showed levels of PEX1 function that were

intermediate between these extremes.  Thus, a correlation between PEX1

genotype and phenotype was defined for the Australasian cohort of patients

investigated in these studies.

For a number of patients, mutations in the coding sequence of one PEX1 allele

could not be identified.  Analysis of the 5' UTR of this gene was therefore

pursued for potential novel mutations.  The initial analyses demonstrated that the

5' end of PEX1 extended further than previously reported.  Two co-segregating

polymorphisms were also identified, termed –137 T>C and –53C>G.  The

-137T>C polymorphism resided in an upstream, in-frame ATG (termed ATG1),

and the possibility that the additional sequence represented PEX1  coding

sequence was examined.  While both ATGs were found to be functional by virtue

of in  vitro and in vivo expression investigations, Western blot analysis of the

PEX1 protein in patient and control cell extracts indicated that physiological

translation of PEX1 was from the second ATG only.  Using a luciferase reporter

approach, the additional sequence was found to exhibit promoter activity.  When

examined alone the -137T>C polymorphism exerted a detrimental effect on PEX1

promoter activity, reducing activity to half that of wild-type levels, and the -53C>G

polymorphism increased PEX1 promoter activity by 25%.  When co-expressed

(mimicking the physiological condition) these polymorphisms compensated for

each other to bring PEX1 promoter activity to near wild-type levels.

The PEX1 mutations identified in this study have been utilised by collaborators at

the National Referral Laboratory for Lysosomal, Peroxisomal and Related

Genetic Disorders (based at the Women's and Children's Hospital, Adelaide), in

prenatal diagnosis of the PBDs.  In addition, the identification of three common
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mutations in Australasian PBD patients has led to the implementation of

screening for these mutations in newly referred patients, often enabling a precise

diagnosis of a PBD to be made.  Finally, the strong correlation between genotype

and phenotype for the patient cohort investigated as part of these studies has

generated a basis for the assessment of newly identified mutations in PEX1.
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CHAPTER 1

INTRODUCTION



Chapter 1                                                                                                                                 Introduction

1

1.1 General introduction

The peroxisome is a subcellular organelle that was discovered in the 1960s by de

Duve and colleagues.  It is the site of a multitude of metabolic functions in many

organisms, and in humans it is fundamental to life.  The metabolic functions of

the peroxisome in humans encompass the breakdown of peroxide, the β-

oxidation of fatty acids (including very long chain fatty acids), the synthesis of

ether lipids and bile acids, and the metabolism of xenobiotics.  Most of the

enzymes involved in these metabolic pathways are located in the matrix of the

peroxisome.  Matrix proteins are synthesised on cytoplasmic ribosomes and post-

translationally targeted to the peroxisome by two specific signals: peroxisome

targeting signal 1 (PTS1), and PTS2.  Most peroxisomal proteins contain the C-

terminal PTS1 signal, with a small number containing the N-terminal PTS2 signal.

Disruption of the metabolic functions of the peroxisome can lead to very severe

disease in humans.   These peroxisomal disorders can be classified into two

main groups.  The first are single gene/single protein defects, in which a distinct

enzyme is affected in each disorder.  Examples of single gene disorders include

X-linked adrenoleukodystrophy, Refsum disease, hyperpipecolic acidemia,

hyperoxaluria type 1, bifunctional protein deficiency and acyl-CoA oxidase

deficiency.  The second group, known as the peroxisome biogenesis disorders,

or PBDs, encompasses those resulting from a failure to correctly import

peroxisomal matrix proteins, and involve the disruption of multiple peroxisomal

functions.  The PBDs result from mutations in PEX genes, which encode a

diverse range of protein products, called peroxins, required for the normal

biogenesis of the peroxisome.

The PBDs can be further subdivided into two groups.  The first is a clinical

continuum, termed the ‘ZS spectrum’, comprising Zellweger syndrome (ZS), the

most severe, neonatal adrenoleukodystrophy (NALD) and infantile Refsum

disease (IRD), the least severe.  The second group comprises a single disorder,

rhizomelic chondrodysplasia punctata (RCDP), which is due to an isolated defect

in the PEX7 gene, the receptor for PTS2 proteins.  Thus, RCDP is due solely to

defects in PTS2 protein import, whereas the ZS spectrum can be attributed to
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defects in either PTS1 protein import alone, or both PTS1 and PTS2 protein

import.

Delineating the mutations in PEX genes in humans has been a focus of many

research groups worldwide.  The information gained from these studies can

provide valuable insights into genotype/phenotype correlations in the PBDs,

which is of assistance in the pre- and post-natal diagnosis of these disorders.

Diagnosis on the basis of clinical presentation and biochemical analyses can also

give equivocal results, so a method of genetic characterisation for these patients

is of notable benefit.

The research described in this thesis comprises a study of PEX1 mutations in

Australasian PBD patients.  The PEX1 gene encodes a AAA ATPase, and

mutations in this gene are the most common cause of PBDs worldwide.  In

conjunction with the Australasian National Referral Laboratory for Lysosomal,

Peroxisomal and Related Genetic Disorders at the Women’s and Children’s

Hospital, Adelaide, this project aimed to:

1 Identify the specific PEX1  mutations in each of these patients, and

subsequently assess the functional significance of these mutations;

2 Determine the impact of identifed mutations at the cellular level;

3 Develop a preliminary genotype/phenotype correlation for Australasian

patients with PBDs; and

4 Provide the National Referral Laboratory with information that can be

used in DNA-based pre- and post-natal diagnosis of PBDs.

1.2 Peroxisomes

The peroxisome is now recognised as an essential subcellular organelle with a

wide range of metabolic functions.  It was first observed in mouse kidney cells by

Rhodin (1954), who ascribed no function but termed the organelles

“microbodies”.   The organelle was named “peroxisome” by de Duve and

Baudhuin, who determined that hydrogen peroxide, a by-product of cellular

respiration, was metabolised by peroxisomes (de Duve & Baudhuin, 1966).

Peroxisomes are present in all cell types except the mature erythrocyte (Hruban

et al., 1972).
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1.2.1 Metabolic functions of peroxisomes

This section outlines some of the established metabolic functions of the

peroxisome.  As mentioned above, the peroxisome is the site of the catalase-

mediated breakdown of hydrogen peroxide, which is a by-product of the oxidative

reactions occurring in the peroxisome.  The substrates for these oxidative

reactions include oxalate and polyamines (Beard et al., 1985), D-amino acids (de

Duve & Baudhuin, 1966), and L-pipecolic acid  (Mihalik et al., 1989). The

degradation of uric acid by urate oxidase is also a peroxisomal function, but this

enzyme is not present in humans (Friedman et al., 1985), who are thus unable to

metabolise uric acid.

1.2.2 ββββ-oxidation

The β-oxidation of fatty acids is a function that is generally associated with the

mitochondrion.  However, it is now known that the peroxisome also has a unique

and important role in this process (Lazarow, 1978).  Furthermore, it was the

observation by Brown and coworkers that ZS patients have elevated plasma

levels of two very long chain fatty acids (VLCFA) – tetracosanoic acid (C24:0) and

hexacosanoic acid (C26:0)  (Brown et al., 1982), that led researchers to investigate

the role of the peroxisome in the β-oxidation of these fatty acids. This section will

therefore concentrate on some of the aspects of β-oxidation in humans.

The enzymes involved in peroxisomal β-oxidation have been thoroughly

investigated and are distinct from those utilised by the mitochondrial system

(Hashimoto, 1982).  There are, however, examples of enzymes in which a single

gene encodes a protein which is targeted to both organelles, such as in the case

of carnitine acyltransferase (Corti et al., 1994), and 2-methylacyl-CoA racemase

(Amery et al., 2000; Ferdinandusse et al., 2000; Schmitz et al., 1997).

The major difference in the β-oxidation systems of the mitochondrion and the

peroxisome is that the peroxisome can only shorten fatty acid chains; the full

degradation process is completed in the mitochondrion.  VLCFAs cannot be

broken down by mitochondria and must first undergo β-oxidation in the

peroxisome to shorten the fatty acids, before transport to the mitochondria for full
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degradation. Pristanic acid, either from dietary sources or from the α-oxidation of

phytanic acid (see section 1.2.3), is also oxidised by the peroxisome.  These

pathways are reviewed in Wanders et al  (2001). The peroxisomal β-oxidation

pathway is also involved in bile acid synthesis.  Dihydroxycholestanoic acid

(DHCA) and trihydroxycholestanoic acid (THCA) are formed from cholesterol and

are the precursors of bile acids (Pedersen, 1993).  THCA is broken down to

choloyl-CoA, and DHCA undergoes the corresponding reactions to form

chenodeoxycholoyl-CoA.  The consequent reactions to form the bile acid

conjugates also occur in peroxisomes (Kase & Bjorkhem, 1989).

A simplified diagram of the β-oxidation processes outlined above is presented in

Fig 1.1.   As shown in the diagram, the pathway begins differently depending on

whether the substrate is a branched or straight chain fatty acid.  Branched chain

fatty acids are a mix of S and R isomers, and the R isomers must first be

converted by a racemase (Schmitz et al., 1995) to the S isomer before being

acted upon by the stereospecific branched chain acyl-CoA oxidase.  Straight

chain fatty acids enter the pathway directly and are acted on by palmitoyl-CoA

oxidase.  The pathways then converge at the point of the D-bifunctional protein

(D-BP) (Furuta et al., 1980), which carries out the hydration and the second

dehydrogenation step.  There is also a second bifunctional protein, L-BP, which

can only act on straight chain fatty acids.  The path then diverges again, the

straight chain fatty acids undergo thiolytic cleavage by 3-oxoacyl-CoA thiolase

(Bout et al., 1988), and the branched chain fatty acids undergo the corresponding

reaction, catalysed by sterol carrier protein X (Seedorf et al., 1994).  All of these

processes are reviewed by Wanders et al (2001).  This pathway is also involved

in the β-oxidation of a number of other compounds such as prostaglandins,

thromboxanes and leukotrienes (reviewed by Diczfalusy, 1994).
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Fig 1.1:  The pathways of ββββ-oxidation in mammals.  The upper panel of the diagram,

delineated by a red border, indicates some of the substrates for β-oxidation.  Specifically,

‘R’ and ‘S’ refer to diastereomers of fatty acids that must be converted to the ‘S’ form

before β-oxidation can occur.    The details of the β-oxidation reactions are outlined in the

text. The synthesis of chenodeoxycholoyl-CoA from DHCA-CoA also occurs via this

pathway; only the THCA reaction is shown for simplicity.  VLCFA, very long chain fatty

acid; ALD, adrenoleukodystrophy; THCA, trihydroxycholestanoic acid; DHCA,

dihydroxycholestanoic acid. (Diagram adapted from Clayton, 2001).



Chapter 1                                                                                                                                 Introduction

6

1.2.3 Fatty acid αααα-oxidation

An α-oxidation pathway for fatty acids also occurs in the peroxisome.  The

second step in the α-oxidation of phytanic acid to pristanic acid is catalysed by

the peroxisomal enzyme phytanoyl-CoA hydroxylase  (Mihalik et al., 1995).  The

pristanic acid thus produced can then undergo β-oxidation as outlined in the

previous section.

1.2.4 Plasmalogen biosynthesis

The peroxisome is involved in the synthesis of plasmalogens, a class of ether-

linked phospholipids present in mammalian cell membranes and myelin (Norton

& Autilio, 1966; Snyder, 1972).  The task of synthesising plasmalogens is shared

between peroxisomes and microbodies, and is catalysed by a number of

enzymes (Hajra & Bishop, 1982).  The steps in this pathway begin with the

acylation of dihydroxyacetone phosphate (DHAP) by DHAP acyltransferase.

Alkyl-DHAP synthase then replaces the acyl group with a long-chain alcohol.

The subsequent step results in the reduction of 1-alkyl-DHAP to 1-alkyl glycerol

3-phosphate by acyl/alkyl dihydroxyacetone phosphate reductase (Datta et al.,

1990).  The remaining steps of the plasmalogen synthesis pathway take place in

the endoplasmic reticulum.

1.3 Peroxins and peroxisome biogenesis

To date, much progress has been made toward understanding the complex

series of events that result in the biogenesis of the peroxisome; however, these

processes are not completely understood.  Conflicting data has been obtained for

some of the key aspects of this process, and this is likely to be due, at least in

part, to the use of many different experimental approaches and model systems.

Yeast and Chinese hamster ovary (CHO) mutants have provided valuable

information and allowed the identification of a large number of genes that are

required for the biogenesis of the peroxisome, termed PEX genes, with their

corresponding protein products being termed peroxins (Distel et al., 1996).  There

are currently 26 known PEX  genes, and orthologues in human have been
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identified for 16 of these genes, including the three PEX11 genes.  Table 1.1

summarises the characteristics of the 26 peroxins that have been identified to

date.

Table 1.1: Peroxins identifed to date.  A detailed discussion of these peroxins

and their interactions, together with references, is presented in the text.

Peroxin Characteristic featuresa Speciesb

PEX1 AAA ATPase, 100-145kDa Y, H
PEX2 Zinc RING domain, ~40kDa, integral PMP Y, H
PEX3 Integral PMP, required for membrane and matrix protein import Y, H
PEX4 Ubiquitin conjugating enzyme, 20-24kDa Y
PEX5 PTS1 receptor, C-terminal region contains TPR repeats, ~70 kDa Y, H
PEX6 AAA ATPase, ~100kDa Y, H
PEX7 PTS2 receptor, contains WD repeats, Y, H
Pex8 Integral PMP, 60-80kDa, required for matrix protein import Y
Pex9 Integral PMP, 44kDa Yl only

PEX10 Zinc RING domain,~35kDa, integral PMP Y, H
PEX11 Peripheral PMP, three different genes and proteins (α, β, γ), regulate

peroxisome abundance
Y, H

PEX12 Zinc RING domain, ~40kDa, integral PMP Y, H
PEX13 Integral PMP with SH3 domain, ~44kDa Y, H
PEX14 PMP (integral or peripheral depending on species), ~ 40kDa Y, H
Pex15 Integral PMP, 44 kDa, Sc only
PEX16 Integral PMP, required for membrane and matrix protein import, 36kDa H, Yl
Pex17 Integral PMP, ~25kDa Y only
Pex18 Involved in import of PTS2 proteins only.  Cytoplasmic, extremely similar

to PEX21, may be a PEX7 chaperone.  31kDa.
Sc only

PEX19 Involved in membrane and matrix protein import.  Farnesylated, mainly
cytosolic

Y, H

Pex20 Involved in import of PTS2 proteins only, 46kDa Yl only
Pex21 Involved in import of PTS2 proteins only, 31kDa, extremely similar to

PEX18, may be a PEX7 chaperone.
Sc only

Pex22 Integral PMP, 20kDa Pp only
Pex23 Integral PMP, 46kDa Yl only
Pex24 Integral PMP, 61.1kDa Yl only

   Pex25 Peripheral PMP, possible roles in peroxisome maintenance, regulation of
peroxisome size

Y

PEX26 Integral PMP, ~34kDa H

aIf known, an indication of localisation and function are noted.  AAA, ATPase

associated with diverse cellular activities; RING, Really Interesting New Gene;

PMP, peroxisomal membrane protein; TPR, tetratricopeptide repeat; WD (β-

transducin) repeat.
bY, yeast; H, human, Sc, Saccharomyces cerevisiae; Yl, Yarrowia lipolytica, Pp,

Pichia pastoris.
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The biogenesis of the peroxisome is generally thought to proceed from assembly

and growth of the peroxisomal membrane, followed by targeting of matrix

proteins to the peroxisome to form a metabolically functional organelle, and

maintenance of the complement of peroxisomes. This section will describe the

actions of the various peroxins in the execution of these processes.

1.3.1 Peroxisome targeting signals

It is a widely accepted view that the matrix proteins of the peroxisome are

synthesised in the cytoplasm and post-translationally imported into the

peroxisome.  The targeting of these proteins to the peroxisome is generally

thought to proceed via two distinct pathways.  These pathways are mediated by

targeting signals contained within the sequence of the proteins destined for the

peroxisomal matrix, and two distinct signals have been identified.  The first type,

peroxisome targeting signal 1 (PTS1), is used by the majority of matrix proteins,

and was first characterised as a C-terminal tripeptide with the consensus

sequence serine-lysine-leucine (Gould et al., 1988).  The C-terminal leucine was

found to be invariant with respect to its ability to function in targeting, but the

serine and lysine could be substituted with conserved variants (Gould et al.,

1989).  Subsequent research has indicated that this consensus sequence cannot

be so closely defined (Elgersma et al., 1996a).  In fact, a significantly wider range

of signals can be used.  An example is the peroxisomal marker protein, catalase,

which is targeted to the peroxisome by an atypical PTS1 signal composed of the

tetrapeptide –KANL (Purdue & Lazarow, 1996).  PTS1 signals are recognised by

the peroxin PEX5, the PTS1 receptor.

A small number of peroxisomal proteins that do not contain the C-teminal PTS1

contain an N-terminally located nonapeptide termed PTS2.  This PTS, first

identified in thiolase (Osumi et al., 1991; Swinkels et al., 1991), is far more

loosely defined, and consists of a general consensus sequence of

R/K-L/V/I-XXXXX-H/Q-L/A/F (where X is any amino acid).  It is interesting to note

that the PTS2 pathway is not present in Caenorhabditis elegans; thiolase in this

species appears to have evolved with a PTS1 (Motley et al., 2000).

There are a number of exceptions to the rule that either a PTS1 or PTS2 targets

peroxisomal proteins to the peroxisome.  An example is the case of acyl-CoA
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oxidase of the yeast Saccharomyces cerevisiae, which appears to contain neither

PTS1 nor PTS2 but is effectively targeted to peroxisomes via Pex5p (Klein et al.,

2002).  Alternatively, mechanisms for transport of non-PTS1 or PTS2 proteins

into the peroxisome can occur via a “piggyback” mechanism, in which these

proteins oligomerise with a PTS containing protein to facilitate transport into the

peroxisome (reviewed by Purdue & Lazarow (2001a)).  However, PTS1 or PTS2

signals target the majority of peroxisomal proteins in most organisms to the

peroxisome, and the remainder of this discussion of matrix protein import will

concentrate on these mechanisms.

1.3.2 Import of PTS1- and PTS2-containing proteins

The mechanism by which peroxisomal matrix proteins are imported into the

peroxisomal matrix is a complex process that has been the focus of intense

research worldwide.  A possible model for the import of matrix proteins into the

peroxisomal lumen, based on the current knowledge of these processes, is

shown in Fig 1.2.  The location and key interactions of most of the peroxins are

shown, together with a classification of groups of peroxins into those involved in

membrane assembly, proliferation and import of proteins into the peroxisome.

Those peroxins that have human orthologues have been marked with a star.  The

following sections encompass a detailed discussion of the characteristics, and

proposed roles for these peroxins; Fig 1.2 is included at this stage to provide a

reference for these discussions.
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Fig. 1.2.  A model for protein import into the peroxisome matrix.  The

peroxins involved in peroxisome biogenesis have been categorised into groups

according to their roles as determined in yeast studies.  The class of peroxins

Pex3p, Pex16p and Pex19p are involved in membrane assembly, while Pex11p

(in mammals represented as three different gene products: PEX11α, PEX11β,

PEX11γ) shows involvement in proliferation of peroxisomes.  Remaining peroxins

are implicated in the import of matrix proteins as denoted by arrow steps 1 to 5.

PTS-containing cargo proteins are bound in the cytoplasm by receptors Pex5

pand Pex7p (Step 1) and are subsequently transported to the peroxisomal

membrane (Step 2).  It is important to note, however, that in the yeast

S.cerevisiae Pex7p may also require the presence of Pex18p and Pex21p.  Next,

the receptor-PTS-containing protein complexes dock at the membrane utilising

Pex14p, Pex13p and Pex17p peroxins (Step 3).  The subsequent step requires

the receptor protein/matrix protein complex to dissociate, to allow the matrix

protein cargo to be imported (Step 4). The exact mechanism by which this occurs

is unclear but appears to involve RING domain peroxins Pex2p, Pex10p and

Pex12p.  A Pex8p-mediated interaction between the two complexes formed by

Pex13p, Pex14p and Pex17p, and Pex2p, Pex10p and Pex12p is shown (Agne et

al, 2003).  The Pex5p complex is imported into the peroxisome prior to

dissociation of the matrix protein; an intraperoxisomal peroxin, Pex8p, has

possible involvement in this process. PTS receptor proteins are recycled to the

cytoplasm for further protein import (Step 5), and this process may involve

Pex1p, Pex6p, Pex4p and Pex22p.  The most recently identified peroxin, PEX26,

interacts with the PEX1-PEX6 complex via direct binding to PEX6 (Matsumoto et

al, 2003).  This diagram is modified from Collins et al, (2000), with additional data

from Agne et al, (2003), and Masumoto et al, (2003).  Stars indicate peroxins that

have human orthologues.
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PTS receptors and associated peroxins

Pex5p was first identified as the PTS1 receptor in studies on the yeast Pichia

pastoris (McCollum et al., 1993), and orthologues have subsequently been

identified in a wide range of species, from single cell organisms through to

mammals (reviewed by Purdue & Lazarow (2001a)).  The defining feature of this

protein is the presence of C-terminal tetratricopeptide repeats (TPRs).  These

functional regions bind to the PTS1 (Brocard et al., 1994; Dodt et al., 1995;

Fransen et al., 1995; Terlecky et al., 1995).  Recent investigations on the

interactions of the TPR regions with the PTS1 suggest that the multiple TPRs fold

to form 2 clusters, composed of TPRs 1-3 and 5-7, joined by TPR4 in a hinge

conformation (Gatto et al., 2000).  Mutations within the TPRs have a deleterious

effect on binding of the PTS1 (Klein et al., 2001; Otera et al., 2000; Szilard &

Rachubinski, 2000), and can cause Zellweger syndrome in humans (Dodt et al.,

1995) (see section 1.4.2).  Pex5p not only binds the PTS1 but also a number of

other peroxins, including Pex13p and Pex14p (reviewed in Purdue and Lazarow

(2001a)).  Recently, some interactions of these particular peroxins have been

characterised more fully, and the site of interaction has been delineated to

pentapeptide repeats in the N-terminal region of the Pex5 protein (Otera et al.,

2002; Saidowsky et al., 2001; Urquhart et al., 2000).  A recent study by Agne and

co-workers has confirmed the interaction of Pex5p with Pex14p, Pex17p and

Pex13p, components of the proposed docking complex, and demonstrated an

interaction of this subcomplex with another containing the ring finger peroxins

Pex2p, Pex10p and Pex12p (Agne et al., 2003).

In humans, PEX5 occurs in two isoforms, PEX5S (for PEX5Short) and PEX5L

(for PEX5Long), generated by alternative splicing (Braverman et al., 1998).  The

long isoform contains an extra 37 amino acids and thus an additional TPR, giving

it a total of 7 TPR motifs.  Interestingly, PEX5L is required for the import of PTS2

in humans (Braverman et al., 1998; Matsumura et al., 2000), indicating that the

two pathways for import of matrix proteins are convergent (Otera et al., 2000).

It is widely believed that PEX5 behaves as a cycling receptor, due to

observations made by many researchers that PEX5 is mainly localised to the

cytoplasm, and a small amount is associated with the peroxisome itself (Dodt &

Gould, 1996; Elgersma et al., 1996b; Gould et al., 1996; Wiemer et al., 1995a;
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Wiemer et al., 1995b).  It has been demonstrated that in humans, the PEX5

protein enters the peroxisomal matrix, and returns to the cytosol upon recycling

(Dammai & Subramani, 2001).

Pex7p was first identified in yeast (Elgersma et al., 1998; Marzioch et al., 1994;

Zhang & Lazarow, 1995; Zhang & Lazarow, 1996), and orthologues have been

subsequently identified in mammals (Braverman et al., 1997; Motley et al., 1997;

Mukai et al., 2002; Purdue et al., 1997).  The unique feature of the PEX7 protein

is the presence of WD repeats.  Like the PEX5 protein, there has been some

debate over the subcellular localisation of PEX7, with some researchers

suggesting that it is located within the peroxisome (Zhang & Lazarow, 1995).

Evidence from other researchers implies that there may be a dual localisation for

this protein (Elgersma et al., 1998; Rehling et al., 1996), which may support the

view that PEX7 is also a cycling receptor.  A number of studies have shown that

Pex7p interacts with Pex14p (Albertini et al., 1997; Brocard et al., 1997; Johnson

et al., 2001; Otera et al., 2002), and Pex18p and Pex21p in S. cerevisiae (Purdue

et al., 1998; Stein et al., 2002).  Pex18p and Pex21p are unique to S. cerevisiae

and are specifically required for PTS2 protein import in this yeast.  When cells

lack this pair of peroxins, there is no import of thiolase, a PTS2 protein.  Pex18p

and Pex21p also exhibit redundancy in their function, in that if one or the other is

present, residual import of PTS2 protein remains (Purdue et al., 1998).  Recently,

it was shown that Pex18p and Pex21p are required upstream of docking with the

Pex13p and Pex14p proteins (Stein et al., 2002).  The Pex18 protein has also

been shown to undergo ubiquitination and rapid turnover as part of the normal

processes of peroxisome biogenesis (Purdue & Lazarow, 2001b).  It has been

suggested that Pex4p, a ubiquitin conjugating enzyme (Crane et al., 1994;

Wiebel & Kunau, 1992), may play a role in this process (Purdue & Lazarow,

2001a).

Pex20p, a peroxin identified only in the yeast Yarrowia lipolytica, is also involved

in PTS2 import.  Pex20p is necessary for oligomerisation of thiolase and the

subsequent targeting of the protein to the peroxisome (Titorenko et al., 1998).  An

interaction between Pex8p and Pex20p has also been demonstrated for this

yeast, with the implication that Pex8p is involved in the import of thiolase after the

Pex20p-thiolase complex docks at the peroxisomal membrane (Smith &

Rachubinski, 2001).
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It has been suggested that Y.lipolytica Pex20p, S.cerevisiae Pex18p/Pex21p and

the PEX5L isoform in mammals carry out the same function in these different

organisms (Einwachter et al., 2001), a proposal supported by other research

focusing on the PEX5L isoform and S. cerevisiae Pex18p/Pex21p (Dodt et al.,

2001).  These groups propose a redundancy in the function of these proteins

across the range of organisms, indicated by the fact that there are similarities in

the C-terminal regions of these proteins.

Pex8p is a peroxin that has been identified in a number of yeasts (Liu et al.,

1995; Rehling et al., 2000; Smith & Rachubinski, 2001; Waterham et al., 1994),

but not in humans.  Pex8p has been implicated in the import of both PTS1- and

PTS2-containing matrix proteins.  As mentioned above, Y.lipolytica Pex8p is

postulated to assist in the import of thiolase (Smith & Rachubinski, 2001).  In

S.cerevisiae, it instead binds the PTS1 receptor, Pex5p.  Interestingly, Pex8p

appears to contain both PTS1 and PTS2 signals, but targeting of the protein still

occurs in the absence of these signals, and in fact, the binding to Pex5p is

independent of the PTS1 (Rehling et al., 2000).  Pex8p has also been shown to

be part of a complex with Pex14p and a number of other peroxins in P.pastoris

(Johnson et al., 2001).  An extensive study by Agne and coworkers has

suggested an integral role for Pex8p as a link between a proposed docking

subcomplex (composed of the peroxins Pex13p, Pex14p and Pex17p), and

another subcomplex containing Pex2p, Pex10p and Pex12p (Agne et al., 2003).

These researchers have demonstrated that in the absence of Pex8p, these two

subcomplexes can independently assemble but they no longer associate with

one another.

Docking peroxins

A potential component of the docking complex for peroxisomal matrix proteins,

Pex17p was first identified in S.cerevisiae (Huhse et al., 1998), and subsequently

in P.pastoris and Y. lipolytica (Smith et al., 1997; Snyder et al., 1999a).  There

has been some debate over whether this protein functions in matrix or membrane

protein import in the yeast P.pastoris (Harper et al., 2002; Subramani et al.,

2000), but the weight of evidence would tend to suggest that it is involved in

matrix protein import only (Harper et al., 2002).  Interactions between the Pex17

and Pex14 proteins have been demonstrated (Huhse et al., 1998; Johnson et al.,
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2001), and it has also been speculated that Pex17p may be reliant on Pex14p for

stabilisation (Harper et al., 2002).   To date there is no report of a Pex17 protein

in mammals.

Pex13p is an integral peroxisome membrane protein, which was first

characterised in the yeasts P.pastoris and S.cerevisiae, and in humans.  It is

required for the import of both PTS1- and PTS2-containing proteins (Elgersma et

al., 1996b; Erdmann & Blobel, 1996; Gould et al., 1996).  The defining features of

this protein include a hydrophobic transmembrane domain, and a Src homology 3

(SH3) domain in the C-terminal region, which is exposed to the cytoplasm.  The

SH3 domain of the Pex13 protein has been shown to bind Pex5p (Elgersma et

al., 1996b; Erdmann & Blobel, 1996; Gould et al., 1996), and more recent studies

have delineated the residues responsible for this binding (Barnett et al., 2000;

Bottger et al., 2000; Otera et al., 2002; Pires et al., 2003; Urquhart et al., 2000).

Pex13p also interacts with Pex14p (Brocard et al., 1997; Fransen et al., 1998;

Girzalsky et al., 1999; Pires et al., 2003; Urquhart et al., 2000).  It has also been

shown that Pex13p can bind Pex7p via the N-terminal region of Pex7p (Girzalsky

et al., 1999).  Pex13p also interacts with Pex19p (Subramani et al., 2000).

Pex14p is a peroxisome membrane protein, which has been identified in a

number of organisms from yeasts to humans.  It has been variously identified as

an integral (Brocard et al., 1997; Komori et al., 1997; Will et al., 1999), or

peripheral (Albertini et al., 1997) peroxisome membrane protein.  It has also been

reported that this protein is phosphorylated (Johnson et al., 2001; Komori &

Veenhuis, 2000).  An extensive study of Pex14p interactions was performed by

Johnson and co-workers, who found interactions with many peroxins, including

itself, Pex3p, Pex5p, Pex13p, Pex7p, Pex17p and Pex8p (Johnson et al., 2001).

(For further discussions of binding of Pex14p with Pex5p and Pex13p, see their

respective sections above).  Studies from our laboratory have shown that a

cargo-laden Pex5p binds more effectively to Pex14p than cargo-free Pex5p

(Urquhart et al., 2000).  To date, the exact mechanism for docking of the matrix

protein receptors at the peroxisome membrane is still unknown.  A possible

model for the docking of PTS1 and PTS2 cargo-loaded receptors at Pex14p

and/or Pex17p, followed by interaction of these receptors with Pex13p, has been

suggested (Otera et al., 2002; Otera et al., 2000; Urquhart et al., 2000).   Recent

studies by Agne and coworkers have demonstrated that Pex5p binds to a
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proposed docking subcomplex comprising Pex13p, Pex14p and Pex17p (Agne et

al., 2003).

Translocation peroxins

The peroxins PEX2, PEX10 and PEX12 are all zinc RING (Really Interesting New

Gene) finger proteins, integral to the peroxisomal membrane.  PEX2 is a 35kDa

protein, and was originally identified in CHO cells, and subsequently humans

(Shimozawa et al., 1992; Tsukamoto et al., 1990).  Both the N- and C-termini of

this protein are exposed to the cytoplasm (Harano et al., 1999).  It has been

suggested that this protein acts downstream of the other two zinc RING finger

proteins, Pex10p and Pex12p (Okumoto et al., 2000).  Pex10p was first identified

in yeast (Kalish et al., 1995; Tan et al., 1995), and subsequent research identified

a human orthologue (Okumoto et al., 1998; Warren et al., 1998).  Pex12p was

first identified in the yeast P.pastoris (Kalish et al., 1996), and a human

orthologue was subsequently identified (Chang et al., 1997).  It has been

demonstrated that PEX10 and PEX12 interact with each other, and with PEX5

(Chang et al., 1999; Okumoto et al., 2000).  A number of different studies have

placed the action of PEX10 and PEX12 in matrix protein import after docking of

the receptors (Chang et al., 1999; Okumoto et al., 2000; Otera et al., 2000), and

may suggest a role for these proteins in the translocation process (Chang et al.,

1999; Okumoto et al., 2000).  Agne and coworkers have shown a definite

interaction between all three RING finger peroxins to form a heteromeric complex

(Agne et al., 2003).  These researchers have also demonstrated a Pex8p-

mediated interaction between this RING peroxin complex and a docking complex

composed of Pex13p, Pex14p and Pex17p.

Peroxins involved in receptor recycling

Pex4p was first identified in the yeast S.cerevisiae (Wiebel & Kunau, 1992) and

subsequently P.pastoris (Crane et al., 1994).  Pex4p is a ubiquitin-conjugating

enzyme, anchored to the cytoplasmic face of the peroxisome by Pex22p (Koller

et al., 1999).  A role for Pex4p in the ubiquitination and subsequent degradation

of Pex18p in S.cerevisiae has already been discussed.  Data from studies in two

yeast species suggest that the site of action of these interacting peroxins may be

placed downstream of receptor docking, and it has been proposed that this role
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may encompass receptor recycling (Collins et al., 2000;  van der Klei et al.,

1998).  To date a human orthologue of the Pex4 protein has not been identified.

AAA ATPases

Pex6p is an AAA ATPase, first identified in yeast (Nuttley et al., 1994; Spong &

Subramani, 1993; Voorn-Brouwer et al., 1993); rat and human orthologues have

subsequently been identified (Tsukamoto et al., 1995; Yahraus et al., 1996).

Pex1p is also an AAA ATPase, and like Pex6p was initially identified in yeast

(Erdmann et al., 1991; Heyman et al., 1994), with a human orthologue being later

identified (Portsteffen et al., 1997; Reuber et al., 1997; Tamura et al., 1998b).  In

humans, these peroxins have been found to be important for the stability of the

PTS1 receptor, PEX5 (Dodt & Gould, 1996; Yahraus et al., 1996).  An interaction

between Pex1p and Pex6p has been demonstrated (Faber et al., 1998; Tamura

et al., 1998a).  There has been some suggestion that these peroxins are involved

in the first stages of the assembly of peroxisomes (see section 1.3.4), but findings

in mammals, and also some findings in yeast, are more consistent with a role in

the import of matrix proteins (Collins et al., 2000; Dodt & Gould, 1996; Gould &

Collins, 2002; Yahraus et al., 1996).  Studies on AAA ATPases in general have

indicated that there is a role for these proteins in the assembly/disassembly of

protein complexes (Neuwald et al., 1999).  A report by Collins and coworkers has

placed the site of action of Pex1p and Pex6p after the docking of receptors in the

import of matrix proteins, but before the action of putative receptor recycling

proteins (Collins et al., 2000).  Matsumoto and coworkers recently identified

PEX26, an integral peroxisome membrane protein, which was shown to interact

with the PEX1-PEX6 complex via a direct interaction with PEX6 (Matsumoto et

al., 2003).  A more extensive review of PEX1 structure and function is presented

later in this chapter (Sections 1.4.3 and 1.4.4).

Peroxins with less well established functions

Pex9p, Pex23p, and Pex24p are peroxins that have only been identified in the

yeast Y.lipolytica, and little is known about their function (Brown et al., 2000;

Eitzen et al., 1995; Tam & Rachubinski, 2002).  Pex9p is an integral peroxisome

membrane protein that has been implicated in the import of matrix proteins

(Eitzen  et al., 1995).  Pex23p and Pex24p are also integral peroxisomal
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membrane proteins, and have also been linked to the processes of matrix protein

import (Brown et al., 2000; Tam & Rachubinski, 2002).  As with Pex20p, these

peroxins have only been identified in this single yeast species and like Pex20p,

may serve a unique role that is not duplicated in other organisms.  Pex25p is a

recently identified peroxin suggested to have a role in the regulation of

peroxisome size and maintenance (Smith et al., 2002).

1.3.3 Summarising models for matrix protein import

A recent paper by Gould and Collins (2002) outlines an intriguing proposal for a

mechanistic model of the processes of peroxisomal protein import.  These

researchers suggest that newly synthesised peroxisomal matrix proteins form

complex oligomers with Pex5p, before their import into the peroxisomal lumen.  A

proposed role for the AAA ATPases, Pex1p and Pex6p, in the disassembly of the

Pex5p:matrix protein complexes, and the transport of proteins across the

peroxisomal membrane is also outlined, thus potentially explaining the ATP

dependence of the import process.  This report builds on previous research from

this group (Collins et al., 2000), to outline the order of action, and possible roles,

for many of the peroxins involved in matrix protein import.  A comprehensive

study by Agne and coworkers (2003) presents a model for peroxisomal protein

import in the yeast S. cerevisiae, in which Pex8p links two subcomplexes

composed of the docking peroxins Pex13p, Pex14p and Pex17p in one

subcomplex, and the RING finger peroxins Pex2p, Pex10p and Pex12p in the

other.  These researchers propose that cargo-laden Pex5p binds to the docking

subcomplex, interacts with Pex8p on the lumenal side of the peroxisomal

membrane, and subsequently interacts with the RING peroxin complex on the

cytoplasmic surface of the membrane.

1.3.4 Targeting of proteins to the peroxisome membrane

The realisation that targeting of peroxisomal membrane proteins is via a

pathway distinct from those that target proteins to the peroxisome matrix can be

traced to an early observation that the cells of Zellweger syndrome patients

contain peroxisome membrane structures but lack matrix proteins (Santos et al.,

1988a; Santos et al., 1988b).  This observation led researchers to the conclusion

that targeting of membrane proteins and matrix proteins proceed by distinct
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pathways.  The membrane protein targeting process is not as well defined as that

for matrix proteins.  In fact, a consensus sequence for targeting the membrane

proteins to the organelle has only been loosely defined.  The first signal to be

identified was for the integral peroxisomal membrane protein PMP47 of the yeast

Candida boidini i , and was proposed to consist of the sequence

XX(K/R)(K/R)X3-7(T/S)XX(D/E)X (where X is any residue) (Dyer et al., 1996).  I t

has subsequently been found that this sequence alone is not sufficient to target

protein fragments to the peroxisome, and that the transmembrane domain of the

protein is required (Wang et al., 2001).  Further examples of peroxisome

membrane targeting signals have been identified for a number of proteins,

including human PEX3 (Kammerer et al., 1998; Soukupova et al., 1999), and

Pex3p from several yeast species (Baerends et al., 2000; Wiemer et al., 1996),

S. cerevisiae Pex15p (Elgersma et al., 1997) and human PEX11β, PMP70 and

PEX14 (Sacksteder et al., 2000).  Indeed, multiple signals have been identified in

a number of proteins, such as human PMP34 and PEX13 (Jones et al., 2001)

and human PMP22 (Brosius et al., 2002).  More research is required to fully

elucidate the mechanisms by which membrane proteins are targeted to the

peroxisome.

The assembly of the peroxisomal membrane

As the assembly of the peroxisomal membrane is thought to represent the first

stage in the biogenesis of the organelle, it was interesting for researchers to

discover that some peroxisome mutants, both yeast and human, appeared to

contain no peroxisome membrane structures (Baerends et al., 1996; Hettema et

al., 2000; Sacksteder et al., 2000; Shimozawa et al., 2000; South & Gould, 1999;

Wiemer et al., 1996).  Indeed, in a human cell line deficient in PEX16, it was

found that the import of membrane proteins preceded that of matrix proteins

(South & Gould, 1999). A number of other peroxins have been linked to the

processes of peroxisome membrane formation, including PEX3, PEX16 and

PEX19.

Pex3p is an integral peroxisome membrane protein, first identified in S .

cerevisiae (Hohfeld et al., 1991).  Subsequently, orthologues in other yeasts

(Baerends et al., 1996; Hettema et al., 2000; Wiemer et al., 1996), human

(Kammerer  et al., 1998; Muntau et al., 2000b; Shimozawa et al., 2000;
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Soukupova et al., 1999) and mouse (Muntau et al., 2000c), have been identified.

In many of these studies, Pex3p-deficient cells have been shown to contain no

peroxisomal ghosts.  Pex3p is an integral peroxisomal membrane protein

(Baerends et al., 1996; Hohfeld et al., 1991; Wiemer et al., 1996), whose C-

terminus is exposed to the cytoplasm (Ghaedi et al., 2000; Kammerer et al.,

1998; Soukupova et al., 1999).  Whether the N-terminus is exposed to the

cytoplasm or faces the peroxisomal lumen has not been conclusively established

(Ghaedi et al., 2000; Soukupova et al., 1999).  The C-terminus of Pex3p is

required for its function (Ghaedi et al., 2000), and is the site of interaction with

Pex19p (Ghaedi et al., 2000; Soukupova et al., 1999).  Pex3p has its own

membrane PTS, and a role for the ER in the biogenesis of Pex3p has been

discounted (South et al., 2000; Voorn-Brouwer et al., 2001).  Functional PEX3 is

required for other peroxisome membrane proteins to assemble in the peroxisome

membrane, as evidenced by the fact that these other peroxisome membrane

proteins become mislocalised to the cytosol, or are destabilised (Hettema et al.,

2000; Muntau et al., 2000a).  Other researchers have suggested a role for Pex3p

in peroxisome division (Baerends et al., 1997). The introduction of a wild-type

PEX3 gene into PEX3-deficient cells results first in the formation of membranes

and ultimately in the generation of intact peroxisomes (Ghaedi et al., 2000; South

et al., 2000).  The N-terminal 50 amino acids of Hansenula polymorpha Pex3p

can also initiate formation of nuclear membrane-derived vesicular structures that

can form into peroxisomes after the introduction of full-length Pex3p (Faber et al.,

2002).  A recent study (Hazra et al., 2002) suggests that in the yeast P. pastoris,

Pex3p is a member of both a docking complex, consisting of Pex3p with Pex13p,

Pex14p and Pex17p, and a putative translocation complex, consisting of Pex3p

together with the RING domain peroxins Pex2p, Pex10p and Pex12p.  These

researchers found that in pex3 mutants, the docking complex remained intact, but

the translocation complex did not assemble correctly and the interactions

between the docking and translocation complexes were also impaired.  This latter

study has been addressed in a recent publication by Agne and coworkers, who

found no evidence that Pex3p associated with either docking or RING domain

peroxins, in S. cerevisiae (Agne et al., 2003).  Pex3p has also been implicated in

the process of peroxisome degradation in the yeast H. polymorpha (Bellu et al.,

2002).  These researchers suggest that the degradation of the peroxisome relies

first on the removal and degradation of Pex3p. Following this, the organelle is
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sequestered prior to vacuolar degradation.  These reports show that the function

of this peroxin is still controversial.

Pex16p is a peroxin that to date has only been identified in humans (Honsho et

al., 1998; South & Gould, 1999), and the yeast Y. lipolytica (Eitzen et al., 1997).

The human PEX16 is an integral peroxisome membrane protein with two

membrane spanning domains, with both the N- and C-terminal regions exposed

to the cytoplasm (Honsho et al., 2002), whereas in yeast it is a peripheral

membrane protein located on the lumenal peroxisomal membrane (Eitzen et al.,

1997).  It appears that the different organisms confer distinct roles on PEX16: in

humans, it appears to be necessary for peroxisome membrane assembly (South

& Gould, 1999), whereas in Y. lipolytica it functions in the import of matrix

proteins (Eitzen et al., 1997).  There appears to be no demonstrated role for the

ER in the biogenesis of PEX16 in humans (South & Gould, 1999; Voorn-Brouwer

et al., 2001), in line with similar findings for PEX3.

Pex19p is a farnesylated protein present in a number of yeasts (Gotte et al.,

1998; Lambkin & Rachubinski, 2001; Snyder et al., 1999b) and a human

orthologue has been identified (Kammerer et al., 1997; Matsuzono et al., 1999).

The PEX19 protein is composed of three conserved domains (Mayerhofer et al.,

2002).  PEX19 has been shown to interact with a wide and diverse range of

peroxisomal proteins, including other peroxins, peroxisome membrane proteins

and ABC transporters (Fransen et al., 2001; Fransen et al., 2002; Gotte et al.,

1998; Jones et al., 2001; Sacksteder et al., 2000; Snyder et al., 2000; Snyder et

al., 1999b).  The function of Pex19p in the yeast Y.lipolytica has been suggested

to involve stabilisation of the peroxisomal membrane (Lambkin & Rachubinski,

2001).

There is no clear consensus on the requirement of farnesylation for PEX19

function; a number of different results have been reported in the literature (Gotte

et al., 1998; Matsuzono et al., 1999; Sacksteder et al., 2000; Snyder et al.,

1999b).  Even among different reports on the function of the human protein, there

are alternative views on whether farnesylation is required, with some reports

suggesting it is necessary (Fransen et al., 2001; Matsuzono et al., 1999), and

others proposing that it is not (Mayerhofer et al., 2002; Sacksteder et al., 2000).

Another recent study has shown that the CAAX motif, the site for farnesylation, is
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important for binding of PEX19 to PEX11β, but that farnesylation itself is

important for binding of PEX19 to PEX13 (Fransen et al., 2002).  The role of

PEX19 is also a contentious issue, with some groups proposing PEX19 is the

receptor for peroxisome membrane proteins, transporting them to the

peroxisomal membrane where they are inserted (Gloeckner  et al., 2000;

Sacksteder et al., 2000).  However, more recently, other groups tend to argue

that PEX19 is not the receptor, as binding does not always occur at the site of the

targeting signal in the interacting protein (Fransen et al., 2001; Mayerhofer et al.,

2002; Snyder et al., 2000).  On this point the role of PEX19 is not clear, but its

importance for the process of peroxisome biogenesis is undisputed.

In a similar way to what has been seen for Pex16p rescue of pex16 mutants,

restoring the Pex19 protein to Pex19p-deficient cells results in the reformation of

peroxisomal membranes, followed by the import of matrix proteins to form a

functional organelle (Matsuzono et al., 1999).  Interestingly, studies on splice

variants of human PEX19 show that the N-terminal domain of the protein is

absolutely required for peroxisome biogenesis, but the C-terminal domain is not

required for the formation of membranes and, consequently, functional

peroxisomes (Mayerhofer et al., 2002).

Pex15p is a peroxin that to date has only been identified for S.cerevisiae

(Elgersma et al., 1997).  These researchers presented evidence suggesting that

Pex15p is post-translationally O-glycosylated, a process which occurs only in ER

in this yeast.  Overexpression of the protein led to proliferation of the ER.  These

results have since been refuted in a study by Hettema and coworkers, who

showed that it was the overexpression itself that led to the ER artifacts, and that

as with the targeting of other peroxisomal membrane proteins, Pex15p relied on

Pex3p and Pex19p (Hettema et al., 2000).  There has been no report of a

mammalian orthologue of Pex15p.

A protein generally thought to be involved in matrix protein import is Pex17p

(Huhse et al., 1998; Smith et al., 1997).  In the yeast P.pastoris, however,

Pex17p-deficient cells were also shown to exhibit a partial defect in membrane

synthesis (Snyder et al., 1999a; Subramani et al., 2000).  These findings have

recently been refuted by a study demonstrating that Pex17p-deficient P.pastoris

cells can import peroxisome membrane proteins and assemble peroxisome
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membranes, suggesting that this protein is required only for matrix protein import

(Harper et al., 2002).  The results of this latter study agree with those obtained

using the yeast S.cerevisiae (Huhse et al., 1998).

1.3.5 Alternative views on the assembly of peroxisomes

Using the yeast Y.lipolytica, Rachubinski and colleagues have suggested an

alternative view on the initial steps of peroxisome assembly.  In their model,

fusion of small vesicular structures, termed P1 and P2, in a Pex1p/Pex6p- and

ATP-dependent process, represents the initial step of peroxisome formation.  The

P3 vesicles thus formed then undergo a multistep process through more

subforms, termed P4 and P5, to finally form mature peroxisomes, P6 (Titorenko

et al., 2000).  This model of peroxisome assembly does not generally appear to

be reflected in the data available for other yeast species, or in humans, although

an isolated report suggests that in P.pastoris, Pex1p and Pex6p can be localised

to vesicular structures (Faber et al., 1998).  These differences may be attributed

to varying experimental approaches, interpretation of data, or to unique

properties of the yeast species being studied.  In fact, it has been suggested that

the use of yeast as an experimental system may benefit from standardisation of

cultivation (van der Klei & Veenhuis, 2002).

1.3.6 Peroxisome proliferation

PEX11 is a unique peroxin as it is involved in neither matrix nor membrane

protein import.  Rather, it functions in peroxisome biogenesis through its

involvement in peroxisome proliferation. PEX11 has been found in organisms

from yeast to mammals (Erdmann & Blobel, 1995; Marshall et al., 1995; Sakai et

al., 1995), and it is known that in mammals three distinct forms of the PEX11

gene exist: alpha, beta and gamma (Abe & Fujiki, 1998; Li et al., 2002b; Schrader

et al., 1998; Tanaka et al., 2003).  The role of PEX11 in peroxisome proliferation

was established by a number of observations: that Pex11p-deficient cells contain

a small number of very large peroxisomes (Erdmann & Blobel, 1995); that

overexpression of PEX11β results in peroxisome proliferation; and that drugs

inducing peroxisome proliferation increase expression of PEX11α  (Schrader et

al., 1998).  An alternative study has suggested a role for Pex11p in medium chain

fatty acid (MCFA) oxidation in the yeast S.cerevisiae (van Roermund et al., 2000)
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The three PEX11 proteins display differences in expression. PEX11αααα  is

expressed at varying levels in different rat tissues, and can be induced by

peroxisome proliferating drugs (Schrader et al., 1998). Rat PEX11 exhibits a

unique property in that it has been shown to bind coat protein and ADP-

ribosylation factor via a unique dilysine motif at the C-terminus of the protein

(Anton et al., 2000; Passreiter et al., 1998).   Human and mouse PEX11α also

contain this motif (Schrader et al., 1998).  A PEX11α-/-mouse knockout showed

that PEX11α, considered to be inducible in response to peroxisome proliferating

agents, was sensitive only to certain classes of these agents, particularly 4-

phenylbutyrate (Li et al., 2002b).

PEX11ββββ is expressed at steady-state levels across a range of tissue types, and

expression levels remain unchanged in response to proliferative agents

(Schrader et al., 1998).  PEX11γγγγ shows similarity to PEX11β in that it is not

responsive to clofibrate, a peroxisome proliferating agent (Tanaka et al., 2003).

Interestingly, a mouse PEX11β-/- knockout showed pathology typical of Zellweger

syndrome knockout mice, but without the corresponding defects in peroxisome

protein import and thus metabolic function (Li et al., 2002a).

While it is clear that PEX11α, PEX11β and PEX11γ play important roles in the

processes of peroxisome biogenesis, there are still some questions as to the

exact functions of these peroxins.

1.4 Human disease results from peroxisomal dysfunction

When there is a deficiency in the metabolic pathways housed in the peroxisome,

disease can result.  Goldfischer and coworkers first noted that peroxisomes were

deficient in Zellweger syndrome patients (Goldfischer et al., 1973).  It was

subsequently noted that in cells from these patients, membrane proteins were

targeted to peroxisome “ghosts” and matrix proteins were targeted to the

cytoplasm rather than the peroxisome lumen (Santos et al., 1988b). Disorders

like Zellweger syndrome result from a generalised defect in peroxisome

biogenesis, which in turn results in the disruption of multiple metabolic functions

of the peroxisome.  A separate group of disorders, the single enzyme
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deficiencies, result from, as the name suggests, a defect in a single enzyme

involved in a peroxisomal metabolic pathway.  This section will encompass a

discussion of both types of disorder.

1.4.1 Single enzyme defects

Many of the single enzyme defects involve enzymes of the peroxisomal β-

oxidation pathway.  Possibly the most well known of these disorders is X-linked

adrenoleukodystrophy (X-ALD), which is also the only sex-linked peroxisomal

disorder.  Mutations in the ABCD1 gene, which encodes a protein called ALDP,

are the cause of X-ALD (McGuinness et al., 2003). The ALDP protein is an ATP

binding cassette (ABC) protein integral to the peroxisome membrane (Moser,

1993).  The exact basis of the defect in this disorder has not been conclusively

identified.  However, recent studies utilising mouse models have demonstrated

that normal peroxisomal VLCFA β-oxidation occurs in tissues, and that the rate of

peroxisomal VLCFA β-oxidation is dependent on the rate of mitochondrial LCFA

β-oxidation (Heinzer et al., 2003; McGuinness et al., 2003), suggesting that the

defect may lie at the point of an interaction between peroxisomes and

mitochondria.  The ALD mouse model still shows VLCFA accumulation in tissues

(McGuinness et al., 2003), and the pathologic features of the disease are

believed to result from the accumulation of VLCFA in virtually all tissue types

(Moser et al., 1981), and this is likely to be the cause of the adrenal dysfunction

and to contribute to the neurological aberrations (Moser, 1993).  There are a

number of subtypes of ALD, with the most common being childhood cerebral ALD

(C-ALD).  This variant develops in the child at an early age (4-8 years), and has a

generally rapid and severe course, ultimately resulting in a vegetative state within

approximately two years (Moser, 1993).

D-bifunctional protein deficiency is another single enzyme disorder that affects

β-oxidation in peroxisomes.  The basis for disease in these patients has been

identified as a defect in the enoyl-CoA hydratase domain of the D-bifunctional

enzyme (van Grunsven et al., 1999) (refer to Fig 1.1).  The clinical presentation of

these patients includes seizures, hypotonia, and a lack of psychomotor

development.  Neuropathological abnormalities are marked (Moser, 1993).  A

similar clinical presentation is noted for patients with acyl-CoA oxidase
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deficiency (refer to Fig 1.1), first described by Poll-The and co-workers (Poll-The

et al., 1988).  These patients have a clinical phenotype similar to PBD patients,

but the defect appears to be solely related to an inability to oxidise VLCFA

(Moser, 1993).

Peroxisomal thiolase deficiency is a very rare disorder that shows

characteristics of Zellweger syndrome, but is due to a defect in 3-oxoacyl-CoA

thiolase, which catalyses the final step in peroxisomal β-oxidation of VLCFAs

(Wanders et al., 1997) (see Fig 1.1).  Biochemically the affected individuals show

accumulation of fatty acids (Schram et al., 1987), and severe pathological

changes in the liver, kidney and brain are also evident (Goldfischer, 1986).

Mevalonic aciduria is caused by mutations in the gene encoding mevalonate

kinase (Houten et al., 1999), an enzyme involved in isoprenoid biosynthesis

(Goldstein & Brown, 1990).  The disorder was first described by Hoffmann and

co-workers (Hoffmann et al., 1993), and affects infants, who present with

dysmorphic features, cataracts, anaemia, diarrhoea and malabsorption problems,

and retardation of development.

Hyperoxaluria type 1 is associated with a deficiency of the enzyme alanine-

glyoxylate aminotransferase (Danpure et al., 1994).  This enzyme is required for

the conversion of glyoxylate to glycine, and the clinical features of patients with

this disorder include nephrocalcinosis, which leads to renal failure, and calculi

resulting from urinary oxalate and glycolate excretion (Latta & Brodehl, 1990).

The disease glutaric aciduria type 3 is due to defects in peroxisomal glutaryl-

CoA oxidase (Wanders, 1999).  This enzyme is also present in mitochondria;

indeed, glutaric aciduria types 1 and 2 are mitochondrial disorders.  The type 3

disorder is a rare disorder, and the only distinctive clinical finding in patients is a

persistent glutaric aciduria that can be distinguished from the type 1 and 2 forms

(Knerr et al., 2002).

Acatalasemia is a rare disorder and generally presents in variant forms.  The

Japanese variant is believed to involve a transcriptional deficiency of catalase,

whereas the Swiss variant generates an unstable, but still residually active

enzyme (Crawford et al., 1988).  This disease is largely asymptomatic,
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presumably because of alternate means of hydrogen peroxide metabolism

(Moser, 1993).

Hyperpipecolic acidemia, a disorder in which pipecolic acid accumulates in the

blood and urine, is another disease that clinically mimics Zellweger syndrome

(indeed until recently, hyperpipecolic acidemia was categorised as a biogenesis

dissorder), but is due to a defect in pipecolic acid oxidase (Mihalik et al., 1989;

Wanders et al., 1989).

Rhizomelic chondrodysplasia punctata (RCDP), types 2 and 3, are also

classified as single enzyme peroxisomal disorders, although they involve multiple

metabolic functions of the peroxisome.  The defects in these disorders lie in the

enzymes acyl-CoA dihydroxyacetonephosphate (DHAP) acyl-transferase, and

alkyl DHAP synthase, respectively (de Vet et al., 1997; Ofman et al., 1998).

Biochemical defects in affected individuals include decreased plasmalogens, due

to the defects in plasmalogen synthesis, and defective oxidation of phytanic acid

(Moser, 1993).  Patients with these disorders present with shortened limbs, short

stature, characteristic facial dysmorphism, cataracts and mental retardation

(Wanders & Tager, 1998).  Rhizomelic chondrodysplasia punctata type 1 will be

discussed in the next section, as it is classified as a peroxisome biogenesis

disorder.

Refsum disease is another disorder involving the phytanic acid α-oxidation

pathway, and is due to a deficiency of phytanoyl-CoA hydroxylase (Jansen et al.,

1997).  The clinical presentations of this disease include retinitis pigmentosa,

cerebellar ataxia and peripheral neuropathy (Steinberg, 1995).  Interestingly, a

recent report has identified a second gene responsible for Refsum disease,

PEX7, which is the PTS2 receptor and the gene responsible for RCDP type 1, a

peroxisome biogenesis disorder (Van Den Brink et al., 2003)

1.4.2 Peroxisome biogenesis disorders

The peroxisome biogenesis disorders (PBDs) are a group of disorders that result

from mutations in peroxins required for the biogenesis of the organelle (Moser,

1993).  The lack of functional peroxisomes results in the loss of a wide range of

metabolic functions, due to defective import of the enzymes involved in
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peroxisomal metabolism.  These disorders are inherited in an autosomal

recessive manner (Subramani et al., 2000).  The PBDs can be further subdivided

into two groups.  The first group comprises a clinical continuum of decreasing

severity and encompasses Zellweger syndrome (ZS), neonatal

adrenoleukodystrophy (NALD), and infantile Refsum disease (IRD).  This group is

commonly known as the Zellweger spectrum.  The second group comprises only

rhizomelic chondrodysplasia punctata (RCDP) type 1, which carries a phenotype

distinct from the Zellweger spectrum (Gould & Valle, 2000).

Phenotypes of the PBD patients

As noted above, the Zellweger spectrum was previously described in terms of

three separate disorders, which are now known to represent a clinical continuum

of phenotypes.  Patients in the Zellweger spectrum present with a range of

cl inical  abnormalities, including facial dysmorphism, cataracts, hypotonia,

difficulty in feeding, seizures, retardation of psychomotor development and

hearing impairment.  Pathological examination of patients has revealed a wide

range of organ involvement, encompassing the brain (neuronal migration and

white matter abnormalities), liver (enlargement, fibrosis, cirrhosis, cholestasis),

eyes (optic nerve dysplasia, retinopathy), kidneys (renal cysts), and many other

tissues.  The biochemical abnormalities in these patients include defects in α-

and β-oxidation, plasmalogen synthesis, and bile acid synthesis.  These clinical,

pathological and biochemical abnormalities are extensively reviewed in Lazarow

& Moser (1995) and Gould et al. (2001).

In contrast, RCDP is a separate disorder with a distinct clinical presentation.  The

rhizomelia, or shortening of the proximal limbs, is perhaps the most obvious of

these differences.  Other presentations include extensive chondrodysplasia

punctata, abnormal endochondrial bone formation, cataracts, and skin lesions.

There are three biochemical defects that are characteristic of RCDP: a severe

defect in plasmalogen synthesis, abnormal phytanic acid oxidation, and lack of

processing of 3-oxoacyl-CoA thiolase (Lazarow & Moser, 1995).
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Genetics of the peroxisome biogenesis disorders

PBD patients have been classified into a number of complementation groups

(CGs), based on cell fusion complementation analyses (Brul et al., 1988).  In

these analyses, cells from two different patient cell lines are fused, then

examined for restoration of peroxisome formation and function.  If there is

restoration of peroxisome function, the respective gene defective in each of the

cell lines is considered to be distinct, with the cells therefore belonging to different

complementation groups.  However, if there is no functional restoration, the cells

are considered to share the same genotype, and thus belong to the same group.

There are currently 12 known complementation groups for PBDs, and the genes

responsible for these groups have been identified (Gould & Valle, 2000;

Matsumoto et al., 2003).  Researchers around the world use differing

nomenclature to describe these complementation groups; Table 1.2 correlates

this nomenclature with respective PEX  gene and within-group clinical

phenotypes.  In this thesis, the USA nomenclature is used.

Table 1.2: Complementation groups of the peroxisome biogenesis

disorders correlated with responsible PEX  gene, and patient disease

phenotype.

Complementation groupa

Japan Europe USA

PEX gene Diseases representedb

E 2 1 PEX1 Zellweger spectrum
F 5 10 PEX2 Zellweger spectrum
G 12 PEX3 Zellweger spectrum

4 2 PEX5 Zellweger spectrum
C 3 4 PEX6 Zellweger spectrum
R 1 11 PEX7 RCDP
B 7 PEX10 Zellweger spectrum

3 PEX12 Zellweger spectrum
H 13 PEX13 Zellweger spectrum
D 9 PEX16 Zellweger spectrum
A 8 PEX26 Zellweger spectrum
J 14 PEX19 Zellweger spectrum

aThe different CG numbering systems used by research groups in Japan, Europe

and the USA.  bRCDP, rhizomelic chondrodysplasia punctata type 1.
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1.4.3 Mutations in peroxins other than PEX1

As discussed in the previous section, the peroxisome biogenesis disorders result

from defects in the import of the matrix or membrane proteins of the peroxisome.

In an examination of skin fibroblasts from many PBD patients, Slawecki and

colleagues showed that between the different complementation groups, and in

some cases within an individual group, the type of import defect varies (Slawecki

et al., 1995).  These researchers showed that patients in most groups exhibit

defects in the import of both PTS1- and PTS2-containing proteins.  However, one

group (CG11) showed an exclusive defect in the import of PTS2-containing

proteins, and some patients in CG2 showed an isolated defect in the import of

PTS1-containing proteins.  The significance of these findings became clear when

the gene responsible for CG11 was identified as PEX7, the PTS2 receptor

(Braverman et al., 1997; Motley et al., 1997; Purdue et al., 1997), and CG2 was

linked to PEX5, the PTS1 receptor (Dodt et al., 1995).  Within most of the groups,

there have been a variety of mutations identified, and it is thought that the

severity of the mutation is the source of the phenotypic heterogeneity within each

complementation group (Gould & Valle, 2000).  Table 1.3 contains a summary of

the current state of mutation analysis in peroxins, other than PEX1.  (Mutation

analysis of the PEX1 gene will be discussed in the next section).  Based on the

reports of these identified mutations, an indication of the resulting phenotype is

also noted, demonstrating the degree of phenotypic heterogeneity within most

complementation groups.  In general, mutations that give rise to mRNA instability

and/or truncate the protein, or otherwise disrupt functional regions, lead to severe

phenotypes, whereas point mutations resulting in amino acid substitutions often

generate a milder phenotypic effect.

1.4.4 PEX1, the gene most commonly mutated in disorders of peroxisome

biogenesis

As mentioned previously, PEX1 belongs to the AAA family of ATPases, a family

of proteins that have been implicated in a wide and diverse range of functions

(Patel & Latterich, 1998).  PEX1 interacts with another AAA ATPase, PEX6, in an

ATP- and Mg2+ - dependent manner (Faber et al., 1998; Geisbrecht et al., 1998;

Kiel et al., 1999; Tamura et al., 1998a), and this interaction appears to be

fundamental to the activity of both peroxins.  A recent report suggests that in S.
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Table 1.3: PEX gene mutations in PBD patients.

Genea Identified mutations and (phenotype)b References

PEX2 R119X (ZS); 550delC (ZS); 642delG (IRD); R125X
(ZS); E55K (IRD)

Shimozawa et al.,  1992;
Shimozawa et al.,2000;
Osumi et al., 2000

PEX3 542insT (ZS); R53X (ZS); 544insT(ZS); 543insT (ZS);
942_1038del (ZS)

South et al., 2000;  Shimozawa et
al., 2000; Muntau et al., 2000a;
Ghaedi et al., 2000

PEX5 R390X (ZS); N489K/N526K (NALD); S563W (IRD) Dodt et al., 1995;
Shimozawa et al., 1999

PEX6 511insT (ZS); IVS3+1G→A (ZS); 1962_1969del
(n.s.); 2398_2417del/T ins (n.s.); IVS7+1G→A (ZS);
IVS15+2T→C (ZS); 2435G→A (ZS); IVS1_2A→G
(ZS); Q243X (ZS); 1301delC(ZS); 402delC (ZS);
530delC (ZS); 275_280delTGCGGG (ZS); R812W
(ZS); 814insCTTG(ZS); L57P(NALD); del 619_882
(NALD); del 2095_2362/21bp ins (NALD)

Fukuda et al., 1996;Yahraus et al.,
1996; Zhang et al., 1999;
Imamura et al., 2000;
Matsumoto et al.,  2001

PEX7 -45C→T; 195_196delCT; A218V; 370_396del 27nt;
C170del; 52ins GGGACGCC; G217R; 842delC;
G41V; H110R; C86Y; H285R; D134N; H39P;
IVS1+1G→A; H241L; IVS2+1G→C; IVS3_10A→G;
IVS1+1G→C; L292X; IVS1+3G→C; P142f/s;
IVS9+1G→C; P15f/s; Q112X; L70W; Q291ins;
Q126X; S132X; R232X; S164P; S262L; S25F;
T875A; T143f/s; W95G; W206X; Y115X; Y20X; Y40X;
804_903del (all RCDP)

Purdue et al., 1997; Braverman et
al., 1997;
Motley et al., 1997;
Braverman et al., 2000;
Braverman et al., 2002;
Motley et al., 2002

PEX10 814_815delCT (ZS); R125X (NALD); H290Q (NALD);
GT→AT intron SD (ZS)

Okumoto et al., 1998a; Warren et
al., 1998

PEX12 K231X (ZS); 873_876 2bp del (ZS);
733_734insGCCT (ZS); 744_745insT (ZS);
684_687delTAGT (ZS); R180X (ZS); 887_888delTC
(ZS); 202_204delCTT (ZS); 26_27delCA (ZS);
268_271delAAGA (ZS); IVS1 SD G→T; S320F (n.s.)

Okumoto and Fujuki 1997; Chang
et al., 1997; Okumoto et al., 1998;
Chang and Gould 1998; Chang et
al., 1999

PEX13 W234X (ZS); I326T (NALD) Liu et al., 1999; Shimozawa et al.,
1999

PEX16 R176X (ZS) Honsho et al., 1998; South and
Gould 1999

PEX19 764insA (ZS) Matsuzono et al., 1999

a Note: PEX1 gene mutations are addressed separately in Section 1.4.4.
bSD, splice donor; IVS, intervening sequence (intron); X, termination codon; ins,

insertion; del, deletion; ex, exon; ZS, Zellweger syndrome; NALD, neonatal

adrenoleukodystrophy; IRD, infantile Refsum’s disease; RCDP, rhizomelic

chondrodysplasia punctata; n.s., not specified.

PEX7 notations are highlighted in blue to emphasise RCDP-only phenotype.
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cerevisiae, Pex1p may interact with other peroxins, including Pex5p, Pex8p,

Pex10p and Pex12p (Gould & Collins, 2002).  There has been considerable

debate over the subcellular localisation of PEX1.  In the yeast H. polymorpha,

Pex1p appears to be peroxisome-associated (Kiel et al., 1999), whereas other

researchers have shown that in P.pastoris and Y.lipolytica, it is associated with

vesicular structures that can be distinguished from peroxisomes (Faber et al.,

1998; Titorenko & Rachubinski, 2000; Titorenko et al., 2000).  In human cells,

PEX1 has been shown to be localised to the cytoplasm (Tamura et al., 1998a),

and more recently, to the peroxisome membrane (Matsumoto et al., 2003).

Early studies established the requirement for ATP hydrolysis in the process of

peroxisomal matrix protein import (Imanaka et al., 1987; Wendland & Subramani,

1993), and the ATPase activity of PEX1 (and PEX6) is consistent with a role in

this process.  Some researchers, however, have suggested roles in membrane

and vesicle fusion (Faber et al., 1998; Titorenko & Rachubinski, 2000; Titorenko

et al., 2000).  It has been shown that PEX1 is required for the stability of the

PTS1 receptor, PEX5 (Dodt & Gould, 1996), and that Pex1p and its interacting

partner, Pex6p, act late in the process of matrix protein import, but before the

proposed recycling of Pex5p by Pex4p and Pex22p (Collins et al., 2000).  Gould

and Collins (2002) propose a role for Pex1p and Pex6p in the disassembly of the

matrix protein:receptor complex before translocation of the matrix protein into the

peroxisome, and suggest that these peroxins may provide the energy for this

translocation process through the hydrolysis of ATP.  These researchers also

present a possible model in which Pex1p and Pex6p may facilitate the transfer of

import complexes into the translocation apparatus, and may potentially help to

‘seal’ the translocon and thus maintain the integrity of the peroxisomal

membrane.  A recent study by Matsumoto and coworkers has suggested that

PEX26, the most recently identified peroxin, may recruit the PEX1-PEX6 AAA

ATPase complex to the peroxisome membrane, via a direct interaction with PEX6

(Matsumoto et al., 2003).  While there is debate over the definitive function of

PEX1 in peroxisome biogenesis, it is clear that in humans, PEX1 is an essential

component of the peroxisomal matrix protein import process.

HsPEX1 is composed of 24 exons, generating a transcript of approximately

4.4kb.  The encoded protein is 143kDa in mass and is a member of the AAA

(ATPases associated with diverse cellular activities) ATPase subfamily 2
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(Portsteffen et al., 1997).  The PEX1 protein contains two AAA cassettes, each

approximately 250 amino acids long, with the second cassette more highly

conserved than the first (Beyer, 1997; Reuber et al., 1997).  The PEX6 gene also

encodes an AAA ATPase, and these two AAA proteins show similarities across

the functional regions of the proteins, especially the second AAA cassette

(Tamura et al., 1998a).  As mentioned previously, a functional interaction of these

peroxins has also been demonstrated (Geisbrecht et al., 1998; Tamura et al.,

1998a), as has a role for PEX1 (and PEX6) in stabilisation of PEX5 (Dodt &

Gould, 1996; Dodt et al., 1995).   Fig 1.3 shows a diagrammatic representation of

the PEX1 gene, with the exons numbered, and the encoded protein, with the

positions of the AAA cassettes marked.

Fig 1.3: PEX1 gene and encoded protein structure. The 24 exons of the PEX1

gene are numbered.  The representation of the encoded protein emphasises the

relative sizes and positions of the two AAA cassettes, the functional regions of

the PEX1 protein.  Diagram modified from Portsteffen et al (1997).

Mutations in the human PEX1 gene are responsible for complementation group 1

of the PBDs (see Table 1.2; Portsteffen et al., 1997; Reuber et al., 1997; Tamura

et al., 1998b), and functional PEX1 is required for the import of both PTS1- and

PTS2-containing proteins (Slawecki et al., 1995).  It has been shown that CG1

accounts for over half of all ZS spectrum patients (Moser et al., 1995).  For this

~4kb0kb
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reason, the analysis of mutations in the PEX1  gene has been a focus of a

number of research groups around the world.

At the commencement of this study, a number of mutations in the PEX1 gene

had been reported in the literature.  The most common of these is a G843D

mutation, in the AAA2 domain, which is caused by a G>A substitution at nt 2528

(exon 15) of the PEX1 cDNA.  This mutation results in an almost 70% reduction

of the interaction of PEX1 with PEX6 (Geisbrecht et al., 1998; Tamura et al.,

2001).  There have been subsequent reports in the literature of a temperature-

sensitive phenotype associated with this mutation, with formation of peroxisomes

being restored if cells from patients carrying this mutation are cultured at 30°C

rather than 37°C (Imamura et al., 1998; Tamura et al., 2001; Walter et al., 2001).

Other PEX1 mutations that were described in these earlier reports are outlined in

Table 1.4.

Table 1.4: Mutations identified in PEX1 prior to the commencement of this

study.

Mutation (cDNA level)a Mutation (protein level)b Reference

c.1991 T>C L664P (Tamura et al., 1998b)

c.1960_1961 ins 9bp n.s. (Portsteffen et al.,  1997;

Reuber et al., 1997)

c.1900_2070 del del AA 634-690 (Tamura et al., 1998b)

14bp ins in exon 15 n.s. (Reuber et al., 1997)

c.2926+1 G>A n.s. (Portsteffen et al.,  1997;

Reuber et al., 1997)

ains, insertion; del, deletion
bn.s., not specified in report; del, deletion; AA, amino acid

While this study of PEX1  gene mutations was being undertaken on the

Australasian CG1 patient cohort, a number of other mutations in the PEX1 gene

were identified by other research groups.  The mutations identified through this

study, and those reported by other researchers, will be discussed in detail in later

chapters.
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1.5 Aims and scope of project

A comprehensive study of the PEX1 mutations in Australasian PBD patients is

the major goal of this project.  Mutations in this gene are the most common cause

of peroxisome biogenesis disorders, with CG1 comprising the largest group

within the Australasian cohort of PBD patients, and more than half of all ZS

spectrum patients.

The research described in this thesis is aimed at:

1 Identification of the specific mutations in a cohort of 24 Australasian CG1

patients, using a combination of screening techniques and direct

sequence analysis.  The entire coding region and a portion of the 5'UTR

will be examined for mutations and polymorphisms.  Where necessary,

the mutations thus identified will be assessed for functional significance,

using a gene rescue assay.  The effect of representative mutations on

cellular phenotype will also be undertaken, using a variety of techniques

such as Western blotting, Northern blotting and real-time PCR, to assess

PEX1 protein and mRNA levels.  Relevant mutations will also be

assessed to determine if they exhibit temperature sensitive phenotypes.

The hypothesis being tested is that the nature of the PEX1 mutations is

reflected in the impact on PEX1 protein functions in cells.

2 The second major goal of this project is to use the information about the

range of mutations identified to identify genotype-phenotype correlations

for the Australasian cohort of CG1 patients.  Additionally, this research is

aimed at providing data on the identified mutations and resulting

genotype-phenotype correlations for the Australasian National Referral

Laboratory for Lysosomal, Peroxisomal and Related Genetic Disorders, to

assist in DNA based pre- and post-natal diagnosis and to provide genetic

data suitable for genetic counselling of affected families.  The hypothesis

that is being tested in this part of the project is that there is a correlation

between PEX1 genotype and patient phenotype.
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2.1 Materials

2.1.1 Ethics approval and supply of source materials

Ethics approval for this project was granted by the Griffith University Human

Ethics Committee, "Molecular analysis of the peroxisome biogenesis disorders",

approval number SCT/03/95/hec.

Skin fibroblast cell lines and genomic DNA were from Australasian patients

referred for diagnostic investigation to the National Referral Laboratory (NRL) for

Lysosomal, Peroxisomal and Related Genetic Disorders, Women’s and

Children’s Hospital, Adelaide, South Australia.  Evidence of a peroxisome

biogenesis disorder was indicated by routine diagnostic tests performed by the

NRL.

HEK 293T cells were a gift from Dr Derek Kennedy, Griffith University, Nathan,

Queensland, Australia.

2.1.2 Antibodies

A commercially produced monoclonal antibody to a C-terminal region (amino acid

residues 1049-1256) of the PEX1 protein was obtained from BD Bioscience (San

Jose, California, USA).  A polyclonal antibody recognising the N-terminus of the

PEX1 protein was a kind gift of Dr. Gabriele Dodt, Ruhr-Universität Bochum,

Germany (Walter et al., 2001).  Polyclonal anti-SKL antibodies were purchased

from Zymed Laboratories, Inc (San Francisco, California, USA).   An antibody to

human catalase was obtained from Biodesign International (Saco, Maine, USA).

Secondary antibodies for immunofluorescence, labelled with either fluorescein or

Texas Red-X were supplied by Molecular Probes (Eugene, Oregon, USA).

Horseradish peroxidase-labelled secondary antibodies for Western blotting were

purchased from Dako Corporation (Carpinteria, California, USA).
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2.1.3 Bacterial strains and media

Escherichia coli DH10B was initially obtained from Invitrogen (Carlsbad,

California, USA) as Electromax™ cells.  The GM48 dam- E.coli strain was a gift

from Prof. I. Beacham, Griffith University Gold Coast.

Luria Broth (LB) and bacteriological agar were obtained from Difco (Detroit,

Missouri, USA).  Ampicillin was obtained from Roche Applied Science

(Mannheim, Germany).

2.1.4 Cell culture reagents

Dulbecco’s modified Eagle medium (DMEM), penicillin/streptomycin, trypsin-

EDTA, PBS (phosphate buffered saline) pH 7.4, Hank’s Balanced Salt Solution

(HBSS) and Opti-MEM I were obtained from Gibco BRL-Invitrogen (Carlsbad,

California). Foetal bovine serum (FBS) was purchased from Gibco BRL-

Invitrogen, or JRH Biosciences (Lenexa, Kansas, USA).  Cells were cultured in

Falcon brand flasks and plates (Becton Dickinson Labware, Franklin Lakes, New

Jersey, USA).

2.1.5 Molecular biology reagents

Table 2.1 lists the suppliers and locations of specialised products for molecular

biology used in the experiments described in this thesis.  All other chemical

reagents were obtained from standard laboratory suppliers and were of

laboratory or analytical reagent grade.
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Table 2.1 :  Molecular biology reagents and supplier details.

Company and Location Products
Roche Applied Science, Mannheim, Germany Expand High Fidelity PCR system, GC RICH

PCR system , restriction endonucleases
Promega Corporation, Madison, Wisconsin,
USA

T4 DNA ligase, pGEM®-Teasy™ vector, TnT®
T7/SP6 Coupled Reticulocyte Lysate System,
pSP64(A) cloning vector, deoxynucleotide
triphosphates (dNTPs), Dual-Luciferase®
Reporter Assay System, RQ1 RNase free
DNase, Primer Extension system-AMV reverse
transcriptase, pRL-TK reporter vector, pGL3-
Control vector, pGL3-Basic vector, T4
polynucelotide kinase

Qiagen, Hilden, Germany QIAquick gel extraction kit, QIAquick  PCR
Purification kit, QIAprep Spin miniprep kit,
QIAfilter Plasmid Midi kit, QIAamp Blood kit,
RNeasy mini kit, QuantiTect™ SYBR® Green
PCR kit

Sigma, St Louis, Missouri, USA 2-mercaptoethanol, Folin & Cicolteau’s Phenol
reagent, ribonuclease A, bovine serum
albumin, 5'-Bromo-4-chloro-3-indolyl-β -D-
galactopyranoside (X-gal), isopropyl-β-D-
thiogalactoside (IPTG)

Applied Biosystems, Foster City, California,
USA

AmpliTAQ Gold® DNA polymerase, BigDye
terminator cycle sequencing mix,

Amersham Biosciences, Little Chalfont,
Buckinghamshire, England

Calf intestinal alkaline phosphatase (CIAP),
Hyperfilm MP, Megaprime DNA labelling kit,
ECL Plus Western blotting detection reagents,
Sephadex® G-50

Invitrogen, Carlsbad, California, USA Superscript™ II RNase H- reverse
transcriptase, pCMVSport-βgal reporter
plasmid,  LipofectAMINE™,  LipofectAMINE™
2000, ribonuclease H, 1kb plus DNA ladder,
ElectroMAX™ DH10B™ cells, RNaseOUT™
ribonuclease inhibitor

ICN Biomedicals,Costa Mesa, California, USA Diethyl pyrocarbonate (DEPC)
Bio-Rad Laboratories, Hercules, California Prestained SDS-PAGE standards, broad range
Sigma Genosys, Castle Hill, NSW, Australia Oligonucleotides
Genset Pacific, Lismore, NSW, Australia Oligonucleotides
NEN Life Science Products, B o s t o n ,
Massachusetts, USA

Genescreen Plus nylon membrane
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2.2 Methods

2.2.1 Agarose gel electrophoresis of DNA

DNA agarose gel electrophoresis was generally carried out as described by

(Sambrook et al., 1989), in 1X TBE running buffer (0.09M Tris-borate, pH 7.5,

2mM EDTA).  Samples were diluted in 6X gel dye (30% glycerol, 10mM Tris-HCl

pH 8.0, 0.25% (w/v) bromophenol blue), and electrophoretically resolved, by

comparison with a DNA size standard (1kb plus ladder, Invitrogen).

2.2.2 Isolation of DNA fragments from agarose gels

The QIAquick Gel Extraction kit (Qiagen) was used to isolate DNA from agarose

gels, as per the manufacturer’s instructions.

2.2.3 Restriction digest analysis

All restriction digests were performed in accordance with the instructions

provided by the enzyme manufacturer (Roche Applied Science).  Digest products

were resolved on agarose gels (Section 2.2.1) and if necessary, extracted from

the gel using a QIAquick gel extraction kit (Qiagen), as per Section 2.2.2.

2.2.4 Plasmid mini and midi preps

High quality plasmid DNA was prepared using two Qiagen kits, the QIAquick

Plasmid Miniprep kit for small-scale cultures, and the QIAfilter Plasmid Midiprep

kit for large-scale cultures, as per the manufacturer’s instructions.

2.2.5 Plasmid STET preps

A simple method of extracting plasmid DNA from small-scale cultures was

employed as an initial strategy to prepare large numbers of clones for analysis by
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restriction digest.  A 2mL culture of an E.coli strain harbouring the plasmid of

interest was grown overnight in the presence of selective antibiotic, at 37°C with

shaking.  Cells were harvested by centrifugation and resuspended in 400µL lysis

buffer (8% sucrose, 0.5% Triton X-100, 10mM Tris-HCl pH 8.0, 50mM EDTA)

and 35µL of a 10mg/mL solution of lysozyme.  Tubes were placed in a boiling

water bath for 1min to lyse cells, and the cellular debris was pelleted by

centrifugation at 14000 rpm for 15min on a 1-15 microfuge (Sigma Laboratory

Centrifuges, Osterode am Harz, Germany).  The pellet of cell debris was

removed and plasmid DNA was precipitated by the addition of 1 volume of cold

isopropanol.  Plasmid DNA was harvested by centrifugation at 14000rpm for

10min, and the resulting pellet washed with 70% ethanol.  Once dried, the pellet

was resuspended in 120µL 10mM Tris-HCl, pH 8.5.

2.2.6 Preparation of electrocompetent cells

DH10B™ or GM48 cells were prepared for electrotransformation as per the

instructions in the Bio-Rad Gene Pulser manual.  Briefly, 50mL of LB was

inoculated with a colony from a freshly streaked plate of cells, and incubated

overnight at 37°C, with shaking.  The following day, approximately 30mL of the

overnight culture was used to seed a 1L flask of LB, to bring the OD600 to ~0.05.

The cells were then grown at 37°C, with shaking, until the OD600 was between

0.4 and 0.5.  The cells were then pelleted by centrifugation at 6K for 15min and

the growth medium removed.  The cells were resuspended in ice-cold sterile

water, and re-centrifuged for 15min at 6K.  The cells were washed again with ice-

cold sterile water, followed by a final wash in cold 15% glycerol.  The cells were

finally resuspended in a minimal volume of 15% glycerol and aliquots snap frozen

in liquid nitrogen.  Cells were stored at -80°C until use.

2.2.7 Electrotransformation of E.coli

The E.coli strains DH10B™ and GM48 were used as host cells for amplification

of plasmid DNA.  Intact plasmids (~10ng) or ligation mixtures (3µL) were mixed

with 20µL of electrocompetent cells and incubated on ice for 1min.  Mixtures
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were transferred to 0.1cm gap cuvettes (Bio-Rad), and electroporated at 1.75kV

and 200Ω using a Bio-Rad Gene Pulser.  Electroporated cells were immediately

resuspended in 1mL LB medium and incubated for 1h at 37°C, with shaking.

Aliquots of the cell suspension were then plated on LB agar plates containing

selective antibiotics, and incubated at 37°C overnight.  Resultant colonies were

analysed by plasmid STET preps and diagnostic restriction digests (Sections

2.2.4 and 2.2.3).

2.2.8 Subcloning of DNA fragments into plasmid vectors

Various DNA fragments were subcloned into plasmid expression vectors to

generate new plasmids for in vitro transcription/translation experiments, transient

transfection assays and luciferase assays.  Generally, vectors were prepared by

restriction digest to generate the appropriate sites for forced cloning of inserts.

Inserts were generated either by PCR amplification of DNA fragments followed

by restriction digestion, or by digest of fragments from existing vectors, to

generate compatible ends.  All restriction digests were carried out in accordance

with the manufacturer’s instructions.  The vector DNA (up to 450ng) and insert

were combined, usually in a ratio of 1:3, and ligated using 1X T4 DNA ligase

buffer and 3U T4 DNA ligase (Promega).  Sticky end ligation reactions were

incubated overnight at 4°C, while blunt end ligations were incubated overnight at

16°C.  3µL of the ligation mixture was transformed into E. coli DH10B™ or GM48,

as per Section 2.2.6.   Individual clones were analysed for the presence of inserts

by plasmid STET preps (Section 2.2.4), followed by diagnostic digest with

restriction endonucleases to verify the presence of the desired insert.  Clone(s)

appearing to contain the correct insert were sequenced to verify that the cloning

process did not introduce any unwanted mutations.

2.2.9 T-A cloning of PCR fragments into pGEM-Teasy™

PCR generated fragments of genomic DNA or cDNA were cloned into pGEM-

Teasy (Promega), to allow verification of identified mutations.  If necessary,

fragments generated using proofreading polymerases were first A-tailed by
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incubating ~100ng of PCR product in a 10µL reaction containing 1X Taq

polymerase buffer, 0.2mM dATP and 5U Taq DNA polymerase.  Reactions were

incubated for 30min at 70°C and subsequently cleaned up using the QIAquick

PCR purification kit (Qiagen), as per the manufacturer’s instructions.   The PCR

products were ligated into the pGEM T-easy vector in 10µL reactions containing

1X T4 DNA ligase buffer and 3U T4 DNA ligase (Promega), using a 3:1

insert:vector ratio.  Ligation reactions were incubated overnight at 4°C.  The

following day, reactions were heated for 10min at 65°C to inactivate the ligase,

and electro-transformed into E.coli DH10B™ cells (as per section 2.2.6).

Individual clones were analysed for the presence of inserts by plasmid STET

preps (Section 2.2.4), followed by digestion with EcoRI restriction endonuclease

to release the inserts.  Typically, four clones containing inserts of the correct size

were then sequenced (Section 2.2.16) to verify the identity of mutations.

2.2.10   Cell culture

Fibroblast cell lines and HEK293T cells were cultured in Dulbecco’s Modified

Eagle Medium (DMEM), containing 4.5g/mL glucose, supplemented with 10%

foetal bovine serum (FBS) and 100µg/L penicillin/100U/L streptomycin (complete

medium).  Flasks were incubated in 5% humidified CO2 at 37°C.

To passage cells, the monolayer was washed with PBS pH 7.4 to remove growth

medium, followed by addition of trypsin-EDTA (0.05% trypsin, 0.53mM

tetrasodium EDTA).  Flasks were incubated at 37°C and the detached cells were

resuspended in complete medium to inactivate the trypsin.  Cells were split to the

desired ratio and allowed to become confluent before harvesting or re-passaging.

2.2.11   Generation of frozen stocks for long-term storage

To generate frozen stocks of cell lines, a 75cm2 flask of cells that had just

reached confluency was harvested by trypsinisation and resuspended in 1mL of

freezing medium (DMEM/60% FBS/1% dimethyl sulphoxide).  Cells were then

rapidly frozen by placing at –30°C for 15 min, then transferred to a  –80°C freezer
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in an insulated container.  Cells were left overnight to facilitate a slow

temperature ramp to –80°C, whereupon they were placed in long-term liquid

nitrogen storage.

2.2.12   Revival of cells from long-term liquid nitrogen storage

To revive cells from long-term liquid nitrogen storage, an aliquot of cells was

quickly thawed at 37°C, and slowly resuspended in 7mL complete medium

warmed to 37°C.  Cells were pelleted by centrifugation at 1500rpm for 5 min,

resuspended in 5mL of complete medium and transferred to a 25cm2 flask.

2.2.13   Extraction of genomic DNA (gDNA) from skin fibroblasts

A 75cm2 flask of confluent skin fibroblast cells was used as starting material for

genomic DNA extraction, using the QIAGEN Blood kit, or the DNeasy tissue mini

kit, as per the manufacturer’s instructions.

2.2.14   PCR

PCR reactions generally comprised ~700ng of genomic DNA,  ~100ng of plasmid

DNA, or 2µL of cDNA, in 50µL reactions containing 1X PCR buffer, 1.5-2mM

MgCl2, 200µM of each dNTP, 0.4µM forward and reverse primers and 1U

Expand™ DNA polymerase mixture (Roche Applied Science).  Primers for

amplification of PEX1 cDNA were designed, wherever possible, to span an intron

to ensure that the products generated were from cDNA.  If this was not possible,

the RNA was DNase-treated (as per Section 2.2.19) before cDNA synthesis, and

appropriate "no reverse transcriptase" controls included. All primers were

checked by BLASTn search to ensure specificity.  Cycling programs generally

comprised an initial denaturation step of 94°C for 3 min, followed by 35-40 cycles

of denaturation at 94°C, annealing at 51-61°C, and extension at 72°C for 1min.

A final extension step of 5min at 72°C concluded the program.  Reaction
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products were analysed by agarose gel electrophoresis (Section 2.2.1), followed

by gel purification (Section 2.2.2) if required.

A small number of PCR analyses using templates with regions of high GC

content utilised the GC rich PCR system™ (Roche Applied Science).  Reactions

for these analyses also comprised ~700ng of genomic DNA or 2µL of cDNA, in

50µL reactions containing 1X GC rich PCR buffer, 2mM MgCl2, 200µM of each

dNTP, 0.4µM forward and reverse primers and 1U GC rich polymerase.   Cycling

parameters for these reactions comprised an initial denaturation step of 95°C for

3min, followed by 10 cycles of denaturation at 95°C, annealing at 63°C, and

extension at 72°C for 1min. The next 25 cycles included an increment that added

5s/cycle to the extension step.    A final extension step of 7min at 72°C concluded

the program.

2.2.15   Real-time PCR

Real-time PCR was used as a method of quantifying the amount of PEX1 mRNA

in patient cell lines.  2µg of total RNA prepared using the RNeasy mini kit

(Section 2.2.18) was reverse transcribed (Section 2.2.20) using an poly-dT30MN

primer and 200U Superscript II (Invitrogen).  PCR reactions comprised 1µL

cDNA, 1µM of each primer and Quantitect ™ SYBR Green PCR master mix

(Qiagen) in reactions of 20µL. The primers used to amplify PEX1 were designed

to span an intron to ensure that the products generated were from cDNA.

Primers were checked by BLASTn search to ensure specificity.  Analyses were

carried out on the iCycler™ (Bio-Rad), the PCR program comprising a 15min

initial denaturation step at 95°C to activate the hot start polymerase, a second

step at 25°C for 30sec, followed by 40 cycles of 95°C for 10sec, 54°C for 20sec,

55°C for 10 sec, and 72°C for 30sec.  Fluorescence was measured during the

55°C portion of the cycle.  Melt curve analysis to show generation of a single

product for each reaction was carried out following the PCR program, and

comprised a slow temperature ramp from 65°C to 95°C, during which time

fluorescence was continuously monitored.  Amplification of a single product of the

correct size was also confirmed by agarose gel electrophoresis, and identity

confirmed by sequence analysis.  Three independent analyses of duplicate
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reactions were undertaken for all patient samples.  Data were analysed using

iCycler™ software, and initially converted into threshold values (Ct), which refer

to the cycle number during exponential amplification at which the PCR product

crosses a set threshold.  To adjust for variations in input RNA, the average Ct

values for the PEX1 gene were normalised against the average CT values for

GAPDH (ie. ∆Ct = average Ct PEX1 – average CtGAPDH).   Subsequently, average

Ct PEX1 values were converted into actual copy numbers of input RNA using

standard curves generated using known amounts of pBER81, the plasmid

containing the PEX1 ORF.

2.2.16   DNA Sequencing

Sequencing of plasmid DNA or PCR products was undertaken with the ABI

PRISM ™ Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied

Biosystems), as per the manufacturer’s instructions.   Reaction products were

purified by ethanol precipitation and processed on an ABI 377™ automated

sequencer (Perkin Elmer, Boston, Massachusetts), by the Griffith University DNA

Sequencing Facility.  Sequences were viewed with Chromas Version 1.56

(Technelysium Pty Ltd, Helensvale, Qld, Australia), and sequence alignments

using the ClustalW algorithm were generated using MacVector software (Version

6.5.3, Oxford Molecular Group/Accelrys Inc, San Diego, California).

2.2.17   Denaturing HPLC (DHPLC) analysis

For DHPLC mutation screening, patient genomic DNA samples were PCR

amplified using AmpliTAQ gold DNA polymerase (Applied Biosystems), and a

touchdown cycling program.  This program comprised 96°C for 12min to

denature samples and activate the hot start polymerase, followed by 10 cycles of

denaturation at 96°C for 15s, annealing at 60°C for 15s and extension at 72°C for

30s.  During these 10 cycles the annealing temperature was programmed to

reduce by 0.5°C per cycle.  The second part of the program comprised 24 cycles

of 96°C for 15s, annealing for 15s (the temperature being dependant on exons

being amplified, as per Table 2), and extension at 72°C for 30s.  A final extension
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step of 72°C for 5min was followed by heating the products to 95°C for 4 min,

and progressively dropping the temperature by 5°C per step, incubating for 4 min

at a time, until the temperature reached 65°C.

Samples were then analysed by the Griffith University DNA Analysis facility,

using a Transgenomic WAVE® system and Wavemaker™ software

(Transgenomic, Inc, Omaha, Nebraska), or using a Varian Helix™ System with

UV detector (Varian Australia, Mulgrave, Victoria), as per the manufacturer’s

instructions.  Briefly, the Transgenomic system utilises a DNAsep® column

(containing alkylated non-porous polystyrene divinylbenzene copolymer

microspheres), and a buffer system composed of Buffer A (100mM

triethylammonium amine (TEAA)) and Buffer B (100mM TEAA, 25%(v/v)

acetonitrile).  The standard method utilises a buffer gradient starting at

53%A/47%B for approximately 1min and progressing to 38%A/62%B, over a

period of 5-6min.  This is followed by a 75% acetonitrile wash to remove any

residual DNA.  The analysis temperature is dependent on the sequence of the

DNA fragment being investigated, and these temperatures are determined

initially using the Wavemaker™ software, and adjusted up or down as required.

The Varian Helix system uses a proprietary Helix™ column, employing ion-paired

reversed phase chromatography, and a buffer system comprised of Buffer A

(100mM TEAA, 0.1mM EDTA) and Buffer B (100mM TEAA, 0.1mM EDTA,

25%(v/v) acetonitrile).  The universal method consists of the following buffer

gradient: 0.00 min, 55% A/45% B; 0.30 min, 50% A/50%B; 6.00 min,

32%A/68%B; 7.00 min 32%A/68%B; 7.01 min, 55%A/45% B; 8.50 min

55%A/45%B.  The analysis temperature is DNA sequence dependent and is

based on temperatures suggested by analysis of DNA sequence at

http://insertion.stanford.edu/melt.

2.2.18   Extraction of total RNA from skin fibroblasts

A 75cm2 flask of skin fibroblast cells that had just reached confluence was used

as starting material for total RNA extraction, using the QIAGEN RNeasy mini kit

as per the manufacturer’s instructions.
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2.2.19   DNase treatment of total RNA

RQ1 RNase-free DNase (Promega) was used to remove contaminating genomic

DNA from preparations of total RNA.  This step was only necessary when the

RNA was used to generate cDNA for RT-PCR in which the primers did not span

an intron, or for primer extension analysis.   Briefly, total RNA was incubated for

1h at 37°C with 1U RQ1 DNase per µg RNA, in 1X DNase reaction buffer.  The

DNase was then removed using a RNeasy mini column (Qiagen), as per the

manufacturer’s instructions.

2.2.20   Reverse transcription of total RNA from skin fibroblasts

Superscript™ II (Invitrogen) reverse transcriptase was used as per the

manufacturer’s instructions to generate first-strand cDNA from total RNA.  20µL

reactions were prepared containing 2µg of total RNA, 200U Superscript II

enzyme, 0.2µM of poly dT30MN primer, 200µM of each dNTP, 1X reaction buffer

and 0.01M dithiothreitol.  If necessary, total RNA was DNase-treated prior to

cDNA synthesis (Section 2.2.19).  1-2µL of reaction mix was used as template in

various PCR reactions as per sections 2.2.14 and 2.2.15.

2.2.21   Random primed DNA probe labelling

Random primed labelling of DNA probes with [α-32P]dATP was carried out using

the Megaprime system (Amersham Biosciences), as per the manufacturer’s

instructions.  The labelled DNA was separated from unincorporated nucleotides

using Sephadex® G-50 spin columns (Section 2.2.22).  The probe was

denatured by boiling for 10 min, then placed on ice for 10 min before being added

to hybridisation solution.
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2.2.22   Sephadex® G-50 Spin column peparation

Sephadex® G-50 (Amersham Biosciences) was prepared for use in spin columns

by hydrating 1g of resin in 50mL of MQ-H20.  The columns were constructed

using 1mL syringes plugged with a small amount of glass wool to retain the resin.

The rehydrated resin was packed into the columns using a benchtop centrifuge at

2700rpm, and equilibrated in TE pH 7.5 (10mM Tris-HCl, pH 7.5, 1mM EDTA).

Columns were stored at 4°C.

2.2.23   Northern blotting

PEX1 expression levels were quantified in samples of total RNA isolated from

patient and control fibroblasts (Section 2.2.18). All electrophoresis apparatus and

gel preparation equipment was rendered free of RNase by soaking in 3%

hydrogen peroxide for 30min, then rinsed in MQ-H20.  Solutions were either

treated with 0.1% diethyl pyrocarbonate and autoclaved, or prepared from RNase

free stocks.   The gel comprised 1% agarose in 1X MNE buffer (20mM MOPS (3-

(N-morpholino) propanesulfonic acid)/5mM sodium acetate/1mM EDTA, pH 7.0)

and 2.2M formaldehyde. 15µg of each sample was diluted in 5X gel loading

buffer (0.25% bromophenol blue, 20% glycerol, 4mM EDTA, 0.9M formaldehyde,

0.3M formamide in 1X MNE buffer), and heated to 65°C for 5min before loading.

The gel was pre-run at 60V for 30min, then samples run into the gel at 60V for a

further 30min.  The voltage was then increased to 80V and electrophoresis

continued until samples were sufficiently resolved.  The gel was then rinsed in

MQ-H20 to remove excess formaldehyde, and photographed to assess the

integrity of RNA, as judged by the ribosomal RNA banding pattern.  The RNA

was then capillary transferred overnight onto Genescreen Plus membrane (NEN),

using 20X SSC (3M NaCl, 0.3M tri-sodium citrate, pH 7.0) as the transfer buffer.

The following day, the membrane was washed in 2X SSC to remove excess

agarose, and the damp membrane UV crosslinked at 1200J/cm2 for 90s to fix

RNA to the membrane.  The membrane was then air-dried and baked at 80°C for

2h to reverse the formaldehyde reaction.  The membrane was then hydrated in

2X SSC, and incubated in pre-hybridisation buffer (5X Denhardt’s solution (0.1%

each of BSA, polyvinylpyrrolidone, Ficoll), 1% SDS, 10mM NaCl, 10% dextran
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sulphate) for 4h at 65°C in a rotating hybridisation oven.  The pre-hybridisation

solution was removed and replaced with fresh solution containing denatured

[α-32P] dATP labelled probe (prepared as in Section 2.2.21) and 100µg/mL

sheared herring sperm DNA.   The hybridisation of probe to target was carried

out at 65°C overnight.  Following this, the membrane was rinsed twice for 15min

in 2X SSC at room temperature, then washed twice, at 65°C for 45 min, in 2X

SSC/1% SDS.  The membrane was finally washed twice for 15min at room

temperature in 0.1X SSC.  The washed membrane was enclosed in cling film and

exposed to X-ray film (Hyperfilm MP, Amersham Biosciences) using an

intensifying screen (Fujifilm EC-DW cassette, Fuji, Japan), at -80°C.

2.2.24   Primer extension analysis

Primer extension analysis was used to map the 5’ end of the PEX1 RNA.  The

Primer Extension System -AMV Reverse Transcriptase (Promega) was used, as

per the manufacturer’s instructions.  Briefly, 10pmol of the PEX1PrimerExtension

primer (5'-ATCCTGCCGTAAGCCTGTAGTGGGTGGGACAAGAAAG), and

250ng of dephosphorylated φX174 Hinf I DNA markers were labelled using 30µCi

[γ-32P] ATP in 10µL reactions containing 1X T4 polynucleotide kinase buffer and

10U T4 polynucleotide kinase (Promega).  Reactions were incubated at 37°C for

10min, then heated to 90°C for 2min to inactivate the enzyme.  90µL of MQ-H20

was added to the primer reaction, and 190µL to the DNA marker reaction. 10µg

of total RNA (from a control patient) was annealed with 1µL of the labelled

primer, in 1X AMV primer extension buffer, overnight at 58°C.  The following day,

reactions were placed at room temperature and incubated for 10min.  A reverse

transcription master mix was prepared containing 1X AMV primer extension

buffer, 40mM sodium pyrophosphate and 1U AMV reverse transcriptase and

sufficient MQ-H20 to bring the final reaction volume to 20µL per reaction.   This

master mix was added to reactions and incubated at 42°C for 30min.  20µL of

loading dye was added to tubes, and samples were loaded on an 8%

acrylamide /7M urea gel, using 1X TBE as the running buffer, and subject to

electrophoresis at 250V.  The gel was transferred to a piece of Whatman 3MM

paper (Whatman International, Maldstone, England), wrapped in cling film and

exposed to Hyperfilm MP X-ray film (Amersham Biosciences) using an
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intensifying screen (Fujifilm EC-DW cassette, Fuji, Japan) for 5h at -80°C.    The

sizes of the primer extension products were determined by comparison with the

labelled DNA markers.

2.2.25   Skin fibroblast protein extraction

Skin fibroblast cells cultured to confluence in a 75cm2 flask were harvested by

trypsinisation and recovered by centrifugation.  Cell pellets were suspended in

60-100µL SDS-PAGE sample buffer (62.5mM Tris-HCl, pH 6.8, 10% (v/v)

glycerol, 2% (w/v) sodium dodecyl sulfate, 5% (v/v)2-mercaptoethanol, 0.07%

(w/v) bromophenol blue), heated for 10min in a boiling water bath, centrifuged for

1min at 14000rpm, and the supernatants recovered.  The protein contents of the

cell extracts were determined using the Peterson assay (Section 2.2.26).

2.2.26   Peterson Protein Assay

The Peterson protein assay (Peterson, 1977) was used to determine the protein

concentration of fibroblast cell extracts, after prior heating of the samples in a

boiling water bath for 10 min to remove interference by 2-mercaptoethanol (Tan,

1978).  Samples and BSA (bovine serum albumin) standards of known

concentration, were brought to 1mL with MQ-H20.  0.1mL of 0.15% sodium

deoxycholate was added and samples were mixed and incubated at room

temperature for 10 min.  0.1mL of 72% trichloroacetic acid was added to

precipitate the protein, which was then pelleted by centrifugation at 10000rpm for

10 min.  The supernatant was removed and 0.4mL MQ-H20 was added to each

pellet, together with 0.4mL reagent A (equal volumes of copper-tartrate-

carbonate (CTC) reagent (0.1% copper sulphate, 0.1% potassium tartrate, 10%

sodium carbonate), 0.8N NaOH, 10% SDS and MQ-H20.)  Samples were then

mixed and incubated at room temperature for 10 min, before addition of 0.2mL of

reagent B (1 volume 2N Folin & Ciocalteu’s phenol reagent, 5 volumes MQ-H20).

Samples were again mixed, and incubated at room temperature for 30 min,

followed by spectrophotometric measurement of their absorbance at 750nm.  The

absorbance of the standards was used to construct a standard curve, to

determine the concentration of the test samples.
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2.2.27   SDS-PAGE

SDS-PAGE was used to separate proteins in fibroblast cell extracts, in

preparation for analysis of immunoreactive PEX1 protein by Western blot

analysis.  25µg of protein was resolved by electrophoresis through a 6%

polyacrylamide separating gel with a 4% stacking gel, using a Mini Protean II

system (Bio-Rad) and a Tris-glycine buffer system (25mM Tris, 192mM glycine,

0.1% (w/v) SDS, pH 8.6).   The gels were run at 150V, and once the dye front

had reached the end of the gel, electrophoresis was continued for 15min to

ensure resolution of the high molecular weight PEX1 protein.  Prestained broad

range molecular weight markers (Bio-Rad) were used to determine the molecular

weight of resolved proteins.

2.2.28   Western Blotting

Protein samples resolved by SDS-PAGE were transferred to PVDF membrane

(Immobilon P, Millipore, Bedford, Massachusetts, USA) for detection of protein

bands immunoreactive with either monoclonal or polyclonal anti-PEX1

antibodies.  Proteins were transferred to the membrane by electroelution in

carbonate transfer buffer (Dunn, 1986), comprising 10mM NaHCO3, 3mM

Na2CO3, pH 9.9 in 20% (v/v) methanol, using a Bio-Rad Mini TransBlot system.

Electrophoretic transfer was carried out at 100V for 1h, with an ice pack and

stirrer bar in the unit to dissipate heat buildup.  Following transfer, the membrane

was blocked for 2h at room temperature, using 10% Blotto (skim milk powder in

TBS-T (Tris buffered saline (TBS), 25mM Tris-HCl, pH 7.4, 137 mM NaCl, 3mM

KCl, plus 0.1% Tween-20).   Primary antibody diluted in fresh blocking solution

was then added to the membrane.  A dilution of 1/1000 was routinely used for the

monoclonal antibody, and 1/5000 for the polyclonal antibody.  The membrane

was incubated overnight at 4°C, with gentle agitation.  The following day, the

primary antibody solution was removed and the membrane washed five times for

5min at room temperature in TBST. Secondary antibodies were either a goat

anti-mouse IgG-HRP conjugate, or a goat anti-rabbit IgG-HRP conjugate (Dako

Corporation).  The appropriate antibody was diluted 1/7500 in blocking solution,

added to the membrane and incubated at room temperature for 1h, with gentle

agitation.  The membrane was then washed again five times for 5min in TBST.
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The HRP conjugate was detected using the ECL plus system (Amersham

Biosciences): the two substrates were mixed together just prior to use, added to

the blot and incubated for 5min at room temperature.  The membrane was then

removed from the solution, excess substrate drained off, and wrapped in cling

film for exposure to X-ray film (Fuji Super RX, Fuji, Japan).  Membranes were

exposed to film for varying lengths of time, depending on the level of signal

generated.  Exposed film was then developed and fixed to visualise

immunoreactivity, using a Konica SRX-101A film processor (Konica Medical

Imaging, Inc., Wayne, New Jersey).

2.2.29   Transient transfection of skin fibroblasts with expression vectors

Fibroblast cell lines were cultured in 25cm2 flasks and split the day before

transfection, with the goal of ~70% confluency.  Cells were fed 2h before

transfection with warmed complete medium. 250µL of Opti-MEM I (reduced

serum medium) was mixed with 3µg of plasmid DNA, and 15µL of

LipofectAMINE™ was mixed with a further 250µL of Opti-MEM I.  The two

solutions were combined and the resulting transfection solution was incubated at

room temperature for 45min to allow the formation of complexes between the

DNA and the liposomes.  The cells were washed once with Hank’s Balanced Salt

Soution (HBSS) and twice with Opti-MEM I to remove all traces of growth

medium.  The transfection solution was then added to the flasks with an

additional 1mL of Opti-MEM, and incubated at 37°C (in humidified 5% CO2) for

4h, with occasional gentle rocking of the flasks.  The transfection solution was

then removed, and the cells washed once with complete medium.  5mL of

complete medium was then added to the flasks, followed by overnight incubation

at 37°C.   Cells were then trypsinised and transferrred to six well plates

containing 12mm diameter glass coverslips.  The following day, the cells

attached to the glass coverslips were processed for indirect immunofluorescence

as per section 2.2.30.
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2.2.30   Indirect immunofluorescence

Cells that had been transiently transfected with plasmid vectors were processed

for indirect immunofluorescence after being plated on glass coverslips (Section

2.2.29).  All incubations were at room temperature.  Cells were washed with

D-PBS (2.7mM KCl, 1.2mM KH2PO4, 138mM NaCl, 8.1mM Na2HPO4, pH 7.1) to

remove growth medium, and fixed for 30min in freshly prepared 3%

formaldehyde in D-PBS.  Cells were then washed to remove fixative, and

permeabilised by the addition of 1% Triton X-100 in D-PBS for 5min.  Cells were

then washed again before incubating with primary antibodies diluted in D-PBS

containing 0.1mg/mL BSA.   Unbound primary antibody was removed by washing

seven times with D-PBS.  The remaining steps were done in a darkened area to

reduce photobleaching of the secondary antibodies, which were conjugated with

either fluorescein or Texas Red-X moieties (Molecular Probes).  The secondary

antibodies were diluted in D-PBS containing 0.1mg/mL BSA, added to the cells

and incubated for 10min.  Unbound secondary antibody was removed by

washing seven times with D-PBS.  The coverslips were then mounted cell-side

down in mounting medium (1mg/mL p-phenylenediamine, 100mM Tris-HCl, pH

8.7, 90% glycerol) on glass slides.  Cells were viewed using an Olympus BX50

fluorescence microscope, and photographic images captured using an Olympus

digital camera.

2.2.31   Staining of cells for ββββ-galactosidase activity

β-galactosidase (β-gal) activity was detected in cells transfected with the pCMV-

Sport β-galactosidase vector, as per the manufacturer’s instructions.  In brief,

cells were washed with D-PBS and fixed using 2% formaldehyde, 0.05%

glutaraldehyde in D-PBS.  Substrate-stain solution containing 1mg/mL X-gal in

5mM potassium ferricyanide, 5mM potassium ferrocyanide and 2mM MgCl2 was

incubated with cells overnight at 37°C to colourimetrically stain β-gal positive

cells.  Cells were then washed with D-PBS to remove stain solution and

approximately 1000 cells were counted (using an Olympus CK40 inverted

microscope) to determine transfection efficiency and allow normalisation of

transfection results.
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2.2.32   In vitro transcription and translation

The TnT® Coupled reticulocyte lysate system (Promega) was used to generate

in vitro transcription/translation products.   The reactions were prepared in

accordance with the manufacturer’s instructions, and comprised 0.5µg of plasmid

in 25µL reactions containing 1X TnT reaction buffer, TnT rabbit reticulocyte

lysate, 0.5U of the appropriate TnT RNA polymerase, 1mM amino acid mixture,

and 20U RNaseOUT™ ribonuclease inhibitor (Invitrogen).  Reactions were

prepared with [3 5S]-methionine if products were to be subjected to

autoradiography or with unlabelled methionine if Western blotting was used to

analyse reaction products.  The reactions were separated on 6% or 10% SDS-

PAGE gels (Section 2.2.27), and transferred to PVDF membrane (Section

2.2.28).  The membranes were then dried and exposed directly to Fuji Super RX

X-ray film (Fuji, Japan) (radioactive products), or subjected to Western blot

analysis (non-radioactive products) (Section 2.2.28).

2.2.33   Luciferase assays

The day prior to transfection, HEK 293T cells were plated in 24 well plates in

antibiotic free DMEM supplemented with 10% foetal bovine serum, at 50000

cells/well.  For each transfection, 500ng of test plasmid (pGL3-Basic, containing

insert to be tested, expresses firefly luciferase) and 50ng of co-reporter plasmid

(pRL-TK, expresses Renilla luciferase) were mixed with 50µL of Opti-MEM I

reduced serum medium.  In another tube, 2µL of Lipofectamine™2000 was

mixed with a further 50µL of OptiMEM I.   The tubes were allowed to sit for 5min

at room temperature, then the contents mixed and incubated for 20min, to allow

formation of complexes between the DNA and the liposomes.  The transfection

solution was added to the cells which were then incubated overnight.  The

following day (approx 20h incubation), the cells were washed with PBS and

assayed for expression of luciferase.  Luciferase activity was measured using a

Victor2
TM 1420 multilabel counter (Wallac, Turku, Finland) and the Dual

Luciferase Assay system (Promega), as per the manufacturer’s instructions.

Briefly, the cells were lysed in the culture wells by adding 150µL of Passive Lysis

buffer and agitating the plate on an orbital shaker for 15min.  The cell lysate was
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recovered and transferred to a 1.5mL microcentrifuge tube, and centrifuged at

14000rpm for 30s to pellet cellular debris.  5µL of the lysate was transferred to a

96 well B&W Isoplate™ (Wallac) and, after the addition of 100µL of Luciferase

Assay reagent II (LAR II), the firefly luciferase activity was measured for 10s.

Firefly luciferase activity was quenched, and Renilla luciferase activated by the

addition of 100µL Stop and Glo reagent.  The Renilla luciferase activity was also

measured for 10s.  Assay background was measured by including a no template

control, comprising cells transfected with Lipofectamine™ 2000 but no DNA.
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3.1 Introduction

An understanding of the causative mutations is important for the evaluation of

patients with peroxisome biogenesis disorders, as diagnostic methods relying on

biochemical techniques alone may give equivocal results.  A DNA-based method

can overcome these limitations by providing an accurate basis for diagnosis of

disease, either in the pre- or post-natal period.  The study of mutations in PEX1 is

of particular importance as CG1 patients comprise the largest complementation

group of the PBDs, and the benefits gained from the ability to offer a definitive

pre- and post-natal diagnosis are applicable to a significant number of patients.

The investigations reported in this chapter were aimed at identifying the PEX1

mutations in a cohort of 24 Australasian CG1 patients.  The expectation for these

investigations was that a range of mutations, from missense mutations predicted

to generate a mild phenotype, through to mutations predicted to exert a severe

effect by altering mRNA stability and/or truncating the PEX1 protein, would be

detected in this patient cohort.  It was also hypothesised that the majority of

missense mutations would affect nucleotides that encode the known functional

regions of the PEX1 protein, namely the two AAA domains.

The mutation analysis strategy employed in this study utilised genomic DNA from

patient fibroblast cell lines as a template, and a combination of direct sequencing

and denaturing HPLC (DHPLC) analysis to identify nucleotide changes in PEX1

exonic sequences and flanking intronic regions.  The exons encoding the

functional regions of the PEX1 protein were targeted initially, followed by

screening of all remaining PEX1 exons, in an effort to detect both PEX1 mutant

alleles for all patients.

Much of the work presented in this chapter has been published (Maxwell et al.,

1999; Maxwell et al., 2002).  A representative selection of the mutations identified

through the investigations detailed in this chapter were functionally analysed, and

the results of these functional analyses will be presented in Chapter 4.
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3.2 Materials and methods

Materials and methods used in experiments outlined in this chapter have been

described in Chapter 2.  These include agarose gel electrophoresis of DNA

(Section 2.2.1), isolation of DNA fragments from agarose gels (Section 2.2.2), T-

A cloning of PCR fragments into pGEM-Teasy™ (Section 2.2.9), Cell culture

(Section 2.2.10), extraction of genomic DNA from skin fibroblasts (Section

2.2.13), PCR (Section 2.2.14), DNA sequencing (Section 2.2.16), denaturing

HPLC analysis (Section 2.2.17), extraction of total RNA from skin fibroblasts

(Section 2.2.18), and reverse transcription of total RNA from skin fibroblasts

(Section 2.2.20).

3.3 Patient samples

All samples were provided by the National Referral Laboratory (NRL) for

Lysosomal, Peroxisomal and Related Genetic Disorders, at the Women’s and

Children’s Hospital, Adelaide, South Australia.  These samples were from

patients who had been referred for diagnostic investigation to the NRL, and who

showed evidence of a peroxisomal biogenesis disorder based on routine

diagnostic tests performed at the NRL.

Samples for this study were provided in the form of skin fibroblast cell lines or

genomic DNA samples.  Skin fibroblast cell lines were provided to enable a more

extensive phenotypic analysis of the effect of mutations, and genomic DNA

samples were provided for mutation analysis only.  Table 3.1 outlines the patient

samples and the source material for experimental analysis.
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Table 3.1: Patient sample source type for experimental analysis.

Identification numbera Sample type

4065 Skin fibroblast cell line

3466 Skin fibroblast cell line

3837 Skin fibroblast cell line

3365 Skin fibroblast cell line

2777 Skin fibroblast cell line

4756 Skin fibroblast cell line

3488 Skin fibroblast cell line

2775 Skin fibroblast cell line

4035 Skin fibroblast cell line

3822 Skin fibroblast cell line

2531 Skin fibroblast cell line

3074 Skin fibroblast cell line

3882 Skin fibroblast cell line

2887 Skin fibroblast cell line

1742 Skin fibroblast cell line

2699 Skin fibroblast cell line

2703 Skin fibroblast cell line

3264 gDNA

1900 gDNA

4307 gDNA

1550 gDNA

1899 gDNA

4714 gDNA

5394 gDNA

apatient skin fibroblast cell line identification number

3.4 Strategy for mutation analysis

Genomic DNA extracted from patient cell lines was used as the template for PCR

amplification of each of the 24 exons of PEX1.  Genomic DNA was chosen over

cDNA for the mutation analysis strategy to remove the possibility of biased

results due to unstable mRNA transcripts from one or both alleles.  (N.B. This

point is addressed again in Section 3.8, Discussion).  The PCR amplicons were

then subjected to either direct sequencing, or denaturing HPLC (DHPLC)



Chapter 3                                                                           Identification of mutations in Australasian CG1 patients

59

analysis. Due to cost considerations, sequencing of one strand only of a PCR

amplicon was used as a screening approach.  If the resultant sequence was of

high quality and was identical to the normal control patient sequences, this

sequence was accepted as sufficient.  Otherwise, sequencing of both amplicon

strands was undertaken.  The DHPLC analysis was only carried out on exons 2-8

and 20-24, as other exons showed complicated melt patterns (when analysed

using DHPLC software), or contained polymorphisms in exonic sequences or

flanking intronic regions.  These factors can complicate the interpretation of

DHPLC chromatograms.  Patient samples that showed a difference from the

normal control during the DHPLC analysis were sequenced to determine the

identity of any mutations present.  As part of this investigation, the Women’s and

Children’s Hospital in Adelaide, South Australia, used allele-specific

oligonucleotide analysis to screen patients for a number of common mutations

identified during the course of this study, and also to determine the frequency of

potential mutations or polymorphisms in normal populations.  A flowchart

summarising the strategy for mutation analysis is shown in Figure 3.1, and details

of the primers, product sizes, and annealing temperatures used for PCR

amplification are outlined in Table 3.2.   All exons were amplified in a similar

fashion, except exon 1, which used the GC RICH PCR system.  For every

patient, each exon and flanking intronic sequences were examined by at least

one method (direct sequencing or DHPLC analysis) in an effort to identify the full

complement of mutations in these patients.
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Fig 3.1: Flowchart outlining strategy for mutation analysis of PEX1.  Details

of the particular experimental techniques used in each section are outlined in the

text.  The ASO analysis section highlighted in green was performed by the

Women’s and Children’s Hospital, Adelaide, South Australia, as part of their

screening and research programs.

Identify potential mutation

Confirmation of mutation by
direct sequencing of second

PCR product

PCR of all PEX1 exons from genomic
DNA

Direct
sequencing

Subclone and
sequence to confirm

identity and determine
zygosity

ASO
analysis

Denaturing
HPLC
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Table 3.2: Primers used for amplification of PEX1 exons.

Exona Forward primer Reverse primer Amplico
n size
(bp)

Optimum
annealing
temp (°C)

1 CTTTGCGGCGCTAGGGTGGGCG GCGTCCCTGAGAGGCTTCGG 245 60
2 GCTTCATTAGCATCCACCAGC GTCAGCTTCAATATCCTAGACTAGTTA 488 60
3 CTTCTTATTTTCTAATATATGACACAG CATTCTTATAATTCAAAACCAACTCAG 272 55
4 GTGAATTGATCTTTTCGTCTGTTGG GAAGTTCTTTCATCATTCCTTTCTGG 411 60

5A^ GAAATGAATGTGCACTAATGAGC GAGGTTGAGATTTGCATACTCTG 449 55
5B^ GAGACATCTTGGGGTTTAACTG GCCACATAAAATTTCTCCCAAG 496 55
6 AGCAGCCTGCATGGACTGAGAC CAACTAGAAATCTTACAAAACGTG 338 55
7 CTTACACTTTATTAGGAAGATCAG TTTCACTATTCACATACTGTTCAC 323 55
8 TTTCATCTCTGTTTCAGTACTAAC GAACTTAATTGTGCTAAGGCATTC 384 55
9 CTGGATGGGTACATTGTTATTGTC AAGCTAGGCGTGAAGATAGAGAC 413 60

10 TGACACAGCAAGCCCCTTTCTC CATCAGTCTTATTCGTCATCAC 494 55
11 GTGGTTGCCACAATGACAGG GTGTCAGTGAGCACTTCCAG 429 60
12 CTAGTGCTTTCAAAAGGACAACCTG CAACTGTAGAATGCCATCAGGGG 396 55
13 TGGTCTGAGTTTGCAGTACCTC CGCATACTAACATTTCAGGTGG 577 51
14 GATGCCATGAAACCATCACCAC TGCCATCATCTTAGCTGGAAACAC 567 53
15 AGTGTTTCCAGCTAAGATGATGGC TCACACGGAGATTGGGCAAG 352 53
16 CTCATAACTTGCCCCATGAAGC GCAGATGAATGGTTGCCAGG 682 53
17 GCAACAAGCCATGAGAATATCC CTTCGATTCCACTTTGAGGAG 533 50
18-
19*

TTGCCAACTATGAAGCCTGATTC GTAAAGCTCACAAGGAAAGAGTGTAGC 454 54

20 CCAAGGAAGATAAATAGTAGGCTG TCTCTGCAAAACCCATATTCC 512 51
21 CTTGTATTGCTCTAATAGAATGCTATC ACTGCAACTTTACACCAACATATAGC 395 55
22 CTTGATGGTGGTTCTATAACACAGG CATGACTGAGTTAATGTGTTCTGGTC 541 60
23 CCAGAACACATTAACTCAGTCATGG CTCAATTTTGACTTCTGTACTTCTGAC 498 60
24 CAATCCATTATCTTTTGTTTTGTAATGGTA GATGTGATTTCATTTCTGGTTGAGCGG 679 60

a^ indicates exon 5 amplified in two overlapping products, * indicates exon 18 and

19 amplified as a single product including IVS18.

Shaded boxes indicate primer sequences published by Collins and Gould (1999).

Table 3.3: Sequencing primers used in direct sequence analysis of PEX1

exonic amplicons.

Exon Primer sequence (5’-3’) Forward/reverse

orientation

9 GCGTGAAGATAGAGACAATCC R

11 TGCCACAATGACAGGAAC F

14 CTGTCACTATAGATTTGTCAACCTG F
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3.5 Results

3.5.1 Amplification and analysis of PEX1 exons

The PCR conditions used for amplification of each PEX1 exon generated a

predominant product for each reaction, as shown in Figure 3.2.  For the purposes

of direct sequencing, PCR amplicons generated for each patient sample were

excised from the gel, to avoid interference from primer dimers, and DNA

extracted using the QIAquick gel extraction kit, as per Section 2.2.2.  Direct

sequencing of PCR amplicons was accomplished by using either the forward or

reverse amplification primers (Table 3.2) or a specific sequencing primer (Table

3.3).  Samples for DHPLC analysis were analysed directly from the PCR reaction

mix, as described in Section 2.2.17.

Fig 3.2: Amplification of PEX1 exons by PCR.  Genomic DNA from a normal

control patient was used as a template to PCR amplify the exons and flanking

intronic regions of PEX1, using Expand polymerase for all exons except exon 1,

where the GC RICH PCR system was used.  An aliquot from each reaction was

resolved on a 1% agarose gel and amplicon sizes compared to a DNA size

standard.  M, 1kb plus DNA ladder, with sizes of selected bands in bp.  Other

lane numbers refer to PEX1 exons.

  M     1        2      3       4      5A   5B       6      7       8       9     10      11      M

  M     12     13    14    15     16      17   18-19  20     21     22     23     24     M

Exon

Exon

500
200

500
200
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3.5.2 Mutations identified in PEX1

Through these analyses, twelve mutations were identified in this cohort of PBD

patients.  These mutations are listed in Table 3.4.  Mutation nomenclature follows

the recommendations outlined by den Dunnen & Antonarakis (2000).  For

simplicity, in this thesis, the mutations are referred to using the protein based

terminology.  Five mutations involving insertion or deletion of nucleotides in the

coding region were identified, including two mutations in exon 5, and one each in

exons 13, 14 and 18.  These mutations result in changes to the reading frame,

and lead to premature termination of the protein.  Two point mutations

introducing termination codons were detected, in exons 14 and 19.   Four point

mutations giving rise to non-conservative amino acid substitutions were also

found, in exons 14, 15 and 19.  A mutation presumed to affect the branchpoint

adenosine residue in IVS22 was also detected.  Fig 3.3 shows a diagrammatic

representation of the PEX1 gene and protein structure, with the relative positions

of the identified mutations.  Fig 3.4 contains the cDNA sequence and amino acid

translation of PEX1, with the exact positions of the mutations identified in this

study marked on the DNA sequence.  Finally, an amino acid alignment between

yeast (S.cerevisiae), mouse and human PEX1 proteins is presented in Fig 3.5,

with the degree of conservation between residues from these different species

indicated.  A detailed discussion of each of the identified mutations is presented

in the following sections, with references to these figures given within the text.  A

summary of patient genotypes and a discussion of the frequency and possible

molecular mechanisms leading to these mutations are presented at the end of

this chapter.
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Table 3.4: Mutations identified in Australasian CG1 PBD patients.

Mutation (cDNA)a Mutation (protein)b Exon affectedc

c.904delG A302fs 5

c.1108_1109insA I370fs 5

c.2097_2098insT I700fs 13

c.2392C>G R798G 14

c.2391_2392delTC S797fs 14

c.2368C>T R790X 14

c.2528G>A G843D 15

c.2916delA G973fs 18

c.2966T>C I989T 19

c.2993G>A R998Q 19

c.2992C>T R998X 19

IVS22-19A>G ?altered splicing n.d.

adel, deletion; ins, insertion, IVS, intervening sequence.
bfs, frameshift; X, termination codon.
cn.d., not determined.

Fig 3.3: Diagram of exon structure of PEX1 and encoded protein showing

position of identified mutations.  Mutations were identified in exons 5, 13, 14,

15, 18 and 19.  A mutation in IVS22 (highlighted with a black arrow) that may

affect splicing in the region of exon 23 was also identified.

AAA1 AAA2

~4kb0kb

  1     2     3     4             5               6     7    8    9   10  11   12   13    14   15   16   17  18  19  20 21  22   23  24

NH2 COOH



 65

 
            ATG TGG GGC AGC GAT CGC CTG GCG GGT GCT GGG GGA GGC GGG GCG GCA GTG ACT GTG GCC TTC ACC AAC GCT CGC 
             M   W   G   S   D   R   L   A   G   A   G   G   G   G   A   A   V   T   V   A   F   T   N   A   R 
 
                             100                                                 1   2     
            GAC TGC TTC CTC CAC CTG CCG CGG CGT CTC GTG GCC CAG CTG CAT CTG CTG CAG AAT CAA GCT ATA GAA GTG GTC 
             D   C   F   L   H   L   P   R   R   L   V   A   Q   L   H   L   L   Q   N   Q   A   I   E   V   V 
 
                                                                           200                                  
            TGG AGT CAC CAG CCT GCA TTC TTG AGC TGG GTG GAA GGC AGG CAT TTT AGT GAT CAA GGT GAA AAT GTG GCT GAA 
             W   S   H   Q   P   A   F   L   S   W   V   E   G   R   H   F   S   D   Q   G   E   N   V   A   E 
 
                                                                         2   3                              300 
            ATT AAC AGA CAA GTT GGT CAA AAA CTT GGA CTC TCA AAT GGG GGA CAG GTA TTT CTC AAG CCA TGT TCC CAT GTG 
             I   N   R   Q   V   G   Q   K   L   G   L   S   N   G   G   Q   V   F   L   K   P   C   S   H   V 
                                                                                     3   4 
            GTA TCT TGT CAA CAA GTT GAG GTG GAA CCC CTC TCA GCA GAT GAT TGG GAG ATA CTG GAG CTG CAT GCT GTT TCC 
             V   S   C   Q   Q   V   E   V   E   P   L   S   A   D   D   W   E   I   L   E   L   H   A   V   S 
 
                                          400                                                                   
            CTT GAA CAA CAT CTT CTA GAT CAA ATT CGA ATA GTT TTT CCA AAA GCC ATT TTT CCT GTT TGG GTT GAT CAA CAA 
             L   E   Q   H   L   L   D   Q   I   R   I   V   F   P   K   A   I   F   P   V   W   V   D   Q   Q 
 
                                       4   5                                500                                  
            ACG TAC ATA TTT ATC CAA ATT GTT GCA CTA ATA CCA GCT GCC TCT TAT GGA AGG CTG GAA ACT GAC ACC AAA CTC 
             T   Y   I   F   I   Q   I   V   A   L   I   P   A   A   S   Y   G   R   L   E   T   D   T   K   L 
 
                                                                                                            600 
            CTT ATT CAG CCA AAG ACA CGC CGA GCC AAA GAG AAT ACA TTT TCA AAA GCT GAT GCT GAA TAT AAA AAA CTT CAT 
             L   I   Q   P   K   T   R   R   A   K   E   N   T   F   S   K   A   D   A   E   Y   K   K   L   H 
 
            AGT TAT GGA AGA GAC CAG AAA GGA ATG ATG AAA GAA CTT CAA ACC AAG CAA CTT CAG TCA AAT ACT GTG GGA ATC 
             S   Y   G   R   D   Q   K   G   M   M   K   E   L   Q   T   K   Q   L   Q   S   N   T   V   G   I 
 
                                          700                                                                   
            ACT GAA TCT AAT GAA AAC GAG TCA GAG ATT CCA GTT GAC TCA TCA TCA GTA GCA AGT TTA TGG ACT ATG ATA GGA 
             T   E   S   N   E   N   E   S   E   I   P   V   D   S   S   S   V   A   S   L   W   T   M   I   G 
 
                                                                           800                                  
            AGC ATT TTT TCC TTT CAA TCT GAG AAG AAA CAA GAG ACA TCT TGG GGT TTA ACT GAA ATC AAT GCA TTC AAA AAT 
             S   I   F   S   F   Q   S   E   K   K   Q   E   T   S   W   G   L   T   E   I   N   A   F   K   N 
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            ATG CAG TCA AAG GTT GTT CCT CTA GAC AAT ATT TTC AGA GTA TGC AAA TCT CAA CCT CCT AGT ATA TAT AAC GCG 
             M   Q   S   K   V   V   P   L   D   N   I   F   R   V   C   K   S   Q   P   P   S   I   Y   N   A 
 
            

    TCA GCA ACC TCT GTT TTT CAT AAA CAC TGT GCC ATT CAT GTA TTT CCA TGG GAC CAG GAA TAT TTT GAT GTA GAG 
             S   A   T   S   V   F   H   K   H   C   A   I   H   V   F   P   W   D   Q   E   Y   F   D   V   E 
 
                                         1000                                                                   
            CCC AGC TTT ACT GTG ACA TAT GGA AAG CTA GTT AAG CTA CTT TCT CCA AAG CAA CAG CAA AGT AAA ACA AAA CAA 
             P   S   F   T   V   T   Y   G   K   L   V   K   L   L   S   P   K   Q   Q   Q   S   K   T   K   Q 
 
                                                                          1100                                  
            AAT GTG TTA TCA CCT GAA AAA GAG AAG CAG ATG TCA GAG CCA CTA GAT CAA AAA AAA ATT AGG TCA GAT CAT AAT 
             N   V   L   S   P   E   K   E   K   Q   M   S   E   P   L   D   Q   K   K   I   R   S   D   H   N 
 
                                                                                                           1200 
            GAA GAA GAT GAG AAG GCC TGT GTG CTA CAA GTA GTC TGG AAT GGA CTT GAA GAA TTG AAC AAT GCC ATC AAA TAT 
             E   E   D   E   K   A   C   V   L   Q   V   V   W   N   G   L   E   E   L   N   N   A   I   K   Y 
                                                             5   6  
            ACC AAA AAT GTA GAA GTT CTC CAT CTT GGG AAA GTC TGG ATT CCA GAT GAC CTG AGG AAG AGA CTA AAT ATA GAA 
             T   K   N   V   E   V   L   H   L   G   K   V   W   I   P   D   D   L   R   K   R   L   N   I   E 
 
                                         1300                                                                   
            ATG CAT GCC GTA GTC AGG ATA ACT CCA GTG GAA GTT ACC CCT AAA ATT CCA AGA TCT CTA AAG TTA CAA CCT AGA 
             M   H   A   V   V   R   I   T   P   V   E   V   T   P   K   I   P   R   S   L   K   L   Q   P   R 
 
                     6   7                                                1400                                  
            GAG AAT TTA CCT AAA GAC ATA AGT GAA GAA GAC ATA AAA ACT GTA TTT TAT TCA TGG CTA CAG CAG TCT ACT ACC 
             E   N   L   P   K   D   I   S   E   E   D   I   K   T   V   F   Y   S   W   L   Q   Q   S   T   T 
 
                                                                                       7   8               1500 
            ACC ATG CTT CCT TTG GTA ATA TCA GAG GAA GAA TTT ATT AAG CTG GAA ACT AAA GAT GGA CTG AAG GAA TTT TCT 
             T   M   L   P   L   V   I   S   E   E   E   F   I   K   L   E   T   K   D   G   L   K   E   F   S 
 
            CTG AGT ATA GTT CAT TCT TGG GAA AAA GAA AAA GAT AAA AAT ATT TTT CTG TTG AGT CCC AAT TTG CTG CAG AAG 
             L   S   I   V   H   S   W   E   K   E   K   D   K   N   I   F   L   L   S   P   N   L   L   Q   K 
 
                         8   9            1600                                                                   
            ACT ACA ATA CAA GTC CTT CTA GAT CCT ATG GTA AAA GAA GAA AAC AGT GAG GAA ATT GAC TTT ATT CTT CCT TTT 
             T   T   I   Q   V   L   L   D   P   M   V   K   E   E   N   S   E   E   I   D   F   I   L   P   F 
 
                                   9   10                               1700                                  
            TTA AAG CTG AGC TCT TTG GGA GGA GTG AAT TCC TTA GGC GTA TCC TCC TTG GAG CAC ATC ACT CAC AGC CTC CTG 
             L   K   L   S   S   L   G   G   V   N   S   L   G   V   S   S   L   E   H   I   T   H   S   L   L 

c.904delG

c.1108_1109 insA 
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                                                                                               1800 
            GGA CGC CCT TTG TCT CGG CAG CTG ATG TCT CTT GTT GCA GGA CTT AGG AAT GGA GCT CTT TTA CTC ACA GGA GGA 
             G   R   P   L   S   R   Q   L   M   S   L   V   A   G   L   R   N   G   A   L   L   L   T   G   G 
 
            10  11  

    AAG GGA AGT GGA AAA TCA ACT TTA GCC AAA GCA ATC TGT AAA GAA GCA TTT GAC AAA CTG GAT GCC CAT GTG GAG 
            K   G   S   G   K   S   T   L   A   K   A   I   C   K   E   A   F   D   K   L   D   A   H   V   E 
 
                                          11  12                                                             
            AGA GTT GAC TGT AAA GCT TTA CGA GGA AAA AGG CTT GAA AAC ATA CAA AAA ACC CTA GAG GTG GCT TTC TCA GAG 
             R   V   D   C   K   A   L   R   G   K   R   L   E   N   I   Q   K   T   L   E   V   A   F   S   E 
 
                                                                          2000                                  
            GCA GTG TGG ATG CAG CCA TCT GTT GTC CTG CTG GAT GAC CTT GAC CTC ATT GCT GGA CTG CCT GCT GTC CCG GAA 
             A   V   W   M   Q   P   S   V   V   L   L   D   D   L   D   L   I   A   G   L   P   A   V   P   E 
 
 
                                                                      12  13                               
            CAT GAG CAC AGT CCT GAT GCG GTG CAG AGC CAG CGG CTT GCT CAT GCT TTG AAT GAT ATG ATA AAA GAG TTT ATC 
             H   E   H   S   P   D   A   V   Q   S   Q   R   L   A   H   A   L   N   D   M   I   K   E   F   I 
 
            TCC ATG GGA AGT TTG GTT GCA CTG ATT GCC ACA AGT CAG TCT CAG CAA TCT CTA CAT CCT TTA CTT GTT TCT GCT 
             S   M   G   S   L   V   A   L   I   A   T   S   Q   S   Q   Q   S   L   H   P   L   L   V   S   A 
 
                                         2200                               13   14                                
            CAA GGA GTT CAC ATA TTT CAG TGC GTC CAA CAC ATT CAG CCT CCT AAT CAG GAA CAA AGA TGT GAA ATT CTG TGT 
             Q   G   V   H   I   F   Q   C   V   Q   H   I   Q   P   P   N   Q   E   Q   R   C   E   I   L   C 
 
                                                                          2300                                  
            AAT GTA ATA AAA AAT AAA TTG GAC TGT GAT ATA AAC AAG TTC ACC GAT CTT GAC CTG CAG CAT GTA GCT AAA GAA 
             N   V   I   K   N   K   L   D   C   D   I   N   K   F   T   D   L   D   L   Q   H   V   A   K   E 
 
                                                                                                           2400 
            ACT GGC GGG TTT GTG GCT AGA GAT TTT ACA GTA CTT GTG GAT CGA GCC ATA CAT TCT CGA CTC TCT CGT CAG AGT 
             T   G   G   F   V   A   R   D   F   T   V   L   V   D   R   A   I   H   S   R   L   S   R   Q   S 
                              14  15                    
            ATA TCC ACC AGA GAA AAA TTA GTT TTA ACA ACA TTG GAC TTC CAA AAG GCT CTC CGC GGA TTT CTT CCT GCG TCT 
             I   S   T   R   E   K   L   V   L   T   T   L   D   F   Q   K   A   L   R   G   F   L   P   A   S 
 
                                         2500                                                                   
            TTG CGA AGT GTC AAC CTG CAT AAA CCT AGA GAC CTG GGT TGG GAC AAG ATT GGT GGG TTA CAT GAA GTT AGG CAG 
             L   R   S   V   N   L   H   K   P   R   D   L   G   W   D   K   I   G   G   L   H   E   V   R   Q 
 
 
 

c.2097_2098 insT 

c.2368 C>T
c.2392 C>G 
c.2391_2392delTC 

c.2528 G>A 
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                                                    15   16                2600                                  
            ATA CTC ATG GAT ACT ATC CAG TTA CCT GCC AAG TAT CCA GAA TTA TTT GCA AAC TTG CCC ATA CGA CAA AGA ACA 
             I   L   M   D   T   I   Q   L   P   A   K   Y   P   E   L   F   A   N   L   P   I   R   Q   R   T 
 
                                                                                                           2700 
            GGA ATA CTG TTG TAT GGT CCG CCT GGA ACA GGA AAA ACC TTA CTA GCT GGG GTA ATT GCA CGA GAG AGT AGA ATG 
             G   I   L   L   Y   G   P   P   G   T   G   K   T   L   L   A   G   V   I   A   R   E   S   R   M 
 
                                 16  17               

     AAT TTT ATA AGT GTC AAG GGG CCA GAG TTA CTC AGC AAA TAC ATT GGA GCA AGT GAA CAA GCT GTT CGG GAT ATT 
             N   F   I   S   V   K   G   P   E   L   L   S   K   Y   I   G   A   S   E   Q   A   V   R   D   I 
 
                   17  18               2800                                                                   
            TTT ATT AGA GCA CAG GCT GCA AAG CCC TGC ATT CTT TTC TTT GAT GAA TTT GAA TCC ATT GCT CCT CGG CGG GGT 
             F   I   R   A   Q   A   A   K   P   C   I   L   F   F   D   E   F   E   S   I   A   P   R   R   G 
 
                                                                          2900                                  
            CAT GAT AAT ACA GGA GTT ACA GAC CGA GTA GTT AAC CAG TTG CTG ACT CAG TTG GAT GGA GTA GAA GGC TTA CAG 
             H   D   N   T   G   V   T   D   R   V   V   N   Q   L   L   T   Q   L   D   G   V   E   G   L   Q 
 
          18  19                                                                                           3000 
            GGT GTT TAT GTA TTG GCT GCT ACT AGT CGC CCT GAC TTG ATT GAC CCT GCC CTG CTT AGG CCT GGT CGA CTA GAT 
             G   V   Y   V   L   A   A   T   S   R   P   D   L   I   D   P   A   L   L   R   P   G   R   L   D 
                                                19   20              
            AAA TGT GTA TAC TGT CCT CCT CCT GAT CAG GTG TCA CGT CTT GAA ATT TTA AAT GTC CTC AGT GAC TCT CTA CCT 
             K   C   V   Y   C   P   P   P   D   Q   V   S   R   L   E   I   L   N   V   L   S   D   S   L   P 
 
                                         3100                                                                   
            CTG GCA GAT GAT GTT GAC CTT CAG CAT GTA GCA TCA GTA ACT GAC TCC TTT ACT GGA GCT GAT CTG AAA GCT TTA 
             L   A   D   D   V   D   L   Q   H   V   A   S   V   T   D   S   F   T   G   A   D   L   K   A   L 
 
                                                                          3200      20   21                     
            CTT TAC AAT GCC CAA TTG GAG GCC TTA CAT GGA ATG CTG CTC TCG AGT GGA CTC CAG GAT GGA AGT TCC AGC TCT 
             L   Y   N   A   Q   L   E   A   L   H   G   M   L   L   S   S   G   L   Q   D   G   S   S   S   S 
 
                                                                                                           3300 
            GAT AGT GAC CTA AGT CTG TCT TCA ATG GTC TTT CTT AAC CAT AGC AGT GGC TCT GAC GAT TCA GCT GGA GAT GGA 
             D   S   D   L   S   L   S   S   M   V   F   L   N   H   S   S   G   S   D   D   S   A   G   D   G 
 
            GAA TGT GGC TTA GAT CAG TCC CTT GTT TCT TTA GAG ATG TCC GAG ATC CTT CCA GAT GAA TCA AAA TTC AAT ATG 
             E   C   G   L   D   Q   S   L   V   S   L   E   M   S   E   I   L   P   D   E   S   K   F   N   M 
  
 
 
 
 
 
 
 

c.2916delA 

c.2966 T>C 
c.2992 C>T 
c.2993 G>A 
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                                         3400                                               21   22                
            TAC CGG CTC TAC TTT GGA AGC TCT TAT GAA TCA GAA CTT GGA AAT GGA ACC TCT TCT GAT TTG AGC TCA CAA TGT 
             Y   R   L   Y   F   G   S   S   Y   E   S   E   L   G   N   G   T   S   S   D   L   S   S   Q   C 
 
                                                                          3500                                  
            CTC TCT GCA CCA AGC TCC ATG ACT CAG GAT TTG CCT GGA GTT CCT GGG AAA GAC CAG TTG TTT TCA CAG CCT CCA 
             L   S   A   P   S   S   M   T   Q   D   L   P   G   V   P   G   K   D   Q   L   F   S   Q   P   P 
 
                                                                                                           3600 
            GTG TTA AGG ACA GCT TCA CAA GAG GGT TGC CAA GAA CTT ACA CAA GAA CAA AGA GAT CAA CTG AGG GCA GAT ATC 
             V   L   R   T   A   S   Q   E   G   C   Q   E   L   T   Q   E   Q   R   D   Q   L   R   A   D   I 
                                                        22   23                  
            AGT ATT ATC AAA GGC AGA TAC CGG AGC CAA AGT GGA GAG GAC GAA TCC ATG AAC CAA CCA GGA CCA ATC AAA ACC 
             S   I   I   K   G   R   Y   R   S   Q   S   G   E   D   E   S   M   N   Q   P   G   P   I   K   T 
 
                                         3700                                                                   
            AGA CTG GCT ATT AGT CAG TCA CAT TTA ATG ACT GCA CTT GGT CAC ACA AGA CCA TCC ATT AGT GAA GAT GAC TGG 
             R   L   A   I   S   Q   S   H   L   M   T   A   L   G   H   T   R   P   S   I   S   E   D   D   W 
 
                               23   24                                        3800                                  
            AAG AAT TTT GCT GAG CTA TAT GAA AGC TTT CAA AAT CCA AAG AGG AGA AAA AAT CAA AGT GGA ACA ATG TTT CGA 
             K   N   F   A   E   L   Y   E   S   F   Q   N   P   K   R   R   K   N   Q   S   G   T   M   F   R 
 
            CCT GGA CAG AAA GTA ACT TTA GCA TAA 
             P   G   Q   K   V   T   L   A   * 
 
 

 

Fig 3.4: cDNA sequence and amino acid translation of PEX1, showing position of mutations identified in this study.  Exons 

are numbered (1-24); exon boundaries are indicated by arrowheads.  Nucleotides are numbered in multiples of 100.  The positions 

of mutations are distinguished by a bar over the affected base(s), or by an arrow pointing to the position of insertion/deletion.  The 

adjacent margin gives details of the mutation.  If there is more than one mutation in close proximity, the bar/arrowhead and details 

of the mutation are colour-coded. 
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Human PEX1  1    MWGSDRLAGAGGGGAAVTVAFTNARDCFLHLPRRLVAQLHLLQNQAIEVVWSHQPAFLSW 60
Mouse PEX1  1    MWSSDRLAGAGSGGAVVTVAFTNARDCFLHLPRRLVAQLHLLQNQAIEVASDHQPTYLSW 60
Yeast PEX1  1    MTTTKRLKFENLRIQFSNAIVGNFLRLPHSIINVLESTNYAIQEFGIAVHSHNSDIPIVH 60
Clustal Co  1    *  :.**   .      .. . *       : . * :  : :*: .* *   :.   :   16

Human PEX1  61   VEGR-HFSDQGENVAEINRQVGQKLGLSNGG---QVFLKPCSHVVSCQQVEVEPLSADDW 116
Mouse PEX1  61   VEGR-HFNDQSENVAEINRQVGQKLGLSSGD---QVFLRPCSHVVSCQQVEVEPLSADDW 116
Yeast PEX1  61   LGWDGHDSGSSENVVLINPVLATVYDLNQKSPLVDLYIQRYDHTHLATEVYVTPETSDDW 120
Clustal Co  17   :    * ....***. **  :.   .*.. .   :::::  .*.  . :* * * ::*** 40

Human PEX1  117  EILELHAVSLEQ-HLLDQIRIVFPKAIFPVWVDQQTYIFIQIVALIPAASYGRLETDTKL 175
Mouse PEX1  117  EILELHAISLEQ-HLLDQIRIVFPKAVVPIWVDQQTYIFIQIVTLMPAAPYGRLETNTKL 175
Yeast PEX1  121  EIIDANAMRFQNGEILHQTRIVTPGETLICYLEG-IVTKFKIDRVEPSMKSARITDGSLV 179
Clustal Co  41   **:: :*: ::: .:*.* *** *   .  :::      ::*  : *:   .*:  .: : 70

Human PEX1  176  LIQPKTRRAKENTFSKADAEYKKLHSYGRDQKGMMKELQTKQLQSNTVGITESNENESEI 235
Mouse PEX1  176  LIQPKTRQAKESTFPKEGDAHGQVHSYGREQKGLSKELQTRQLHTNSEGITASNGRDPKV 235
Yeast PEX1  180  VVAPKVNKTRL--------V-KA--EYGHSNKTILKNGAIQLLKKVILRSTVCKMD---- 224
Clustal Co  71   :: **..:::               .**:.:* : *:   : *:.     * .:       90

Human PEX1  236  PVDSSSVASLWTMIGSIFSFQSEKKQETSWGLTEINAFKNMQSKVVPLDNIFRVCKSQPP 295
Mouse PEX1  236  PG-GPLKPSWWAVLGSMLSFGPDSKQESAWGSLELGAFKNMQSQAAPLEGTFRVCQVQPP 294
Yeast PEX1  224  ---------------------------------------------FPKDNLFVVYISDG- 238
Clustal Co  90                                                 * :. * *   :   95

Human PEX1  296  SIYNASATSVFHKHCAIHVFPWDQEYFDVEPSFTVTYGKLVKLLSPKQQQSKTKQNVLSP 355
Mouse PEX1  295  SARTTTATSVFHKHCTAHVFPWDQEYFDVEPSFTVTYGKLVKLHSPKQQQDKSKQGVLLP 354
Yeast PEX1  238  -----------------AQLPSQKG-----------YASIVKCSLRQSKKSDS--D---- 264
Clustal Co  95                      :* ::            *..:**    :.::..:  .     107

Human PEX1  356  EKEKQMSEPLDQKKIRSDHNEEDEKACVLQVVWNGLEELNNAIKYTKNVEVLHLGKVWIP 415
Mouse PEX1  355  DKEKQLSKSPDHKQISSNRSEEAAEACVLKVVWNGLEELKNATEFTESLELLHRGKVWIP 414
Yeast PEX1  265  NKSVGIPSKKIGVFIKCDSQIPENHIALSSHLWDAFFTHP-MNGAKIKLEFLQMNQANII 323
Clustal Co  108  :*.  :..      * .: .    . .: . :*:.:         . .:*.*: .:. *  123

Human PEX1  416  DDLRKRLNIEMHAVVRITPVEVTPKIPRSLKLQPRENLPKDISEEDIKTVFYSWLQQSTT 475
Mouse PEX1  415  DDLRKRLNIEMHAVVRITPLETTPKIPRSLKLQPRENLPKDVNEETIKTVFSSWVQQSAT 474
Yeast PEX1  324  SGRNATVNIKYFG----------------------KDVPTKSGDQYSKLLGGSLLTN--N 359
Clustal Co  123  .. .  :**: ..                      :::*.. .::  * :  * : :  . 138

Human PEX1  476  TMLPLVISEEEFIKLETKDGLKEFSLSIVHSWEKEKD--KNIFLLSPNLLQKTTIQVLLD 533
Mouse PEX1  475  TMLPLVISKEERIKLEIKDGLREFSLSTVHSQEKEKEEGKTVFVLSSILLQKISVQVLLE 534
Yeast PEX1  359  -----LILPTEQIIIEIKKGESEQQLCNLNEISNE------------------SVQWKVT 396
Clustal Co  138       :*   * * :* *.*  * .*. ::. .:*                  ::*  :  156

Human PEX1  534  PMVKEENSEEIDFILP-FLKLSSLGGVNSLGVSSLEHITHSLLGRPLSRQLMSLVAGLRN 592
Mouse PEX1  535  PMIKEEQSAEIDFLLP-SLTLSSLGGVSALGASAMEHITHSLLGRPLSRQLMALVAGLRN 593
Yeast PEX1  397  QMGKEEVKDIIERHLPKHYHVKETGEVSRTSKDEDDFITVNSIKKEMVNYLTSPIIATP- 455
Clustal Co  156   * *** .  *:  **    :.. * *.  . .  :.** . : : : . * : : .    176

Human PEX1  593  GALLLTGGKGSGKSTLAKAICKEAFDKLDAHVERVDCKALRGKR-LENIQKTLEVAFSEA 651
Mouse PEX1  594  GALLITGGKGSGKSTFAKAICKEAQDTLDARVETVDCKALRGKR-LESIQKALEVAFSEA 652
Yeast PEX1  455  -AIILDGKQGIGKTRLLKELINEVEKDHHIFVKYADCETLHETSNLDKTQKLIMEWCSFC 514
Clustal Co  176   *::: * :* **: : * : :*. .  .  *: .**::*: .  *:. ** :    * . 205

Human PEX1  652  VWMQPSVVLLDDLDLIAGLPAVPEHEHSPDAVQS---QRLAHALNDMIKEFISMGSLVAL 708
Mouse PEX1  653  AWRQPSVILLDDLDLIAGLPSVPEQEHSPEAVQS---QRLAHALNDMIKEFVSTGSLVAL 709
Yeast PEX1  515  YWYGPSLIVLDNVEALFGKPQANDGDPSNNGQWDNASKLLNFFINQVTKIFNKDNKRIRV 574
Clustal Co  205   *  **:::**::: : * * . : : * :.  .   : * . :*:: * * . .. : : 233

Human PEX1  709  IATSQSQQSLHPLLVSAQGVHIFQCVQHIQPPNQEQRCEILCNVIKNKLDCDINKFTDLD 768
Mouse PEX1  710  IATSQLQQSLHPSLVSAQGIHTFQCVQHLQPPNPEQRCEILHSVVKNKLGCDISNFPDLD 769
Yeast PEX1  575  LFSGKQKTQINPLLFDK---HFVSETWSLRAPDKHARAKLLEYFFSKNQIMKLN--RDLQ 629
Clustal Co  234  : :.: : .::* *..    * .. .  ::.*: . *.::*  ...::   .:.   **: 256

Human PEX1  769  LQHVAKETGGFVARDFTVLVDRAIHSRLSRQSISTREKLVLTTLDFQKALRGFLPASLRS 828
Mouse PEX1  770  LQCIAKDTEAFVARDFTVLVDRAIHSSLSRQHSSSREDLTLTTSDFQKALRGFLPASLRN 829
Yeast PEX1  630  FSDLSLETEGFSPLDLEIFTEKIFYDLQLERDCDN----VVTRELFSKSLSAFTPSALRG 685
Clustal Co  257  :. :: :* .* . *: ::.:: ::.   .:  ..    .:*   *.*:* .* *::**. 283

Human PEX1  829  VNLHKPRDLGWDKIGGLHEVRQILMDTIQLPAKYPELFANLPIRQRTGILLYGPPGTGKT 888
Mouse PEX1  830  VNLHKPRDLGWDKIGGLHEVRQILMDTIQLPAKYPELFANLPIRQRTGILLYGPPGTGKT 889
Yeast PEX1  686  VKLTKETNIKWGDIGALANAKDVLLETLEWPTKYEPIFVNCPLRLRSGILLYGYPGCGKT 745
Clustal Co  284  *:* *  :: *..**.* :.:::*::*:: *:**  :*.* *:* *:****** ** *** 326
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Human PEX1  889  LLAGVIARESRMNFISVKGPELLSKYIGASEQAVRDIFIRAQAAKPCILFFDEFESIAPR 948
Mouse PEX1  890  LLAGVVARESGMNFISIKGPELLSKYIGASEQAVRDVFIRAQAAKPCILFFDEFESIAPR 949
Yeast PEX1  746  LLASAVAQQCGLNFISVKGPEILNKFIGASEQNIRELFERAQSVKPCILFFDEFDSIAPK 805
Clustal Co  327  ***..:*::. :****:****:*.*:****** :*::* ***:.**********:****: 378

Human PEX1  949  RGHDNTGVTDRVVNQLLTQLDGVEGLQGVYVLAATSRPDLIDPALLRPGRLDKCVYCPPP 1008
Mouse PEX1  950  RGHDNTGVTDRVVNQLLTQLDGVEGLQGVYVLAATSRPDLIDPALLRPGRLDKCVYCPPP 1009
Yeast PEX1  806  RGHDSTGVTDRVVNQLLTQMDGAEGLDGVYILAATSRPDLIDSALLRPGRLDKSVICNIP 865
Clustal Co  379  ****.**************:**.***:***:***********.**********.* *  * 431

Human PEX1  1009 DQVSRLEILNVLSDS---------LPLADDVDLQHVASVTDSFTGADLKALLYNAQLEAL 1059
Mouse PEX1  1010 DQVSRLEILTVLSKS---------LALADDVDLQHVASVTDSFTGADLKALLYNAQLEAL 1060
Yeast PEX1  866  TESERLDILQAIVNSKDKDTGQKKFALEKNADLKLIAEKTAGFSGADLQGLCYNAYLKSV 925
Clustal Co  431   : .**:** .: .*         :.* .:.**: :*. * .*:****:.* *** *::: 463

Human PEX1  1060 HGMLLSSGLQDGSSSSDSDLSLSSMVFLNHSSGSDDSAGDGECGLDQSLVSLEMSEILPD 1119
Mouse PEX1  1061 QGRLLPSGLPDGGSSSDSDLSLSSMVFLNHSSGSDDSAGDGECGLEQSLLSLEMSEILPD 1120
Yeast PEX1  926  H-------------------------------------------R--WLSAADQSEVVPG 940
Clustal Co  464  :                                               * : : **::*. 472

Human PEX1  1120 ESKFNMYRLYFGSSYESELGNGTSSDLSSQCLSAPSSMTQDLPGVPGKDQLFSQPPVLRT 1179
Mouse PEX1  1121 ESKFNMYRLYFGSSYESELGNGTPSDLSSHCLSAPSSVTQDLPAAPGKDPLFTQHPVFRT 1180
Yeast PEX1  941  NDNIEYF-------------------------------S-IN------------------ 950
Clustal Co  473  :.::: :                               :                      478

Human PEX1  1180 ASQEGCQELTQEQRDQLRADISIIKGRYRSQSGEDESMNQPGPIKTRLAISQSHLMTALG 1239
Mouse PEX1  1181 PSQEGCQDLTQEQRDQLRAEISIIKGRYRSQSGEDESLNQPGPIKTTFAISQAHLMTALA 1240
Yeast PEX1  950  -------EHGRREENRLR-----LKTLLQQDVVHETKTSTSAASELTAVVTINDLLEACQ 998
Clustal Co  478         :  :.:.::**     :*   :.:  .: . . ... :   .::  .*: *   496

Human PEX1  1240 HTRPSISEDDWKNFAELYESFQNPKRRKNQSG-TMFRPGQKVTLA 1283
Mouse PEX1  1241 HTRPSISEDEGKEFAELYENFQNPKKRKNQSG-TVFRTGQKVTLA 1284
Yeast PEX1  999  ETKPSISTSELVKLRGIYDRFQKDRNGEMPNGENSIDIGSRLSLM 1043
Clustal Co  496  .*:**** .:  ::  :*: **: :. :  .* . :  *.:::*  520

Fig 3.5: Amino acid alignment of PEX1 from yeast (S.cerevisiae), mouse,

and human.  Colour code indicates degree of conservation between amino

acids. *, residues identical at this point; :, indicates strong conservation; .,

moderate conservation; no symbol indicates a non-conserved residue.  Exon

boundaries for the human sequence are indicated by arrowheads and exons are

numbered. The positions of the AAA1 (single line) and AAA2 (double line)

domains are indicated.
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3.5.3 Missense mutations in PEX1

G843D

One of the original mutations to be identified in CG1 patients (Portsteffen et al.,

1997; Reuber et al., 1997), the G843D mutation, is situated at the beginning of

the second AAA domain of the PEX1 protein (Fig 3.3 and 3.5).  The G843D

mutation was also identified in this Australasian cohort of patients.  As shown in

Fig 3.4, the mutation at the cDNA level is a G>A transition at nucleotide 2528

(located in exon 15), and results in the substitution of aspartic acid for glycine at

codon 843.  Fig 3.6 shows representative sequence chromatograms from the

region of exon 15 encompassing the G843D mutation site, showing the position

of the nucleotide transition. The sequence chromatograms are from subcloned

exon 15 PCR product generated from a patient heterozygous for the G843D

mutation, and show the sequence of the wild-type and mutated alleles.  This is a

non-conservative amino acid substitution, in which an acidic residue is

substituted for a small non-polar residue. The G843D mutation is present at a

frequency of approximately 19% in the Australasian CG1 patient cohort

described in this study (see Section 3.6 and Table 3.5 for a discussion of this

later in the chapter).

       

Fig 3.6: Sequence chromatograms showing the nucleotide transition

resulting in the G843D mutation.  Exon 15 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts. Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

A B
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R798G

In collaboration with Tamara Allen in our laboratory, a mutation at position 2392

of the PEX1 cDNA (exon 14) which resulted in a C>G transversion, was identified

in a single patient (Fig 3.4).  This transversion results in the substitution of glycine

for an arginine residue at amino acid 798 in the PEX1 protein (R798G).  This

residue is located at the end of the first AAA cassette (Fig 3.3) in a moderately

conserved region of the protein (Fig 3.5), and results in the substitution of a small

non-polar amino acid for a basic amino acid.  This mutation occurs at a CpG

dinucleotide but does not conform to a mutation expected to occur from

methylation-mediated deamination (Antonarakis et al., 2001). Fig 3.7 shows

representative sequence chromatograms from the region of exon 14

encompassing the R798G mutation site, showing the position of the nucleotide

transversion. The sequence chromatograms are from subcloned exon 14 PCR

product generated from a patient heterozygous for the R798G mutation, and

represent the wild-type (A) and mutated (B) alleles, respectively.

Fig 3.7: Sequence chromatograms showing the nucleotide transition

resulting in the R798G mutation.  Exon 14 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts. Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

A B
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I989T

A mutation, occurring in exon 19 at position 2966 of the cDNA (Fig 3.4), and

resulting in a T>C transition, was identified in a single patient.  This mutation

results in the substitution of the hydrophilic amino acid threonine for the

hydrophobic amino acid isoleucine, at residue 989 in the PEX1 protein.  This

region of the PEX1 protein is highly conserved, and corresponds to the end of the

second AAA domain (Fig 3.3 and 3.5).   Fig 3.8 shows representative sequence

chromatograms from the region of exon 14 encompassing the I989T mutation

site, showing the position of the nucleotide transition.  The sequence

chromatograms are from subcloned exon 18-19 PCR product generated from a

patient heterozygous for the I989T mutation, and represent the wild-type (A) and

mutated (B) allele, respectively.

                    

Fig 3.8: Sequence chromatograms showing the nucleotide transition

resulting in the I989T mutation.  Exon 18-19 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts.  Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

A B
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R998Q

A mutation in exon 19, at position 2993 of the cDNA (Fig 3.4), resulting in a G>A

transition, was identified in a single patient.  This transition results in the

substitution of glutamine for an arginine residue at amino acid 998 in the PEX1

protein.  This residue is located at the end of the second AAA cassette (Fig 3.3)

in a highly conserved region of the protein (Fig 3.5), and results in the

substitution of an acidic amino acid for a basic amino acid. This mutation occurs

at a CpG dinucleotide and conforms to a mutation expected to occur from

methylation-mediated deamination (Antonarakis et al., 2001).   Fig 3.9 shows

representative sequence chromatograms from the region of exon 19

encompassing the R998Q mutation site, showing the position of the nucleotide

transition. The sequence chromatograms are from subcloned exon 18-19 PCR

product generated from a patient heterozygous for the R998Q mutation, and

represent the wild-type (A) and mutated (B) allele, respectively.

Fig 3.9: Sequence chromatograms showing the nucleotide transition

resulting in the R998Q mutation.  Exon 18-19 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts. Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

A B
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3.5.4 Mutations introducing premature termination codons

R790X

A mutation in exon 14, at position 2368 of the cDNA, which results in a G>A

transition (see Fig 3.4), was identified in a single patient.  This transition results in

the generation of a termination codon (TGA) in place of an arginine residue

(CGA) at amino acid 790 in the PEX1 protein.  This residue is located at the end

of the first AAA cassette in a moderately conserved region of the protein (Fig

3.5).  Fig 3.10 shows representative sequence chromatograms from the region of

exon 14 encompassing the R790X mutation site, showing the position of the

nucleotide transition. The sequence chromatograms are from subcloned exon 14

PCR product generated from a patient heterozygous for the R790X mutation, and

represent the wild-type (A) and mutated (B) allele, respectively.  This mutation

occurs at a CpG dinucleotide and conforms to a mutation expected to occur from

methylation-mediated deamination (Antonarakis et al., 2001).

       

Fig 3.10: Sequence chromatograms showing the nucleotide transition

resulting in the R790X mutation.  Exon 14 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts.  Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

A B
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R998X

A mutation at position 2992 of the cDNA (exon 19; see Fig 3.4), which results in a

C>T transition, was identified in a single patient.  This transition results in the

generation of a termination codon (TGA) in place of an arginine residue (CGA) at

amino acid 998 in the PEX1 protein.  This residue is located at the end of the

second AAA cassette in a highly conserved region of the protein (Fig 3.5).  This

mutation occurs at a CpG dinucleotide and conforms to a mutation expected to

occur from methylation-mediated deamination (Antonarakis et al., 2001).  This is

also the second mutation identified in codon 998, and marks this site as a

potentially hypermutable region of PEX1 . Fig 3.11 shows representative

sequence chromatograms from the region of exon 19 encompassing the R998X

mutation site, showing the position of the nucleotide transition. The sequence

chromatograms are from subcloned exon 18-19 PCR product generated from a

patient heterozygous for the R998X mutation, and represent the wild-type (A) and

mutated (B) allele, respectively.

    

Fig 3.11: Sequence chromatograms showing the nucleotide transition

resulting in the R998X mutation.  Exon 18-19 of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts.   Panel A, representative wild type sequence

chromatogram.  Panel B, sequence chromatogram of mutated allele.  The

nucleotide affected by the mutation is underlined.

BA
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3.5.5 Mutations altering the reading frame of PEX1

A302fs

A single nucleotide deletion in exon 5, at position 904 of the cDNA (Fig 3.4), was

identified in a single patient.  The G nucleotide deletion at this position results in

a shift in the PEX1 reading frame, generating a premature termination codon

prior to the region of DNA encoding the functional domains of the PEX1 protein

(Fig 3.3).  The mutation is termed A302fs, as the first amino acid affected by the

frameshift is alanine-302.  Fig 3.12 (A, B) show representative sequence

chromatograms from the region of exon 5 encompassing the A302fs mutation

site. The sequence chromatograms are from subcloned exon 5 PCR product

generated from a patient heterozygous for the A302fs mutation, and represent

the wild-type (A) and mutated (B) allele, respectively.  Fig 3.12 (C, D) also

outlines the effect of the frameshift mutation on the reading frame of PEX1,

showing the translation stop codon that is introduced 23 codons downstream.

I370fs

A single nucleotide insertion in exon 5, at position 1108_1109 of the cDNA (Fig

3.4) was identified in a single patient.  The mutation was identified initially by

DHPLC screening, and characterised by direct sequencing of an exon 5 PCR

product.  The insertion of an A nucleotide at this point results in disruption of the

reading frame, and generates a premature termination codon prior to the region

of the coding sequence corresponding to the functional regions of the PEX1

protein.  This mutation is termed I370fs as the first residue affected by the

frameshift is isoleucine-370.  Fig 3.13 (A, B) shows representative sequence

chromatograms encompassing the I370fs mutation site, corresponding to a

region of exon 5. The sequence chromatograms are from subcloned exon 5 PCR

product generated from a patient heterozygous for the I370fs mutation, and

represent the wild-type (A) and mutated (B) allele, respectively.  Fig 3.13 (C, D)

also outlines the effect of the frameshift mutation on the reading frame of PEX1,

showing the translation stop codon that is introduced one codon downstream.
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Fig 3.12: The A302fs mutation in exon 5 of PEX1.  A, B,  Exon 5 of PEX1 was

PCR amplified from patient genomic DNA and subcloned.  Multiple subclones

were sequenced to identify individual allelic transcripts. Panel A, wild type

sequence chromatogram, the deleted G nucleotide is underlined.  Panel B,

sequence chromatogram from mutated allele, solid triangle shows where G

nucleotide has been deleted.  C, D, Diagrammatic representation of the effect of

the A302fs mutation on the reading frame of PEX1.  Panel C, wild-type sequence

and amino acid translation of a portion of exon 5 is shown in black text.  The G

nucleotide affected by the A302fs mutation is marked in red, and is located at

position 904 of the PEX1 cDNA.  The first affected codon and amino acid are

highlighted with a green shaded box.  Panel D, sequence of the altered reading

frame (blue text) resulting from the A302fs mutation.  The translation stop codon

introduced 23 codons downstream of the deletion is marked in red text.

D

C      AAC GCG TCA GCA ACC TCT GTT TTT CAT AAA CAC TGT GCC
             N   A   S   A   T   S   V   F   H   K   H   C   A

            ATT CAT GTA TTT CCA TGG GAC CAG GAA TAT TTT GAT GTA
             I   H   V   F   P   W   D   Q   E   Y   F   D   V

     AAC GCG TCA CAA CCT CTG TTT TTC ATA AAC ACT GTG CCA
             N   A   S   Q   P   L   F   F   I   N   T   V   P

            TTC ATG TAT TTC CAT GGG ACC AGG AAT ATT TTG ATG TAG
             F   M   Y   F   H   G   T   R   N   I   L   M   *

A B
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Fig 3.13: The I370fs mutation in exon 5 of PEX1.  A, B,  Exon 5 of PEX1 was

PCR amplified from patient genomic DNA and subcloned.  Multiple subclones

were sequenced to identify individual allelic transcripts.  Panel A, wild type

sequence chromatogram; Panel B, sequence chromatogram from mutated allele.

The inserted A nucleotide is underlined.  C, D, Diagrammatic representation of

the effect of the I370fs mutation on the reading frame of PEX1.  Panel C, wild-

type sequence and amino acid translation of a portion of exon 5 is shown in black

text.  The first affected codon and amino acid are highlighted with a green

shaded box.  Panel D, sequence of the altered reading frame resulting from the

I370fs mutation. The inserted A nucleotide generated by the I370fs mutation is

marked in blue (in a larger font), and is located at position 1108_1109 of the

PEX1 cDNA.  The translation stop codon introduced one codon downstream of

the insertion is marked in red text.

CAA AAA AAA ATT AGG
 Q   K   K   I   R

CAA AAA AAA AAT TAG
 Q   K   K   N   *

C

D

BA
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I700fs

A single nucleotide insertion in exon 13, at position 2097_2098 of the cDNA (Fig

3.4), was identified in a number of patients.  This insertion of a T nucleotide at

this position causes a shift in the reading frame and generates a premature

termination codon in the coding region corresponding to the end of the first AAA

domain of the PEX1 protein.  The mutation is termed I700fs, as the first amino

acid affected by the frameshift is isoleucine-700.  (Note: this mutation has also

been referred to as the exon 13fs mutation (Collins & Gould, 1999; Maxwell et al.,

1999), and P740X (Wal ter  et al., 2001).  Representative sequence

chromatograms from the region of exon 13 encompassing the I700fs mutation

site are shown in Fig 3.14 (A, B). The sequence chromatograms are from

subcloned exon 13 PCR product generated from a patient heterozygous for the

I700fs mutation, and represent the wild-type (A) and mutated (B) allele,

respectively.  The effect of the frameshift mutation on the reading frame of PEX1

is outlined in Fig 3.14 (C, D), and shows the translation stop codon that is

introduced 41 codons downstream of the mutation site.  This mutation is present

at a frequency of approximately 35% in this Australasian cohort of patients (Table

3.5).

S797fs

A two-nucleotide deletion at position 2391_2392 of the cDNA (exon 14; see Fig

3.4) was identified in a single patient.  The deletion of a TC dinucleotide at this

point results in disruption of the reading frame, and introduction of a premature

termination codon in the region of PEX1 encoding the end of the first AAA

cassette in the PEX1 protein.  This mutation is termed S797fs as the first residue

affected by the frameshift is serine-797.  Fig 3.15 (A, B) shows representative

sequence chromatograms encompassing the S797fs mutation site,

corresponding to a region of exon 14.  Exon 14 PCR product generated from a

patient heterozygous for the S797fs mutation was subcloned, and sequences of

these subclones show the wild-type and deleted TC nucleotides at the mutation

site. A translational stop codon is introduced 36 codons downstream of the

mutation site, as shown in Fig 3.15 (C, D).
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Fig 3.14: The I700fs mutation in exon 13 of PEX1.  A, B,  Exon 13 of PEX1

was PCR amplified from patient genomic DNA and subcloned.  Multiple

subclones were sequenced to identify individual allelic transcripts. Panel A,

representative wild type sequence chromatogram.  Panel B, sequence

chromatogram of mutated allele.  The nucleotide affected by the mutation is

underlined.  C, D, Diagrammatic representation of the effect of the I700fs

mutation on the reading frame of PEX1.  Panel C, wild-type sequence and amino

acid translation of a portion of exon 13 is shown in black text. The first affected

codon and amino acid are highlighted with a green shaded box.  Panel D,

sequence of the altered reading frame resulting from the I700fs mutation. The

inserted T nucleotide generated by the I700fs mutation is marked in pink, and is

located at position 2097_2098 of the PEX1 cDNA.  The altered reading frame is

highlighted in blue text, and the translation stop codon introduced 41 codons

downstream of the insertion is marked in red text.

     AAA GAG TTT ATC TCC ATG GGA AGT TTG GTT GCA CTG ATT GCC ACA AGT CAG
             K   E   F   I   S   M   G   S   L   V   A   L   I   A   T   S   Q

      TCT CAG CAA TCT CTA CAT CCT TTA CTT GTT TCT GCT CAA GGA GTT CAC
       S   Q   Q   S   L   H   P   L   L   V   S   A   Q   G   V   H

      ATA TTT CAG TGC GTC CAA CAC ATT CAG CCT CCT
         I   F   Q   C   V   Q   H   I   Q   P   P

     AAA GAG TTT TAT CTC CAT GGG AAG TTT GGT TGC ACT GAT TGC CAC AAG TCA
             K   E   F   Y   L   H   G   K   F   G   C   T   D   C   H   K   S

      GTC TCA GCA ATC TCT ACA TCC TTT ACT TGT TTC TGC TCA AGG AGT TCA CAT
       V    S   A   I   S   T   S   F   T  C   F   C   S   R   S   S   H

      ATT TCA GTG CGT CCA ACA CAT TCA GCC TCC TAA
      I   S   V   R   P   T   H   S   A   S   *

D

C

A B



Chapter 3                                                                           Identification of mutations in Australasian CG1 patients

83

  

Fig 3.15: The S797fs mutation in exon 14 of PEX1.  A, B,  Exon 14 of PEX1

was PCR amplified from patient genomic DNA and subcloned.  Multiple

subclones were sequenced to identify individual allelic transcripts.  Panel A, wild

type sequence chromatogram, the deleted TC dinucleotide is underlined; Panel

B, sequence chromatogram of mutated allele, solid triangle shows where the TC

dinucleotide has been deleted.  C, D, Diagrammatic representation of the effect

of the S797fs mutation on the reading frame of PEX1 .  Panel C, wild-type

sequence and amino acid translation of a portion of exon 14 is shown in black

text.  The TC dinucleotide affected by the S797fs mutation is marked in red, and

is located at position 2391_2392 of the PEX1 cDNA.  The first affected codon

and amino acid are highlighted with a green shaded box.  Panel D, sequence of

the altered reading frame resulting from the S797fs mutation.  The altered

reading frame is highlighted in blue text, and the translation stop codon

introduced 36 codons downstream of the deletion is marked in red text.

     TCT CGA CTC TCT CGT CAG AGT ATA TCC ACC AGA GAA AAA TTA GTT TTA ACA
             S   R   L   S   R   Q   S   I   S   T   R   E   K   L   V   L   T

      ACA TTG GAC TTC CAA AAG GCT CTC CGC GGA TTT CTT CCT GCG TCT TTG CGA
       T   L   D   F   Q   K   A   L   R   G   F   L   P   A   S   L   R

      AGT GTC AAC CTG CAT
       S   V   N   L   H

     TCT CGA CTC TCG TCA GAG TAT ATC CAC CAG AGA AAA ATT AGT TTT AAC AAC
             S   R   L   S   S   E   Y   I   H   Q   R   K   I   S   F   N   N

     ATT GGA CTT CCA AAA GGC TCT CCG CGG ATT TCT TCC TGC GTC TTT GCG AAG
      I   G   L   P   K   G   S   P   R   I   S   S   C   V   F   A   K

      TGT CAA CCT GCA TAA
       C   Q   P   A   *

C

D

A B
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G973fs

Jointly with Tamara Allen in our laboratory, a single nucleotide deletion in exon

18, at position 2916 of the cDNA (Fig 3.4), was identified in a number of patients.

A shift in the reading frame, resulting in the introduction of a premature

termination codon in the region of PEX1 corresponding to the end of the second

AAA cassette, is caused by the deletion of an A nucleotide at this position.  The

mutation is termed G973fs, as the first amino acid affected by the frameshift is

glycine-973. Fig 3.16 (A, B) shows representative sequence chromatograms from

the region of exon 18 encompassing the G973fs mutation site. The sequence

chromatograms are from subcloned exon 18 PCR product generated from a

patient heterozygous for the G973fs mutation, and represent the wild-type (A)

and mutated (B) allele, respectively.  The effect of the frameshift mutation on the

reading frame of PEX1 is outlined in Fig 3.16 (C, D), showing the translation stop

codon that is introduced 17 codons downstream of the mutation site.  This

mutation is present at a frequency of approximately 15% in this Australasian

cohort of patients (Table 3.5).
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Fig 3.16: The G973fs mutation in exon 18 of PEX1.  A, B,  Exon 18-19 of

PEX1 was PCR amplified from patient genomic DNA and subcloned.  Multiple

subclones were sequenced to identify individual allelic transcripts.  Panel A, wild

type sequence chromatogram, A nucleotide affected by deletion is underlined;

Panel B, mutant sequence chromatogram, solid triangle shows where A

nucleotide has been deleted.  C, D, Diagrammatic representation of the effect of

the G973fs mutation on the reading frame of PEX1.  Panel C, wild-type sequence

and amino acid translation of a portion of exon 18 is shown in black text.  The A

nucleotide affected by the G973fs mutation is marked in red, and is located at

position 2916 of the PEX1 cDNA.  The first affected codon and amino acid are

highlighted with a green shaded box.  Panel D, sequence of the altered reading

frame resulting from the G973fs mutation.  The altered reading frame is

highlighted in blue text, and the translation stop codon introduced 17 codons

downstream of the deletion is marked in red text.

A B

     GGA GTA GAA GGC TTA CAG GGT GTT TAT GTA TTG GCT GCT
             G   V   E   G   L   Q   G   V   Y   V   L   A   A

            ACT AGT CGC CCT GAC TTG
             T   S   R   P   D   L

     GGA GTA GAG GCT TAC AGG GTG TTT ATG TAT TGG CTG CTA
             G   V   E   A   Y   R   V   F   M   Y   W   L   L

            CTA GTC GCC CTG ACT TGA
             L   V   A   L   T   *

C

D
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3.5.6 Mutations potentially altering splicing of PEX1 mRNA

IVS22-19A>G

A mutation at position IVS22 -19 of the PEX1 genomic sequence was identified in

a single patient.  This mutation was originally identified by DHPLC screening, and

subsequently characterised by direct sequencing of a PCR product

encompassing exon 23 and flanking intronic regions.  This A>G transition is

proposed to affect the branchpoint adenosine at this site.  A weak consensus for

the branchpoint in mammalian genes has been proposed as YNYURAC (where Y

= pyrimidine, N = any nucleotide, and R = purine).  The adenosine is an invariant

residue essential for the function of the branchpoint (Maquat, 1996).  The site of

the branchpoint is usually located 10-50 nucleotides from the splice acceptor site

(Antonarakis et al., 2001). The adenosine nucleotide mutated in this patient lies

within a weak context of this consensus sequence, and at an appropriate

distance from the splice site.  Mutation of this nucleotide could therefore

potentially disrupt splicing in this region of the PEX1 mRNA.  However, this could

not be verified at the mRNA level, as the only material available for analysis of

this patient (1550) was genomic DNA.  Representative sequence chromatograms

from the region of intron 22 encompassing the IVS22-19 mutation site, showing

the position of the nucleotide transition, are shown in Fig 3.17 (A, B).  The

sequence chromatograms are from subcloned PCR product generated from a

patient heterozygous for the IVS22-19 mutation and represent the wild-type (A)

and mutated (B) allele, respectively.  Fig 3.18 shows a portion of the sequence

surrounding the splice acceptor site for exon 23, incorporating the proposed

branchpoint region, and with the mutation site marked.  The patient exhibiting this

mutation (1550) is a compound heterozygote for the I700fs mutation, and apart

from the I700fs mutation and the IVS22-19 mutation, no other candidate disease-

causing mutations in coding sequences or associated intronic regions were

identified.
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Fig 3.17: Sequence chromatograms showing the nucleotide transition

resulting in the IVS22 -19 mutation.  Exon 23 and flanking intronic regions of

PEX1 were PCR amplified from patient genomic DNA and subcloned.  Multiple

subclones were sequenced to identify individual allelic transcripts. Panel A,

representative wild type sequence chromatogram.  Panel B, sequence

chromatogram of mutated allele.  The nucleotide affected by the mutation is

underlined.

Fig 3.18: Sequence surrounding the splice acceptor site for exon 23.

Lowercase letters denote intronic sequence, uppercase letters indicate coding

sequence.  The invariant AG for the splice acceptor site is highlighted in blue.

The weak consensus for the branchpoint sequence is shown in red text, with the

invariant adenosine in large font.  The IVS22 –19 mutation substitutes a G

nucleotide for the invariant adenosine, as indicated by the arrow. y = pyrimidine,

r = purine, n = any nucleotide.

A B

          g

ctcttcgtcaatttctttttttacttaagGAGGACGAATCCATGAAC
     ynyurac
                IVS22                                                             Exon 23
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3.6 Genotypes of Australasian CG1 patients

The results of these investigations have led to the identification of twelve

separate mutations in the Australasian cohort of patients described in this study.

Table 3.5 summarises the genotypes of the Australasian patients in this study.

Nine of these mutations occur only in a single patient.  In contrast, three

mutations, viz the G843D missense mutation, and the I700fs and G973fs

mutations, occur at frequencies of approximately 19%, 35% and 15%,

respectively, in the patient cohort investigated.  These three frequent mutations

are highlighted in bold text in the table.  Table 3.5 also shows that a number of

patients have one allele for which the mutation remains unidentified, despite all

exons being screened by at least one method (DHPLC or direct sequencing).

The range of mutations identified in this study encompass those that truncate the

expressed protein (frameshift mutations and mutations introducing a premature

termination codon), mutations causing amino acid substitutions and a mutation

presumed to alter the splicing of the PEX1 mRNA.  Table 3.5 shows that the

patients in this cohort harbour various combinations of these mutations.
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Table 3.5: Genotypes of a cohort of Australasian CG1 patients.

Allele 1a Allele 2aPatient

Mutation (cDNA) Mutation

(protein)

Mutation (cDNA) Mutation

(protein)

4065 c.2097_2098insT I 700fs c.2097_2098ins T I700fs

3466 c.2097_2098insT I 700fs c.2916delA G973fs

3837 c.2097_2098insT I 700fs c.2916delA G973fs

3365 c.2097_2098insT I 700fs c.2916delA G973fs

3264 c.2097_2098insT I 700fs c.2916de A G973fs

1900 c.2097_2098insT I 700fs c.2916delA G973fs

2777 c.2097_2098insT I 700fs c.2528G>A G843D

4756 c.2097_2098insT I 700fs c.2528G>A G843D

3488 c.2097_2098insT I 700fs c.2528G>A G843D

4307 c.2097_2098insT I 700fs ? ?

2775 c.2097_2098insT I 700fs ? ?

4035 c.2097_2098insT I 700fs c.904delG A302fs

3822 c.2097_2098insT I 700fs c.1108_1109insA I370fs

2531 c.2097_2098insT I 700fs ? ?

1550 c.2097_2098insT I 700fs IVS22-19A>G ?altered splicing

1899 c.2097_2098insT I 700fs ? ?

3074 c.2528G>A G843D c.2916delA G973fs

3882 c.2528G>A G843D c.2368C>T R790X

2887 c.2528G>A G843D c.2392C>G R798G

1772 c.2528G>A G843D c.2528G>A G843D

1742 c.2528G>A G843D ? ?

2699 c.2992C>T R998X ? ?

2703 c.2966T>C I989T c.2993G>A R998Q

4714 c.2916delA G973fs ? ?

5394 c.2391_2392delTC S79 fs c.2391_2392delTC S797fs

abold text highlights common mutations in this patient cohort. ?, indicates that the

mutation on this allele has not been identified.
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3.7 Haplotype associations with two common polymorphisms
of PEX1

The presence of two previously identified polymorphisms (Collins and Gould,

1999; Preuss et al, 2002) was examined in a limited number of the Australasian

patients, as outlined in Table 3.6.  These polymorphisms were a 16bp insert in

IVS11 (IVS11+142insAGAAATTTTAAGTCTT), and a silent change at codon

G777 (c.2331A>C, i.e. GGAÆGGC).  The short form of IVS11 and the GGA

codon at G777 have been linked to the G843D mutation, whereas the long form

of IVS11 (containing the 16bp insert) and the GGC codon have been linked to the

I700fs mutation.  In the Australasian patient cohort, these polymorphisms also

appeared to be associated with the G843D mutation and the I700fs mutation,

respectively, but they were also present in a number of other patients that were

negative for these two common mutations.  For example, patient 5394 is

homozygous for the GGA codon at G777, but this patient does not carry the

G843D mutation, and patient 2703, who does not carry the I700fs mutation, is

heterozygous for the 11bp insert in IVS11.  A study by Preuss and Gartner

(2001) places the frequency of the IVS11 insertion and the GGC codon at G777

at 86% and 8%, respectively, in the normal population, so these results are not

unexpected.

Table 3.6: Two common polymorphisms in PEX1 in Australasian CG1
patients.

Identification

number

Genotype IVS11 16bp inserta G777 codona

3365 I700fs/G973fs n.d. GGC/GGA

2775 I700fs/? HET GGC/GGA

2531 I700fs/? HET GGC/GGA

1742 G843D/? no insert GGA/GGA

2699 R998X/? no insert GGA/GGA

2703 I989T/R998Q HET n.d.

4307 I700fs/? HET GGC/GGA

1550 I700fs/IVS22-

19A>G

HET GGC/GGA

1899 I700fs/? HET GGC/GGA

4714 G973fs/? no insert GGC/GGC

5394 S797fs/S797fs n.d. GGA/GGA

aHET, contains both the short and long forms of IVS11; n.d., not determined.
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3.8 Discussion

This chapter describes twelve mutations identified in a cohort of Australasian

CG1 patients.  The analysis of mutations in PEX genes is important for the

diagnosis of peroxisome biogenesis disorders, as traditional biochemical

techniques may give equivocal results.  The definitive identification of a PEX

gene mutation allows a conclusive diagnosis that a given patient is suffering from

a peroxisome biogenesis disorder.

Many studies have shown that the sequence of a gene determines its mutability.

Certain sequences are more susceptible to mutations and will often mutate in a

predictable manner.  An example of this is the high frequency of mutations at

CpG dinucleotides, due to a specific mechanism known as 5'methyl-cytosine

deamination (also known as methylation-mediated deamination) (Antonarakis et

al., 2000).  CpG dinucleotides can occur in gene sequences in ‘CpG islands’,

which are sequences rich in CpG, or as isolated dinucleotides.  The CpG islands

are unmethylated, whereas the isolated CpG dinucleotides are methylated.  The

consequence of this methylation is that the 5'methyl-cytosine is predisposed to a

deamination event which generates a thymine nucleotide.  This particular type of

mutation leads to two specific mutational changes, from CG>TG and from

CG>CA.  The latter is due to C>T transitions occurring on the antisense strand

and the subsequent miscorrection to A on the sense strand.  A detailed

description of the mechanisms and consequences of this type of mutation is

outlined in (Antonarakis et al., 2001).  Further, sequences that contain stretches

of identical bases or other repetitive sequences are also subject to a high

frequency of mutation, which may be attributable to slipped mispairing during

replication (Antonarakis et al., 2001).

PEX1  is the gene most commonly mutated in the peroxisome biogenesis

disorders, accounting for over half of CG1 patients worldwide (Gould et al.,

2001).  A number of mutations were identified in the PEX1 gene prior to the

commencement of this study, including the common G843D mutation (Portsteffen

et al., 1997; Reuber et al., 1997).  Along with two other common mutations

identified during the course of this study, the G843D mutation was present in a

number of patients in the Australasian cohort investigated in these studies.  All

other mutations were identified in single patients.
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The G843D mutation is present at a frequency of approximately 19% in this

Australasian patient cohort.  G843D lies in exon 15, which corresponds to the

beginning of the second AAA domain in the encoded PEX1 protein.  The G843D

mutation has been identified by a number of research groups worldwide (Table

3.7).  PEX1 interacts with another AAA ATPase, PEX6, and the G843D mutation

has been shown to significantly attenuate this interaction (Geisbrecht et al.,

1998).  This mutation occurs at an amino acid residue that is conserved between

yeast, mouse and human (Fig 3.5), thus confirming the importance of this residue

for the function of PEX1.

Another common mutation identified in this patient cohort is the I700fs mutation.

This mutation, the insertion of a T nucleotide which disrupts the reading frame of

PEX1, occurs in exon 13, is predicted to result in the introduction of a premature

termination codon in a coding region corresponding to the end of the first AAA

domain.  As the I700fs mutation occurs within a run of identical bases, it may be

attributable to the mechanism of slipped mispairing (Antonarakis et al., 2001).

The I700fs mutation occurs at a frequency of approximately 35% in this patient

cohort.  This mutation has been identified by a number of groups worldwide

(Table 3.7), and its prevalence is thought to be due to a founder effect (Collins &

Gould, 1999; Preuss et al., 2002).

A third mutation found in multiple patients in this cohort is the G973fs mutation.

This mutation occurs at a frequency of approximately 15% in the patient cohort

described in this study, and results from a frameshift caused by the deletion of an

A nucleotide in exon 18.  This mutation has also been identified in a single patient

during the course of a study of European CG1 patients (Preuss & Gartner, 2001;

Table 3.7), but is obviously far more prevalent in the Australasian population.

This mutation is predicted to result in the introduction of a premature termination

codon in a region of PEX1 corresponding to the end of the second, more highly

conserved AAA domain of the PEX1 protein.

The remainder of the mutations identified during the course of this study are all

novel mutations, and have not been identified in more than one patient in this

cohort.
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Table 3.7: PEX1 mutations identified to date.

Mutation (cDNA)a, b Mutation (protein)a,b Exon
affectedb

References

35bp ins IVS3 n.s. n.s. (Tamura et al., 2001)
c.434_448 del, ins GCAA T171X 4 (Walter et al., 2001)
c.788_789 delCA
c.904delG
c.1108_1109 insA

T268X
A302fs
I370fs

5 (Walter et al., 2001)
(Maxwell et al., 2002),
 this thesis

c.781C>T Q261X (Tamura et al., 2001)

n.s. del of exon 6 6 (Tamura et al., 2001)
n.s. del of exons 6-9 6-9 (Tamura et al., 2001)
c.1670+5G>T n.s. 9 (Walter et al., 2001)
n.s. del of exon 9 (Tamura et al., 2001)
c.1777G>A G593R 10 (Walter et al., 2001)
c.1897C>T R633X 11 (Tamura et al., 2001)
c.1960_1961 ins 9bp n.s. 12 (Gartner et al., 1999; Portsteffen et

al., 1997; Preuss et al., 2002; Reuber
et al., 1997)

c.1991T>C L664P (Tamura et al., 1998)
c.2008C>A L670M (Walter et al., 2001)
c.2071+1G>T n.s. (Walter et al., 2001)
190bp del exons 12/13 n.s. (Gartner et al., 1999)
c.1900_2070 del del AA 634-690 (Tamura et al., 1998)
c.2097_2098 insT I700fs   (aka P740X) 13 (Collins & Gould, 1999; Maxwell et

al., 1999; Preuss et al., 2002; Walter
et al., 2001)

c.2383C>T

c.2392C>G
c.2368C>T
c.2391_2392 del TC

R795X

R798G
R790X
S797fs

14 (Collins & Gould, 1999); Portsteffen,
unpublished]
(Maxwell et al., 2002)

this thesis
c.2227_2416 del n.s. (Preuss et al., 2002)
c.2528G>A G843D 15 (Collins & Gould, 1999; Gartner et al.,

1999; Imamura et al., 1998; Maxwell
et al., 1999; Portsteffen et al., 1997;
Preuss et al., 2002; Reuber et al.,
1997; Tamura et al., 2001; Walter et
al., 2001)

14bp ins n.s. (Collins & Gould, 1999; Reuber et al.,
1997)

n.s. R872X 16 (Preuss et al., 2002)

c.2730 delA V960X 17 (Walter et al., 2001)
c.2846G>A R949Q 18 (Walter et al., 2001)
c.2926+1G>A n.s. (Portsteffen et al., 1997; Reuber et

al., 1997)
c.2926+2T>C n.s. (Walter et al., 2001)
c.2814_2818delCTTTG n.s. (Preuss et al., 2002)
c.2916delA G973fs (Preuss et al., 2002), (Maxwell et al.,

2002)
c.2992C>T
c.2966T>C
c.2993G>A

R998X
I989T
R998Q

19 (Maxwell et al., 2002),
 this thesis

s.d. IVS 20 n.s. 20 (Collins & Gould, 1999)
1bp ins n.s.
n.s. Y1126X 21 (Preuss et al., 2002)
IVS22 –19G>A n.d. n.d. this thesis
c.3850T>C X1284Q 24 (Walter et al., 2001)

an.s., not specified in report; del, deletion; ins, insertion; IVS intervening sequence
(intron); fs, frameshift.
bn.s., not specified in report; n.d., not determined.
Blue text highlights mutations identified during the course of these investigations.
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Two frameshift mutations in exon 5 were identified.  The A302fs mutation results

from the deletion of a G nucleotide at position 904 of the cDNA, and the I370fs

mutation is caused by the insertion of an A nucleotide at position 1108_1109 of

the cDNA.  The I370fs mutation occurs at a run of identical bases, which

indicates that the mutation may also have arisen due to the mechanism of slipped

mispairing during replication (Antonarakis et al., 2001).  Both of these mutations

are predicted to introduce premature translation termination codons in a region of

the PEX1 coding sequence prior to that encoding the first AAA domain.  Another

frameshift mutation, the s797fs mutation, occurs in exon 14.  The s797fs mutation

results from the deletion of a TC dinucleotide at position 2391_2392 of the cDNA,

and is predicted to introduce a premature termination codon in a region of PEX1

corresponding to the end of the first AAA domain of the PEX1 protein.

Interestingly, a mutation at the next codon in PEX1, the R798G mutation, occurs

at a CpG dinucleotide, but does not conform to the type of mutation expected to

result from 5'methyl-cytosine deamination.  Instead, this mutation may indicate

that this region of PEX1  is potentially hypermutable.  Examination of the

sequence surrounding these codons reveals the presence of a TCGA motif within

10bp upstream of these mutations.  TCGA has been implicated as a

tetranucleotide motif that is suggestive of a mutational hotspot (Antonarakis et al.,

2001), and its presence in the region of these two mutations supports the

hypothesis that this region may be hypermutable.  Additionally, the TC

dinucleotide deletion also occurs in a region of repetitive sequence (three TC

dinucletides in succession), so this mutation may also be attributable to slipped

mispairing during replication, which can occur at repetitive sequences

(Antonarakis et al., 2001).  The R798G mutation occurs at a residue that is

conserved between mouse and human (Fig 3.5).

Two mutations that directly introduce premature termination codons were

identified in this cohort of patients.  The first is in exon 14 (R790X), and results

from a C>T transition at position 2368 of the cDNA.  The second is in exon 19

(R998X), and results again from a C>T transition, this time at position 2992 of the

cDNA.  Both of these mutations are likely to be due to the mechanism of

5'methyl-cytosine deamination, as they occur at CpG dinucleotides and conform

to the specific types of mutation generated by this mechanism.
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Another mutation occurring at codon 998 is an amino acid substitution mutation,

R998Q.  This mutation affects an amino acid residue that is conserved between

yeast, mouse and human (Fig 3.5), and also occurs in a region that is generally

highly conserved.  As mentioned previously, this codon contains a CpG

dinucleotide, and the R998Q mutation also appears to be due to the mechanism

of 5'methyl-cytosine deamination, as the nucleotide transition is a G>A at this

position.  This marks this codon as another potentially hypermutable region of

PEX1, although no other mutations have been reported in this codon to date by

other researchers (Table 3.7).

Another mutation resulting in an amino acid substitution was also found in exon

19.  This mutation, I989T results in a non conservative amino acid change at a

region of the protein that is highly conserved, and in fact occurs at a residue that

is conserved between yeast, mouse and human (Fig 3.5).

The common polymorphisms in IVS 11 (IVS11 16bp insert) and exon 14 (G777G)

are present in the Australasian patient cohort, in line with previous findings by

Collins and Gould (1999) and Preuss and coworkers  (2002).  However, patients

in this study who were negative for the G843D and I700fs mutations were found

to harbour various combinations of these polymorphisms.  Collins and Gould

(1999) reported on these polymorphisms in only a limited set of patients that were

homozygous for the G843D or I700fs mutations, or compound heterozygotes for

both.  Similarly, the study by Preuss and coworkers (2002) presented data only

for patients that contained G843D or I700fs on at least one allele.  The results of

the study on the Australasian patients show that these polymorphisms can be

present even in the absence of G843D and I700fs.  This is not surprising

considering a report by Preuss and Gartner (2001) places the frequencies of the

IVS11 and G777 polymorphisms at 86% and 8%, respectively, in the normal

population.  From the limited data available, it does appear that in this

Australasian cohort there is an association between the two polymorphisms and

the G843D and I700fs mutations.

A number of patients in this study have not been fully genotyped (Table 3.6).  The

comprehensive investigation of these patients extended to every exon and

flanking intronic regions being examined by at least one method, either DHPLC

or direct sequencing.  Direct sequencing was undertaken in both forward and
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reverse orientations for as many patients as resources allowed.  In this

investigation, all exons (except exon 5) that showed evidence of a mutation were

sequenced in both directions for all 24 patients in this cohort.  However, it should

be noted that a screening method such as DHPLC is not 100% effective, nor can

the possibility of mutations be excluded when sequencing in both directions for

every exon has not been undertaken.

A decision was made to use genomic DNA for the mutation detection strategy

employed in this investigation.  Preliminary experiments utilising cDNA as a

template for detection of the G843D mutation showed that patients who were

later found to be compound heterozygotes for the G843D and I700fs mutations

appeared homozygous for the G843D mutation, when cDNA from these patients

was PCR amplified and directly sequenced.  This suggests that the mRNA

transcript from the I700fs allele is unstable and subject to degradation.  A similar

finding has been reported in which patients who were initially deemed

homozygous for the G843D mutation on the basis of cDNA analysis but were

later found to be heterozygous when genomic DNA from the same patients was

analysed (Tamura et al., 2001). To avoid the possibility of genotyping patients

incorrectly, the use of genomic DNA, which allows the unambiguous detection of

mutations on both alleles, was deemed necessary.  When a mutation was

detected by direct sequencing of genomic DNA, the PCR product corresponding

to the affected exon was subcloned.  A minimum of six subclones were then

sequenced to ensure that in the case of heterozygous mutations, both the wild-

type and mutated alleles could be detected.  In the case of homozygous

mutations, six subclones all representing the mutated allele were deemed to

confirm homozygosity.    For mutations initially detected by DHPLC, the PCR

product corresponding to the affected exon was sequenced directly to confirm the

presence of the mutation, and also subcloned and analysed as above, to confirm

the identify of the mutation.  All mutations were also confirmed by amplifying and

sequencing a second, independent PCR product, to ensure the initial mutation

was not a result of nucleotide misincorporation by DNA polymerase.

It is clear that nearly all of the mutations in PEX1 identified during the course of

this study can be explained by established mechanisms for gene mutation.

Perusal of the mutations identified in other patient cohorts (as listed in Table 3.7)

indicates that there is a wide spectrum of mutations in PEX1.  Some of these
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mutations can clearly be attributed to established mechanisms of gene mutation,

such as 5'methyl-cytosine deamination (e.g. R795X, R872X, R949Q, R633X).

Among all the mutations reported, the majority still cluster in the region of exons

9-20, which encompass the two AAA domains of the PEX1 protein, and similar

findings were established in this study from the patient cohort reported in this

thesis.

The severity of a mutation in terms of its phenotypic effect often rests upon

whether the given mutation impacts upon the functional region of a protein.  This

impact may be in the form of alteration of an amino acid residue important for

protein function, or truncation of a protein before or within a region of functional

importance, due to the introduction of a premature termination codon.  Another

possibility that requires consideration is that the introduction of a premature

termination codon may make the mRNA transcript susceptible to degradation, by

the mechanism of nonsense-mediated mRNA decay, or NMD.  The phenotypic

effects of a selection of the mutations reported in this thesis are addressed in

Chapter 4.  Also, as mentioned above, there are a number of patients in this

study that have not been fully genotyped (Table 3.6).  Chapter 5 addresses the

steps that were taken to investigate the region upstream of the translational start

site of PEX1, to identify potential mutations resident in this region of the gene.



CHAPTER 4

FUNCTIONAL ANALYSIS OF

MUTATIONS IN PEX1
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4.1 Introduction

Mutation analysis of CG1 patients has revealed a wide range of mutations in the

PEX1 gene.  The mutations identified through the research presented in this

thesis, and those mutations identified by other research groups, have been

reviewed in Chapter 3.

A number of studies have begun to establish the relationship between specific

mutations in the PEX1  gene and the phenotypic consequences of these

mutations (Preuss et al., 2002; Walter et al., 2001).  A link has also been

established between PEX1 missense mutations causing amino acid substitutions

and a temperature sensitive phenotype (Imamura et al., 1998; Walter et al.,

2001).

The work presented in this chapter was designed to analyse the effect of a

representative spectrum of mutations identified during the course of this study on

the function of the PEX1 gene, and its encoded protein. Specifically, this work

aimed to ascertain whether there was a link between the predicted severity of

mutations and the extent of cellular impact.  The hypothesis being tested is that

mutations which introduce a premature termination codon, or PTC,  (either

directly, or by an insertion or deletion that alters the reading frame) will have a

more severe impact on PEX1 protein function than missense mutations.  The

effect of mutations on mRNA levels was assessed by a combination of Northern

analysis and real-time PCR, while PEX1 protein levels were measured by

Western blotting. Functional analysis of a representative selection of these

mutations was undertaken using a gene transfection and immunofluorescence-

based assay.  Patient cell lines carrying missense mutations in PEX1 were also

assessed for a temperature-sensitive phenotype.

A significant proportion of the work outlined in this chapter has been published

(Maxwell et al., 1999; Maxwell et al., 2002).  The results presented in this chapter

complement and extend the existing research into the association between

genotype and phenotype for the PEX1 gene.  Together, the data of Chapter 3

and this chapter will form the basis for an analysis of the genotype-phenotype
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correlations for the spectrum of mutations found during this study.  These

genotype-phenotype correlations will be presented in Chapter 6.

4.2 Materials and methods

The materials and methods used in this chapter have been described in Chapter

2.  Specifically, these include agarose gel electrophoresis of DNA (Section 2.2.1),

isolation of DNA fragments from agarose gels (Section 2.2.2), restriction digest of

DNA (Section 2.2.3), plasmid preparation (Section 2.2.4), electrotransformation

of E.coli (Section 2.2.7), subcloning of DNA fragments into plasmid vectors

(Section 2.2.8), cell culture (Section 2.2.10), PCR (Section 2.2.14), real-time

quantitative PCR (Section 2.2.15), DNA sequencing (Section 2.2.16), extraction

of total RNA from skin fibroblasts (Section 2.2.18), DNase treatment of total RNA

(Section 2.2.19), reverse transcription of total RNA from skin fibroblasts (2.2.20),

random primed DNA probe labelling (Section 2.2.21), Sephadex® G-50 spin

column preparation (Section 2.2.22), Northern blotting (Section 2.2.23), skin

fibroblast protein extraction (Section 2.2.25), Peterson protein estimation (Section

2.2.26), SDS-PAGE gel electrophoresis (Section 2.2.27), Western blotting

(Section 2.2.28), transient transfection of skin fibroblasts with expression vectors

(Section 2.2.29), immunofluorescence (Section 2.2.30), and staining of cells for

β-galactosidase detection (Section 2.2.32).

4.2.1 PEX1 expression plasmids incorporating mutations

A number of different PEX1 plasmids were constructed to undertake in vivo

expression studies of a selection of PEX1 mutations.  This section outlines the

construction of these plasmids.  All expression plasmids are based on pBER81,

an expression plasmid encoding wild-type PEX1, and a kind gift of Dr Stephen

Gould, Johns Hopkins University School of Medicine, Baltimore, Maryland.

Briefly, this plasmid was constructed by cloning a BamH I-NotI fragment,

containing the entire PEX1 open reading frame, into pcDNA3.  Fig 4.1 shows a

diagrammatic representation of pBER81, the PEX1 ORF, and the location of

restriction sites relevant to the subsequent construction of modified PEX1

expression plasmids.  A brief description of how each of the plasmids expressing
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the different mutated PEX1 proteins were constructed is contained in the

following subsections, and Table 4.1 contains the details of the primers and PCR

conditions used to generate these plasmids.  Tamara Allen is acknowledged for

her assistance in cloning the PEX1-R798G, PEX1-G843D and PEX1-G973fs

plasmids.

Table 4.1: Primers used in generation of PEX1 expression plasmids.

Plasmid Primersa

Annealing
temperature
/extension

time

Product
size (bp)

PEX1-

R798G

PEX1G1F: 5’-CTTTGCGGCGCTAGGGTGGGCG-3’

PEX1Ex14R/G: 5’-GGAAGAAATCCGCGGAGAGCCTT

TTGGAAGTCTAATGTTGTTAAAAACTAATTTTTCTCT

GGTGGATATACTCTGACCAGAGAGTCGAGAATGTATGG-3’

60°C/150s 2520

PEX1-

G843D

PEX1G843DF: 5’-TGGCTACAGCAGTCTACTACCAC-3’

PEX1G843DR: 5’-TCAATCAAGTCAGGGCGAC-3’
56°c/90S 1565

PEX1-

G973fs

PEX1Ex18fs: 5’-GACCGAGTAGTTAACCAGTTGCTGACTCAGTT

GGATGGAGTAGAGGCTTACAGGGTGTTTATGTATTGG-3’

HsPEX1MycR: 5’-GGGTTGTTGGCGGCCGCTTACAGGTCCTCCTCG

GAGATCAGCTTCTGCTCTGCTAAAGCTACTTTCTGTCCAGG-3’

55°C/60s 978

PEX1-

I700fs

PEX1insT-F: 5’-CCGAGCTCGAATTCCTTAGGCGTATCC-3’

PEX1insT-R: 5’-CCAAACTTCCCATGGAGATAAAACTCTTTTATCATATC-3’
56°c/30s 440

adouble underlines indicate restriction sites incorporated into primers; single

underline indicates position of bases incorporating mutations; gray box and single

underline indicates position of nucleotides flanking 'A' nucleotide deletion.



Chapter 4                                                                                                 Functional analysis of mutations in PEX1

101

Fig 4.1: Schematic representation of pBER81.  The position of the translation

initiation codon (arrow) and the stop codon (asterisk) are indicated.  The

locations of restriction sites relevant to construction of further PEX1 expression

plasmids are also indicated.  Numbering is relative to the 'A' of the translation

initiation codon.

BamHI NotI

pcDNA3

BamHI
ATG

KspI +2457
HpaI +2883 EcoRV +3597EcoRI +1677

KspI +97
+3851

* NotI

PEX1 ORF

NcoI +2102
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PEX1-R798G

Fig 4.2 shows a diagrammatic representation of the cloning strategy used to

generate the PEX1-R798G plasmid.  Using the pBER81 plasmid as a template,

the primers PEX1G1F and PEX1Ex14R/G (Table 4.1) were used to PCR amplify

a fragment of 2520bp.  The PEX1Ex14R/G primer was designed to include the

sequence of the KspI site in exon 15, extend back through exon 14, and

incorporate the c.2392C>G mutation.  The amplified fragment was digested with

KspI and ligated into KspI digested pBER81.

PEX1-G843D

Fig 4.3 outlines the strategy used to generate the PEX1-G843D plasmid.  Patient

3074 cDNA (genotype I700fs/G843D) was used as a template for a PCR reaction

using the primers PEX1G843DF and PEX1G843DR (Table 4.1), which generated

a 1565bp product.  As this patient is heterozygous for the G843D allele, products

potentially contain either wild-type or c.2528 G>A sequence at the mutation site.

The resulting PCR product was digested with EcoRI and HpaI to generate the

1207bp insert containing the c.2528 G>A mutation.  This insert was ligated into

EcoRI-HpaI digested pBER81, and multiple recombinant plasmids were

sequenced to allow selection of a clone containing the c.2528 G>A mutation.

PEX1-G973fs

Fig 4.4 shows a diagrammatic representation of the cloning strategy used to

generate the PEX1-G973fs plasmid.  Using pBER81 as a template, the primers

PEXEx18fs, which spans a HpaI site and is designed to incorporate the

c.2916delA mutation, and HsPEX1MycR (Table 4.1), were used to amplify a

978bp fragment.  The resulting PCR product was digested with HpaI and EcoRV

to generate the 713bp insert containing the c.2916delA mutation.  This insert was

ligated into HpaI-EcoRV digested pBER81 to produce the PEX1-G973fs

expression vector.
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Fig 4.2: Generation of the PEX1-R798G plasmid.  A 2520bp PCR product was

generated from pBER81 using the primers PEX1G1F and PEX1Ex14R/G, which

spans the KspI site in exon 15, and incorporates the c.2392C>G mutation.  The

PCR product was digested with KspI to generate the 2360bp insert containing the

c.2392C>G mutation.  This insert was ligated into KspI digested pBER81 to

produce the PEX1-R798G expression vector.  The PEX1-R798G plasmid was

checked by sequencing to verify the presence of the c.2392 C>G mutation and to

confirm that no additional mutations were introduced during the cloning process.

PEX1Ex14R/G

KspI KspI

pBER81

PEX1G1F
KspI

KspI

c.2392 C>G

ATG

KspIKspI
c.2392 C>G
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Fig 4.3: Generation of the PEX1-G843D plasmid.  A 1565bp PCR product was

generated from patient 3074 cDNA (genotype I700fs/G843D), using the primers

PEX1G843DF and PEX1G843DR.  Products will potentially contain either wild-

type or c.2528 G>A sequence at the mutation site.  The PCR product was

digested with EcoRI  and HpaI to generate the 1207bp insert containing the

c.2528 G>A mutation.  This insert was ligated into EcoRI-HpaI digested pBER81

to produce the PEX1-G843D expression vector.  The PEX1-G843D plasmid was

checked by sequencing to verify the presence of the c.2528 G>A mutation and to

confirm that no additional mutations were introduced during the cloning process.

PEX1G843DF

HpaIEcoRI

c.2528G>A
HpaIEcoRI

pBER81

EcoRI HpaI

c.2528G>A

PEX1G843DR
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Fig 4.4: Generation of the PEX1-G973fs plasmid.  A 978bp PCR product was

generated from pBER81 using the primers PEXEx18fs, which spans a HpaI site,

and is designed to incorporate the c.2916delA mutation, and HsPEX1MycR.  The

PCR product was digested with HpaI and EcoRV to generate the 713bp insert

containing the c.2916delA mutation.  This insert was ligated into HpaI-EcoRV

digested pBER81 to produce the PEX1-G973fs expression vector.  The PEX1-

G973fs plasmid was checked by sequencing to verify the presence of the

c.2916delA mutation and to confirm that no additional mutations were introduced

during the cloning process.

HpaI
PEX1Ex18f/s

HpaI EcoRV

c.2916delA
HpaI EcoRV

pBER81

EcoRV

c.2916delA

HsPEX1MycR
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PEX1-I700fs

Due to a lack of useful restriction sites in the region of the I700fs mutation, a

multistep strategy for generating a plasmid containing this mutation was

employed, as outlined in Fig 4.5.  Briefly, pBER81 was digested with EcoRI and

EcoRV to release a 1920bp fragment, which was then cloned into EcoRI-EcoRV

digested pSP72.  The resulting vector (termed pSP72-PEX1 RI/RV), was then

used as template for a PCR reaction using the primers PEX1insT-F and

PEX1insT-R (Table 4.1), which generated a 440bp product.  PEX1insT-F

includes an EcoRI restriction site, and PEX1insT-R incorporates an Nco I

restriction site, and the c.2097_2098insT mutation.  The resulting PCR product

was digested with EcoRI and NcoI, and ligated back into EcoRI-NcoI digested

pSP72-PEX1RI/RV.  This plasmid was termed pSP72-PEX1RI/RV insT.  The

pSP72-PEX1RI/RV insT was digested with EcoRI and EcoRV to release a

1921bp fragment, now containing the c.2097_2098insT mutation, which was

finally ligated into EcoRI-EcoRV digested pBER81, to create the plasmid PEX1-

I700fs.  The PEX1-I700fs plasmid was checked by sequencing to verify the

presence of the c.2097_2098insT mutation, and to ensure that no additional

mutations were generated during the cloning process.
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Fig 4.5: Generation of the PEX1-I700fs plasmid.  pBER81 was digested with

EcoRI and EcoRV to generate a 1920bp fragment which was ligated into EcoRI-

EcoRV digested pSP72, to create the plasmid pSP72-PEX1RI/RV.  The pSP72-

PEX1RI/RV plasmid was used as a template for PCR with the primers

PEX1insT-F, which incorporates an EcoRI restriction site, and PEX1insT-R,

which incorporates an NcoI restriction site and the c.2097_2098insT mutation.

This product was digested with EcoRI and NcoI, and ligated into EcoRI-NcoI

digested pSP72-PEX1RI/RV, to created the plasmid pSP72-PEX1RI/RVinsT.

The pSP72-PEX1RI/RvinsT plasmid was digested with EcoRI and EcoRV to

create an insert that was ligated into E c oRI-EcoRV digested pBER81, to

generate the plasmid PEX1-I700fs.
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4.3 Results

4.3.1 Analysis of peroxisomal protein import in CG1 cells

An indirect immunofluorescence-based technique was used to determine the

ability of patient cells to import peroxisomal matrix proteins, as outlined in Section

2.2.30.  A typical example of the result of this technique is shown in Fig 4.6.

When cells lack functional peroxisomes, and are processed for

immunofluorescence with an antibody to the PTS1 (anti-SKL), or catalase, the

fluorescence is diffuse throughout the cytoplasm, as the matrix proteins are not

packaged correctly within the peroxisome, as shown in panel A.  In cells with

functional peroxisomes, matrix proteins are correctly packaged within the

peroxisome, resulting in punctate fluorescence, as shown in panel B.

Fig 4.6: Example of indirect immunofluorescence assay to determine

peroxisomal protein import.  Peroxisomes were detected using a rabbit anti-

SKL antibody (1/500) and a Texas Red-X labelled goat anti-rabbit secondary

antibody (1/100).    Panel A, cell exhibiting diffuse fluorescence, indicating a lack

of import of peroxisomal matrix proteins; Panel B, cell exhibiting punctate

fluorescence characteristic of correctly packaged matrix proteins in peroxisomes.

A B
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4.3.2 Import of peroxisomal proteins in cultured cells from CG1 patients

The level of import of peroxisomal matrix proteins was assessed, using the

immunofluorescence-based assay, in a sample of patient cell lines representing

the range of different mutation types found during the course of this study.  Cells

were assessed for their ability to import PTS1 proteins generally, using an anti-

SKL antibody, and to import catalase, a peroxisomal protein with a non-

consensus PTS1 (Sheikh et al., 1998).  As shown in Fig 4.7, patient cell lines that

carry mutations introducing PTCs on both alleles (4065, 4035, 3466) exhibited a

total loss of import of PTS1 proteins generally, as well as a complete loss of

catalase import.  Patient cell lines with a combination of missense mutations and

mutations generating PTCs (4756, 3822, 3074) showed a significant level of

peroxisomal matrix protein import compared to that of normal cells.  Cells with

missense mutations on both alleles (2703, 2887, 1772) showed the highest level

of peroxisomal protein import.

There have been reports in the literature (Imamura et al., 1998; Walter et al.,

2001) of the G843D mutation resulting in a temperature-sensitive phenotype.  For

this reason, the levels of peroxisomal protein import in a cell line from a patient

homozygous for the G843D mutation, and a cell line from a patient heterozygous

for the G843D mutation and the R798G mutation, were also assessed after

culturing the cell lines for 3 days at 30°C.  As shown in Fig 4.6, peroxisomal

protein import of the PTS1 class of proteins and catalase alone were both

restored to near normal levels after incubation of the cells at 30°C, confirming the

temperature-sensitive nature of the G843D mutation and suggesting that the

R798G mutation also exhibits a temperature-sensitive phenotype.  These

experiments were also carried out for cells from patient 2703, however these

cells were not viable at 30°C, for reasons unknown.

In all cases, except for normal cells, the levels of catalase import were slightly

less than the levels of PTS1 protein import, consistent with the less efficient

PTS1 signal of catalase.
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Fig 4.7: Levels of peroxisomal protein import in CG1 patient cells.   Patient cell lines were cultured at 37°C, except where indicate

Indirect immunofluorescence of cultured skin fibroblasts was carried out using an anti-SKL antibody (detects PTS1 proteins) or anti-catala

antibody.   >1000 cells were counted for each patient.  Cells from patient 2703 were assessed for peroxisomal protein import at 37°C only, d

to non-viability of these cells at 30°C.  Data is represented as a percentage of cells with peroxisomes, assessed with the anti-SKL antibo

(blue bars) and the anti-catalase antibody (red bars).  Dashed lines delineate groups of patient PEX1 genotypes (left to right: patients carryi

two PTC-generating mutations, patients carrying one missense mutation and one PTC-generating mutation, patients carrying two missen

mutations).
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4.3.3 PEX1 expression restores peroxisome biogenesis in CG1 patient

cells

The data from experiments outlined in Section 4.3.2 indicated that patient cell

lines containing mutations that introduce PTCs on both alleles were unable to

import peroxisomal matrix proteins.  To determine whether expression of the

wild-type PEX1 protein could restore peroxisome biogenesis in these cells, they

were transiently transfected with a PEX1 expression plasmid, pBER81 (see

Section 4.2.1 for a description of this plasmid).  As shown in Table 4.2, pBER81

transfection restored peroxisomal protein import in these cells, even though the

efficiency of transfection was low and variable.  As a negative control for these

transfection experiments, the pcDNA3 plasmid alone was also separately

transfected into each cell line: these cells showed no evidence of peroxisomal

protein import.

Table 4.2: PEX1 expression restores peroxisome biogenesis in CG1

patient cells

Patient

identification

number

PEX1 genotype % cells with

peroxisomesa, b

4065 I700fs/I700fs 11

3466 I700fs/G973fs 9

3837 I700fs/G973fs 7

3365 I700fs/G973fs 12

4035 I700fs/A302fs 4

3822 I700fs/I370fs 6

aPeroxisomal protein import was assessed by indirect immunofluorescence analysis using an anti-

SKL antibody.  In each case, >1000 cells were counted. (Note: the low percentage of cells rescued

by these transfection experiments reflects the transfection efficiency for these primary skin

fibroblasts.)
bthe pcDNA3 plasmid was transfected into each cell line as a negative control for the effect of

transfection: no peroxisomes were noted in these cells after transfection.
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4.3.4 PEX1 mutation impact as determined by in vivo expression studies

The plasmids detailed in Section 4.2.1 were used to transfect a PEX1 null cell

line (4065), to determine the ability of the mutated protein in each case to restore

peroxisomal protein import.  These mutations were chosen for analysis of

functional impact in the immunofluorescence-based assay as they represent

examples of point mutations causing amino acid substitutions (R798G; G843D),

and mutations generating PTCs (I700fs; G973fs).  Cell line 4065 was chosen as

previous experiments showed no import of peroxisomal matrix proteins in these

cells (Section 4.3.2; Fig 4.7).  The plasmids incorporating mutations were

compared to pBER81 (expressing wild-type PEX1), in their ability to restore

peroxisomal protein import in the null cell line.  The ability of these expression

plasmids to restore import of the full class of PTS1 proteins was also again

compared to catalase import.  In view of the relatively low transfection efficiency

of these cells, as noted in the previous experiments, each plasmid tested was

also co-transfected with pCMV-Sport-βgal, to allow normalization of transfection

efficiency, with three separate transfection experiments carried out for each

PEX1  plasmid.  For the purposes of this experiment, the level of rescue

generated by the pBER81 plasmid, as assessed by an anti-SKL antibody, was

set at 100%, after correcting for transfection efficiency.

As shown in Table 4.3, the PEX1-R798G and PEX1-G843D plasmids,

incorporating point mutations causing the indicated amino acid substitutions in

PEX1, were moderately effective in restoring peroxisomal protein import in the

PEX1 null cell line.  For both of these mutated PEX1 proteins, both collective

PTS1 protein import, and catalase import, were restored to approximately 50% of

levels obtained with the wild-type PEX1 protein.  In contrast, the PEX1-I700fs

and PEX1-G973fs plasmids, incorporating frameshift mutations that lead to PTCs

in the PEX1 transcript, were ineffective in restoring peroxisomal protein import of

both the PTS1 protein group and catalase.
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Table 4.3: Rescue of peroxisomal protein import by expression of mutated

PEX1 proteins.

Relative rescue of protein import (%)bPlasmid

transfecteda PTS1 proteinsc Catalase

pcDNA3 0±0 0±0

PEX1 (pBER81) 100±3 79±2

PEX1-R798G 52±2 46±5

PEX1-G843D 53±2 47±2

PEX1-I700fs 2±1 0±0

PEX1-G973fs 2±2 0±0

aPEX1 “null” (4065) cells were transfected with the indicated plasmid plus a co-reporter

plasmid, pCMV-Sport-βgal.
bThe number of cells scored with peroxisomes immunoreactive for PTS1 proteins or

catalase by indirect immunofluorescence was corrected for transfection efficiency (i.e.

βgal positive cells) and normalised to PTS1 protein rescue obtained using the wild-type

PEX1 plasmid (pBER81), which was set at 100%.  Values represent the mean ± SD of

three independent transfection experiments.
cPTS1 protein import was assessed by use of an anti-SKL antibody, which detects PTS1

proteins as a class.
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4.3.5 Mutations in PEX1 reduce PEX1 protein levels

The impact of PEX1 mutations on PEX1 protein levels was assessed by Western

blot analysis of total cellular protein extracted from patient skin fibroblast cells.

The PEX1 protein was detected using a monoclonal PEX1 antibody, and

quantified by densitometry.  As shown in Fig 4.8, PEX1 protein levels were

reduced to undetectable levels (<1% of normal levels, as determined by

densitometry) in cells from patients carrying mutations that generate PTCs on

both alleles (group A).  Cells from patients carrying a mutation generating a PTC

on one allele, and a missense mutation on the other allele, showed a low, but

detectable (1-6% of normal) PEX1 protein level (group B).  The cells from

patients with missense mutations on both alleles showed the highest levels of

immunoreactive PEX1 protein (6-20% of normal) (group C).  Fig 4.8 also shows

that although patient cell lines carrying missense mutations that exhibit a

temperature-sensitive phenotype showed increased peroxisome numbers when

cultured at 30°C (Section 4.3.2; Fig 4.7), this was not paralleled by increases in

the PEX1 protein level.
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      N1   4065   3466   4035   4756   3074   3882      N2             N1     2887  2887   1772   1772     2699     N2
        30°C             30°C

Fig 4.8: PEX1 protein levels in cells of patients with PEX1 mutations. Total

protein was extracted from cultured skin fibroblasts (patient number indicated)

grown at 37°C (except where indicated) and 25 µg resolved by SDS-PAGE.

Separated proteins were transferred to Immobilon-P membrane and PEX1

protein was detected using a monoclonal PEX1 antibody. The mobility of full-

length PEX1 protein (143 kDa) is indicated by the arrow.  A notation indicating

the genotype of the patient samples is located at the base of the figure.  A,

indicates patient cell lines with mutations generating PTCs on both alleles; B,

indicates patient cell lines with one mutation generating a PTC and one

generating a missense mutation; C, indicates patient cell lines with missense

mutations on both alleles.

A

Allele 1:           I700fs    I700fs    A302fs   I700fs    G843D    R790X                                          R798G                   G843D                   R998X

Allele 2:           I700fs   G973fs    I700fs   G843D   G973fs    G843D                                          G843D                   G843D                         ?

B C
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4.3.6 PEX1 expression levels are reduced by mutations in PEX1

Northern blot analysis

Analysis of the levels of mRNA in CG1 patient samples was undertaken initially

by Northern analysis, to determine whether PEX1 transcript levels were altered

by particular mutations.  Samples of total RNA extracted from patient fibroblast

cell lines were resolved on a denaturing agarose gel and transferred to nylon

membrane before probing with an [α-32P]-labelled PEX1 probe.  Equal loading of

RNA samples was confirmed by observation of rRNA banding on the gel (not

shown).  As shown in Fig 4.9, the PEX1 transcript levels were undetectable in

samples from patient 4065, homozygous for the I700fs mutation.  This trend was

also generally observed for other patients carrying mutations generating PTCs on

both alleles (3822, 3365).  Patients carrying mutations which generate a PTC on

at least one allele also generally showed reduced levels of PEX1 transcript

(3074, 2777, 2775, 2699, 3488).  In contrast, patients carrying two PEX1

missense mutations (2887, 2703) had near normal levels of PEX1 mRNA.

Interestingly, patient 3882, who carries a combination of a PTC-generating allele

and a missense allele, showed undetectable levels of PEX1 mRNA by this

method.  To confirm these Northern results, an alternative analysis of PEX1

expression levels, using real-time quantitative PCR, was also carried out (see

next section).
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Fig 4.9: Northern blot analysis of PEX1 expression in CG1 patient cell lines.

Total RNA from patient fibroblast cell lines and control cell lines was analysed by

Northern analysis of PEX1 mRNA levels. 15µg of total RNA for each sample was

resolved on a 1% agarose gel containing 2.2M formaldehyde, and capillary

transferred to Genescreen Plus nylon membrane.  Samples were probed with an

[α-32P]-labelled BamHI-ApaI fragment of pBER81 containing the full PEX1 open

reading frame.  Numbers indicate patient identification or controls. The arrow

indicates the position of a 4.4kb RNA marker.  The PEX1 genotype of each

patient is shown below each lane.

Allele 1:   R798G   R790X   I700fs                G843D    I700fs     I700fs     I700fs   I700fs    G843D               R998X    I700fs   I989T   I700fs
Allele 2:   G843D   G843D   I700fs                G973fs   G843D    I370fs        ?       G973fs       ?       ?       G843D  R998Q  G843D
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Real-time quantitative PCR

As an alternative to Northern analysis, total RNA extracted from patient cell lines

was analysed by real-time quantitative RT-PCR to more accurately quantify the

levels of PEX1 transcript.  Results were normalized for the amount of input RNA

by determination of GAPDH expression levels.  The primers used in the real-time

RT PCR were:

PEX1-RTF: 5’-ATTTGCCTGGAGTTCCTGGG-3’;

PEX1-RTR: 5’-TTTGATTGGTCCTGGTTGGTTC-3’;

GAPDH-RTF: 5’-GCACCACCAACTGCTTAGC-3’;

GAPDH-RTR: 5’-GCATGGACTGTGGTCATGAG-3’.

The PEX1 primers amplify a region of PEX1 from position 3479-3673 of the

cDNA and span an intron to ensure products are generated only from cDNA.

As shown in Table 4.4, the levels of mRNA were reduced in all cell lines tested,

with the exception of 2887, a compound heterozygote for the R798G and G843D

mutations.  The results of these analyses generally concur with those obtained

from the Northern analyses, in that patients carrying mutations on both alleles

which generate a PTC (4065, 4035, 3466) showed marked reduction of PEX1

mRNA levels, whereas patients carrying a combination of mutations generating

PTCs and missense mutations showed intermediate mRNA levels (4756, 3882,

3074).  The highest levels of mRNA were found in patients carrying missense

mutations on both alleles (2887, 1772).  For patient 2699, mRNA levels were also

significantly reduced, consistent with the Northern result.  However, because the

PEX1 genotype for this patient is incomplete, it cannot be categorised with the

other patient groups in this table.
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Table 4.4: Relative PEX1 mRNA levels in cultured cells from patients with

PEX1 mutations.

Patient

identification

number

PEX1 genotype mRNA level (%

normal)a

Normal - 100±4.9b

4065 I700fs/ I700fs 8.0±0.4

4035 I700fs/A302fs 10.0±0.5

3466 I700fs/G973fs 32.0±1.6

4756 I700fs/G843D 64.4±3.2

3882 R790X/G843D 16.0±0.8

3074 G843D/G973fs 27.8±1.4

2887 R798G/G843D 139.1±7.2

1772 G843D/G843D 41.9±2.1

2699 R998X/? 20.0±1.2

amRNA levels were measured by real-time quantitative PCR on duplicate RNA samples in three

independent analyses, and normalised to GAPDH mRNA abundance, analysed in parallel.  The

values are presented as a relative percentage (mean±S.E.) of mRNA levels in normal patient cells.

bThe combined results from cell lines from two normal control patients are presented.
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4.4 Discussion

This chapter describes the experiments undertaken to assess the cellular impact

of a representative spectrum of mutations in PEX1.  The aim of these analyses

was to show a relationship between the severity of the mutation in PEX1 and the

effect on PEX1 function. A combination of experimental techniques was used to

determine the effect of mutations in PEX1 on peroxisomal protein import and

PEX1 protein and mRNA levels.  A number of representative mutations were also

tested, by engineering the mutations into a PEX1 expression vector and

transfecting the plasmids into a PEX1 null cell line to determine the functional

significance of the tested mutation.  The working hypothesis for this series of

experiments was that mutations generating PTCs would be expected to have a

profound negative impact on the function of the PEX1 protein, whereas missense

mutations would result in a milder effect on protein function.

Nonsense-mediated mRNA decay (NMD) refers to the accelerated turnover of

mRNA species for which translation termination occurs prematurely as a result of

an introduced nonsense codon (Jacobson & Peltz, 1996; Maquat, 1996).  The

nonsense codon can result from both direct introduction of a PTC or from a

frameshift.  It has been shown that nonsense mutations located within the first

two-thirds to three-quarters of a protein coding region accelerate the decay rate

of the mRNA transcript by up to 20-fold (reviewed in Jacobson and Peltz, 1996).

In some mammalian genes, the region ~50 nucleotides 5’ to the final intron-exon

junction has been shown to represent the boundary for a PTC to generate NMD

(reviewed in Byers, 2002).  All PTC-generating mutations found in PEX1 satisfy

this criterion for NMD, thus predicting a loss of PEX1 protein function and a

decrease in PEX1 mRNA and protein levels.  In contrast, mutations that generate

amino acid substitutions in the PEX1 protein would be expected to have a milder

effect on protein function, and levels of PEX1 mRNA and protein.

A set of mutations in PEX1, representative of those identified in the Australasian

cohort of patients that was the subject of the investigations presented in this

thesis, were found to conform to the hypothesis presented above.

Analysis of PEX1 mRNA levels in the patient cell lines showed that levels of

PEX1 mRNA were severely reduced in patients that carry mutations generating
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PTCs on both alleles.  In fact, the level of mRNA in these patients was below the

detection limit for the Northern analysis.  The more quantitative method of real-

time PCR showed that the levels of mRNA in patients carrying mutations

generating PTCs on both alleles were reduced in some cases to as little as 8% of

normal.  This is consistent with the hypothesis that PTC-generating mutations

lead to NMD-mediated removal of mRNAs containing the nonsense codons.

Higher levels of mRNA in patients heterozygous for PTC-generating mutations

and missense mutations were also observed, consistent with expression from the

non PTC-containing allele.  Interestingly, the patient carrying a combination of the

R798G and G843D mutations was found to have mRNA levels above that of the

normal control.  This may suggest increased expression from these alleles as a

compensatory mechanism, but this hypothesis has not been pursued.

A representative sample of patient cell lines, encompassing the range of different

mutation types found during the course of this study, was analysed for levels of

peroxisomal matrix protein import.  The results obtained demonstrated that there

was a complete loss of peroxisomal protein import in cells from patients with

mutations generating PTCs on both PEX1 alleles, consistent with a loss of PEX1

function. The highest level of peroxisomal protein import was found in cells from

patients with missense mutations on both PEX1 alleles, which may be attributed

to PEX1 function being attenuated but not abolished.  Patients carrying a PTC-

generating mutation on one allele and a missense mutation on the other were

found to show levels of peroxisomal protein import intermediate between these

two extremes, and may be attributed to the residual function of the PEX1 protein

expressed from the missense allele.  Transient transfection of a wild-type PEX1

expression vector into cells from patients carrying mutations generating PTCs on

both PEX1 alleles was shown to restore peroxisomal protein import in these cells,

as expected.

A number of reports in the literature suggest that the G843D mutation results in a

temperature-sensitive phenotype (Imamura et al., 1998; Walter et al., 2001).  A

cell line from a patient homozygous for the G843D mutation (1772), and a cell

line from a patient who is a compound heterozygote for the G843D mutation and

the R798G mutation (2887), were assessed for a temperature-sensitive

phenotype, through culturing the cell lines for 3 days at 30°C.  Peroxisomal

protein import was restored to near normal levels after incubation of the cells at



Chapter 4                                                                                                 Functional analysis of mutations in PEX1

124

30°C, confirming the temperature-sensitive nature of the G843D mutation

(Imamura et al., 1998; Walter et al., 2001), and suggesting that the R798G

mutation also exhibits a temperature-sensitive phenotype.  The temperature-

sensitive phenotype has been attributed by these same authors to improved

protein folding at the permissive temperature, which presumably leads to partial

restoration of function of specific domains of PEX1.

A number of mutations representative of those found during the course of this

study were engineered into a PEX1 expression vector to test for their ability to

restore peroxisomal protein import in PEX1 null cells.  The mutations tested by

this method included two missense mutations, the G843D mutation and the

R798G mutation, and two mutations generating PTCs, the I700fs mutation and

the G973fs mutation.  Compared to the activity of the native protein, PEX1

incorporating the G843D mutation was partially active in restoring peroxisomal

protein import in the PEX1 null cells, as was PEX1 incorporating the R798G

mutation.  These data are consistent in each case with the expressed mutated

protein maintaining a residual level of function when compared to the native

protein.  In contrast, the PEX1 expression vectors incorporating the I700fs and

G973fs mutations were ineffective in promoting the restoration of peroxisomal

protein import in the PEX1 null cells.  Interestingly, the recent review of NMD by

Byers (2002) suggests that expressed cDNAs containing PTCs can bypass NMD,

as the splicing machinery of the cell plays an integral role in the destruction of

aberrant mRNAs.  If this is the case, and this point was not appreciated when the

experiments described here were carried out, then the testing of the function of

the I700fs and G973fs mutations from expression plasmids should be interpreted

not on the basis of NMD-mediated decay, but in terms of the function of the

truncated protein in each case.  Thus, the results presented imply that even if

nonsense-mediated mRNA decay is not absolute, the produced truncated

proteins per se are non-functional.

The PEX1 protein levels in patients carrying PEX1 mutations were determined by

Western blotting.  These analyses showed that all PEX1 mutations reduced

PEX1 protein levels.  The most dramatic reduction in PEX1 protein levels was

noted in patients with mutations generating PTCs on both PEX1 alleles, with

immunoreactive PEX1 protein reduced to <1% of normal levels.  Patients with

missense mutations on both alleles showed the least reduction in PEX1 protein
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levels (6-20% of normal). This is consistent with an observation by Geisbrecht

and colleagues, who demonstrated that the G843D mutation reduces PEX1

activity by 80% (Geisbrecht et al., 1998).  Patients carrying a combination of a

missense mutation and a PTC-generating mutation showed PEX1 protein levels

intermediate between these two extremes.  PEX1 protein levels were also

analysed in patient cell lines which showed a temperature-sensitive phenotype in

previous experiments.  When cultured at 30°C, cell extracts from these patients

showed no increase in PEX1 protein levels from that seen in extracts from cells

cultured at 37°C, which supports the conclusion that the effect of the G843D and

R798G mutations is a reduction in PEX1 function through perturbed protein

folding, and is not due to decreased protein synthesis.

As mentioned previously, a representative selection of the identified mutations

were tested to determine their cellular impact.  The mutations that were not fully

analysed include the IVS22-19A>G mutation, the S797fs mutation, the I370fs

mutation, the I989T mutation and the R998Q mutation.  For the IVS22-19A>G

mutation and the S797fs mutation, it was not possible to undertake assays of

protein or mRNA levels as the only material available for testing from these

patients was genomic DNA.  The I989T and R998Q mutations occurred in a

single patient (2703), and this patient was tested for levels of peroxisomal protein

import and PEX1 mRNA levels.  This patient showed levels of peroxisomal

protein import and PEX1 mRNA that were consistent with the data obtained for

other patients with two PEX1 missense mutations, so the I989T and R998Q

mutations were not analysed further.  The patient carrying the I370fs mutation

also carried the I700fs mutation, and analysis of the PEX1 mRNA level from this

patient indicated that the mRNA levels were similar to those from other patients

with two PTC-generating PEX1 mutations, so no further functional analysis of the

I370fs mutation was carried out.  The data obtained for the PEX1 mutations that

were functionally analysed showed a clear trend for PTC-generating mutations to

exert a severe impact on PEX1 function, and missense mutations to attenuate

PEX1 function, and the limited data obtained for the mutations that were not fully

analysed fit this trend.

The experiments outlined in this chapter support the hypothesis that mutations in

PEX1 that generate premature termination codons will have a severe impact on

PEX1 function, due to the nonsense-mediated decay of mRNA.  These results
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also show that missense mutations attenuate the function of PEX1.  In

combination with a PTC-generating mutation, missense mutations appear to

exert a moderating effect on the cellular impact of the combined mutations,

reflecting the function of the protein expressed from each allele.  These

conclusions, together with clinical information on the patients analysed during

these investigations, will form the basis of a genotype-phenotype correlation for

mutations in PEX1 in Australasian patients, to be presented in Chapter 6.



CHAPTER 5

ANALYSIS OF THE

5'UNTRANSLATED REGION OF PEX1
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5.1 Introduction

The results presented in Chapter 3 of this thesis show that a number of patients

have not been fully genotyped, in that a mutation on one of the PEX1 alleles had

not been identified.  As a further part of the mutation analysis strategy for this

project, therefore, the 5' untranslated region of PEX1 was examined for mutations

and polymorphisms, on the basis that changes in this region of the gene may be

associated with the clinical phenotype in this subset of the patient cohort.

The preliminary results of this mutation screening, as outlined in this chapter,

identified two polymorphisms present in the region upstream of the translational

start site of PEX1.  One of these polymorphic changes affects an in-frame,

upstream ATG.  As a result of this finding, further investigations were undertaken

to characterise the identified polymorphisms and to investigate the possibility that

the upstream ATG represents a potential translation initiation codon.

The experiments outlined in this chapter initially aimed to investigate this

Australasian CG1 patient cohort in terms of the polymorphisms identified in

preliminary mutation screening.  To complement these analyses, characterisation

of the 5' flanking region of PEX1 was undertaken, using the techniques of primer

extension and RT-PCR analysis.  Investigation of the identified polymorphisms in

terms of their effect on in vitro and in vivo function was also examined, using a

combination of in vitro transcription-translation and gene expression analyses.

The possibility of a potential new translation initiation codon having an effect on

PEX1 protein function was addressed, using Western analysis.  Finally,

luciferase assays were used to determine if the sequence upstream of the known

translation start site harboured promoter activity, and whether the identified

polymorphisms exert any functional impact on this activity.
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5.2 Materials and methods

The materials and methods used in this chapter have been described in Chapter

2. Specifically, these include agarose gel electrophoresis of DNA (Section 2.2.1),

isolation of DNA fragments from agarose gels (Section 2.2.2), restriction digest of

DNA (Section 2.2.3), plasmid preparation (Section 2.2.4), electrotransformation

of E.coli (Section 2.2.7), subcloning of DNA fragments into plasmid vectors

(Section 2.2.8), cell culture (Section 2.2.10), PCR (Section 2.2.14), DNA

sequencing (Section 2.2.16), extraction of total RNA from skin fibroblasts

(Section 2.2.18), DNase treatment of total RNA (Section 2.2.19), reverse

transcription of total RNA from skin fibroblasts (2.2.20), random primed DNA

probe labelling (Section 2.2.21), Sephadex® G-50 spin column preparation

(Section 2.2.22), Primer extension analysis (Section 2.2.24), skin fibroblast

protein extraction (Section 2.2.25), Peterson protein estimation (Section 2.2.26),

SDS-PAGE gel electrophoresis (Section 2.2.27), Western blotting (Section

2.2.28), transient transfection of skin fibroblasts with expression vectors (Section

2.2.29), indirect immunofluorescence (Section 2.2.30), staining of cells for β-

galactosidase detection (Section 2.2.32), In vitro transcription and translation

(Section 2.2.32) and luciferase assays (Section 2.2.33).

5.3 Results

5.3.1 Polymorphisms present in PEX1 5' UTR

As part of our strategy for determining mutations in PEX1 in this Australasian

cohort of CG1 patients, screening of the 5' UTR region of PEX1 was undertaken.

Genomic DNA from control and patient cell lines was used to PCR amplify an

850bp fragment encompassing part of the 5' UTR of PEX1 and spanning the

sequence that encodes the reported translation initiation methionine.  These PCR

reactions utilised the GC RICH PCR system (Roche) to facilitate amplification of

this region.  The sequences obtained from the normal individuals demonstrated

the presence of an upstream, in-frame ATG that corresponds to 138bp of

potential additional ORF.  Of particular interest were several PEX1-deficient

patients that were heterozygous for a T>C transition in this upstream ATG, a
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result confirmed by sequencing subclones of the PCR products.  Fig 5.1 (panel

A) shows representative subclone sequence chromatograms from the region of 5'

UTR encompassing the upstream ATG, and highlighting the position of the

nucleotide transition.  The second polymorphism identified in these studies was a

C>G nucleotide transversion 53 nucleotides upstream of the reported translation

initiation methionine.  Representative subclone sequence chromatograms

encompassing this site are shown in Fig 5.1 (panel B).  Fig 5.2 shows a portion of

the 5' UTR sequence encompassing the two in-frame ATGs, and highlighting the

two polymorphic sites.  (For simplicity, the upstream ATG will hereafter be

referred to as ATG1, and the previously reported ATG will be referred to as

ATG2).  As a result of these findings, all patient samples were assessed for the

presence of the T>C and C>G polymorphisms by PCR amplification of the 850bp

fragment described above that spans ATG1 and ATG2, and direct sequencing of

the resulting amplicons. As shown in Table 5.1, an apparent segregation of these

polymorphisms with the I700fs mutation in patients was observed: patient 4065,

who is homozygous for the I700fs mutation is also homozygous for the T>C

transition and C>G transversion; patients heterozygous for the I700fs mutation

are also heterozygous for the T>C transition and the C>G transversion. There is

one patient (2703) and our normal control (N6) that do not carry the I700fs

mutation but are heterozygous for the T>C transition and C>G transversion.

An ASO screen of genomic DNA from 49 clinically normal individuals (performed

by Dr Barbara Paton at the Women's and Children's Hospital, Adelaide) showed

that seven were heterozygous, and one homozygous, for the T-C transition.  On

the basis of these data, the frequency of the T>C transition in the general

population is approximately 9%.  Being present in the population at a frequency

of greater than 1%, it would appear that the T>C transition fits the criterion to be

classified as a polymorphism (Cotton & Scriver, 1998).  Based on these results, it

is postulated that the I700fs mutation may have arisen on a T>C allelic

background.  At this stage, problems with the GC-rich sequence around the C>G

polymorphic site has not allowed similar investigations on the frequency of this

polymorphism in the general population.
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Fig 5.1: Sequence chromatograms showing the T>C and C>G

polymorphisms.  A portion of the 5' UTR of PEX1 was PCR amplified from

patient genomic DNA and subcloned.  Multiple subclones were sequenced to

identify individual allelic transcripts.  Panel A, representative wild-type sequence

chromatogram and corresponding sequence chromatogram from polymorphic

allele containing the T>C transition.  Panel B, representative wild-type sequence

chromatogram and corresponding sequence chromatogram from polymorphic

allele containing C>G transversion. In each case, the nucleotide affected by the

polymorphism is underlined.

TGCGTGCGAAGATTTGATGAACGAGGTGCCGCCCCCGAGCGGCTCGGCGGAGAGGCGCG
GTGGGTGACAGAAGCTTTCTTGTCCCACCCACTACAGGCTTACGGCAGGATGCGCAGCGG
GGAGAGGGGGCGGGGCCGCAGGGGGCGGGGCCGATCGATCTCCTCCGGCTCCGACGTCCT
CGGCCTGCCGGGTCCCGGGTCCTTTGCGGCGCTAGGGTGGGCGAACCCAGAGGGACGCTC
CGGGACGATGTGGGGCAGCGATCGCCTGGCGGGTGCTGGGGGAGGCGGGGCGGCAGTGAC
TGTGGCCTTCACCAACGCTCGC

Fig 5.2: Partial DNA sequence of the PEX1 5' UTR.  The position of the known

ATG (ATG2) is shown in red font, and the upstream ATG (ATG1) is shown in

pink font.  The positions of the T>C transition and the C>G transversion are

shown in blue font.  The 'C' in larger font represents the 5' nucleotide identified by

primer extension analysis (Section 5.3.2). The reverse complement to the

sequence of the Pex1PrimExt primer (described in Section 5.3.2) is underlined.

A
Wild-type Polymorphic

B Wild-type Polymorphic
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Table 5.1: Polymorphisms present in PEX1 5' UTR and segregation with the

I700fs mutation.

Patient identification

numbera

-137T>C

polymorphismb

-53C>G

polymorphismb

I700fs

genotypeb

4065 +/+ +/+ +/+

3466 +/- +/- +/-

3837 +/- +/- +/-

3365 +/- +/- +/-

3264 +/- +/- +/-

1900 +/- +/- +/-

2777 +/- +/- +/-

4756 +/- +/- +/-

3488 +/- +/- +/-

4307 +/- +/- +/-

2775 +/- +/- +/-

4035 +/- +/- +/-

3822 +/- +/- +/-

2531 +/- +/- +/-

1550 +/- +/- +/-

1899 +/- +/- +/-

3074 -/- -/- -/-

3882 -/- -/- -/-

2887 -/- -/- -/-

1772 -/- -/- -/-

1742 -/- -/- -/-

2699 -/- -/- -/-

2703 +/- +/- -/-

4714 -/- -/- -/-

5394 -/- -/- -/-

N1 -/- -/- -/-

N6 +/- +/- -/-

aN1 and N6 refer to normal control patient samples that were tested for the presence of

polymorphic alleles.
bThe numbering for the polymorphisms is relative to the 'A' of ATG2.  +/+, homozygous for

presence of polymorphism/mutation; +/-, heterozygous for presence of polymorphism/mutation; -/-,

homozygous for presence of polymorphism/mutation.
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5.3.2 The PEX1 mRNA transcript encompasses the upstream ATG

The 5' ends of PEX1  cDNAs identified previously (Portsteffen et al., 1997;

Reuber et al., 1997; Tamura et al., 1998b), together with currently available

PEX1 ESTs, are consistent with translation initiation occurring from ATG2.  To

investigate the possibility that ATG1 represents a potential translation initiation

codon, a number of experimental approaches were used to directly determine the

5' end of the PEX1  cDNA.  In the first approach, using the PEX1 genomic

sequence as a guide for primer design, cDNA from control patient fibroblasts

(generated from DNase-treated PEX1 total RNA) was PCR amplified using the

primers PEX1GPF-3 (5'-TGCGTGCGAAGATTTGATGAAC-3') and PEX1GPR-3

(5'-GCGAGCGTTGGTGAAGGC-3').  This amplicon corresponds to a region

72bp 3' to ATG2, and extends back 108bp 5' of ATG1 (see Fig 5.2).  The PCR

amplification utilised the GC RICH PCR system (Roche) to facilitate amplification

of the GC-rich target sequence.  The amplicon was sequenced using the reverse

primer and was found to be identical in sequence to the corresponding region of

PEX1 genomic DNA, indicating that the 5' UTR of the PEX1 cDNA extends 5' of

the ATG1 and is colinear with the PEX1 gene.  In a second approach, primer

extension analysis was used to map the transcription initiation site.  In this

technique, total RNA extracted from control fibroblasts was annealed with the

[γ-32P]-labelled PEX1PrimExt primer  (5'-ATCCTGCCGTAAGCCTGTAGTGGGT-

GGGACAAGAAAG-3') and AMV reverse transcriptase was used to generate a

complementary cDNA.  Reaction products were separated on an 8%

polyacrylamide/7M urea gel, and sized using a [γ-32P]-labelled φX174 HinfI DNA

ladder.  The length of the cDNA product generated in this way is determined by

the number of nucleotides between the labelled nucleotide of this primer and the

end of the RNA.  This analysis identified the 5' end of the cDNA as being 106bp

5' to ATG1 (Fig 5.3), thus confirming the direct PCR result.  This 5' nucleotide is

shown in Fig 5.2 in large font.  Based upon the identification of the two

polymorphisms and the data indicating that the 5' limit of PEX1 extends 5' to

ATG1, a number of plasmid constructs including this extra sequence were

constructed.  The details of these plasmid constructs are outlined in the following

sections.
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Fig 5.3: Primer extension analysis maps the 5' end of the PEX1 cDNA to a

nucleotide 106bp 5' of the upstream ATG.  Total RNA from control fibroblasts

was annealed with the [γ-32P]-labelled PEX1PrimExt primer.  AMV reverse

transcriptase was used to generate a complementary cDNA; the length of this

product (lane P) is determined by the number of nucleotides between the labelled

nucleotide of this primer and the end of the RNA.  Reaction products were

separated on an 8% polyacrylamide/7M urea gel, and sized using a [γ-32P]-

labelled φX174 HinfI DNA ladder (lane M).

M

P

66

100

82

118

bp

M P
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5.3.3 Cloning of PEX1 expression plasmids based on pSP64(A)

A number of different PEX1 expression plasmids were constructed, incorporating

additional 5' sequence and sequence variations corresponding to the identified

polymorphisms.  These expression plasmids were based on pSP64(A)-PEX1, an

expression plasmid designed for use in in vitro transcription-translation

experiments.  This section will describe the pSP64(A)-PEX1 plasmid, and

indicate how the additional 5' sequence was incorporated into this plasmid, to

generate the pSP64(A)-PEX1(L) plasmid.  The polymorphism-containing

plasmids that were subsequently constructed are also described in this section.

All plasmids were sequenced to ensure only intended nucleotide changes were

present, and that no additional mutations were generated during the cloning

process.

pSP64(A)-PEX1

The pBER81 plasmid (described in Chapter 4) was first digested with ApaI and

treated with Klenow to create a blunt-end, then digested with BamHI, to release a

fragment containing the entire open reading frame of PEX1.  This fragment was

cloned into BamHI-SmaI digested pSP64(A) to create the plasmid pSP64(A)-

PEX1.  A diagrammatic representation of this cloning strategy is contained in Fig

5.4.

pSP64(A)-PEX1(L)

Additional 5' sequence upstream from ATG2 of PEX1 was cloned into pSP64(A)-

PEX1, to create the plasmid pSP64(A)-PEX1(L).  (Table 5.2 contains details of

the primers used to create this plasmid, and the sequence variants are outlined in

the following subsections).  Briefly, this was accomplished by PCR amplifying an

850bp fragment from wild-type genomic DNA that extended 5' of ATG1 and 3' of

ATG2, using the primers PEX1GPF-2 and PEX1G1R.  This amplicon was

digested with BclI and NruI, and the fragment was ligated into BamHI-NruI

digested pSP64(A)-PEX1.  The resulting plasmid was termed pSP64(A)-

PEX1(L).  Fig 5.5 shows a schematic representation of this cloning strategy.  Fig

5.6 shows the resultant modification to the PEX1 ORF (shown in the previous

chapter as Fig 4.1), incorporating the additional 5' sequence that was added, and
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with the location of restriction sites relevant to the subsequent construction of

modifed PEX1 expression plasmids, which will be described in the following

sections.

Table 5.2: Primers used in construction of pSP64(A)-based PEX1 plasmids.

Primer Sequencea

PEX1GPF-2 5'-CGTCGTGAGAATCTTTGGTAACTG-3'

PEX1G1R 5'-GCGTCCCTGAGAGGCTTCGG-3'

PEX1PdATG2

5'-CAGGTGGAGGAAGCAGTCGCGAGCGTTGGTGAAGGCCACAGTCACT

GCCGCCCCGCCTCCCCCAGCACCCGCCAGGCGATCGCTGCCCCACAG

CGTCCCGGAGCGTCC-3'

aThe nucleotide incorporating a T>G transversion in the PEX1PdATG2 primer is

underlined.
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Fig 5.4: Generation of the pSP64(A)-PEX1 plasmid. pBER81 (described in

Chapter 4) was digested with ApaI and treated with Klenow to create a blunt-end,

then digested with BamHI, to release a fragment containing the entire open

reading frame of PEX1.  The known translation start ATG (ATG2) (forward

arrow), and termination codon (asterisk) are indicated.  This fragment was cloned

into BamHI-SmaI digested pSP64(A) to create the plasmid pSP64(A)-PEX1.  The

ligation junctions were sequenced to check the fidelity of the cloning process.

SmaIBamHI

ApaI (blunted)BamHI

pSP64(A)
pSP64(A)-

PEX1

pBER81pBER81

ATG
*
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Fig 5.5: Generation of the pSP64(A)-PEX1(L) plasmid.  An 850bp amplicon

was generated by PCR from wild-type genomic DNA using the primers

PEX1GPF-2 and PEX1G1R.  This amplicon was digested with BclI and NruI, and

the resulting fragment was ligated into BamHI-NruI digested pSP64(A)-PEX1.

The resulting plasmid was termed pSP64(A)-PEX1(L).

PEX1G1R

pSP64(A)-PEX1(L)

PEX1GPF2

NruIBclI

BamHI NruI

pBER81

ATG1 ATG2

NruI
ATG2

BclI
ATG1

WT gDNA
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Fig 5.6: Schematic representation of the PEX1 ORF incorporating additional

5' sequence.  The positions of the known translation initiation codon (ATG2) and

the potential upstream translation initiation codon (ATG1) are shown, together

with the position of the stop codon (*) and restriction sites relevant to the

subsequent cloning of further PEX1 expression plasmids.  The site of the C>G

transversion is also indicated.  Numbering is relative to the 'A' of ATG2.

+3851

*ATG1 ATG2

+1

ClaI -93

C>G -53

-138

NruI +73 EcoRI +1676
BglII +1326

HpaI +2882

PEX1 ORF incorporating additional 5' sequence
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A number of plasmids containing specific sequence variations were constructed

in a similar manner to that outlined for generation of the pSP64(A)-PEX1(L)

plasmid, but the method of generating the inserts containing the variations was

altered for each plasmid.  The following subsections outline the cloning strategies

used for each variant.

pSP64(A)-PEX1(L)-∆∆∆∆ATG1

The insert for the pSP64(A)-PEX1(L)-∆ATG1 plasmid was generated by PCR

amplifying an 850bp fragment using genomic DNA from a patient who was

homozygous for a T>C transition 137bp upstream of the reported translation

initiation site (i.e. in ATG1).  This patient was also homozygous for a C>G

transversion at a nucleotide –53 relative to ATG2, and the PCR product also

incorporates this transversion.  Fig 5.7 shows a schematic representation of this

fragment.  The 850bp fragment was digested with BclI and NruI, and ligated into

the BamHI-NruI digested pSP64(A)-PEX1 as outlined above.

Fig 5.7: Generation of ∆∆∆∆ATG1 fragment for constructing pSP64(A)-PEX1(L)-

∆∆∆∆ATG1. The insert for the pSP64(A)-PEX1(L)-∆ATG1plasmid was generated by

PCR amplifying an 850bp fragment using genomic DNA from a patient who was

homozygous for a T>C transition at ATG1.  This patient was also homozygous for

the C>G transversion at nucleotide –53 relative to ATG2.  This amplicon was

digested with BclI and NruI and cloned into B a mHI-NruI-digested pSP64(A)-

PEX1(L) to create the plasmid pSP64(A)-PEX1(L)-∆ATG1.

PEX1G1R

NruI
ATG2

PEX1GPF2
BclI

ATG1

T>C
-53C>G

Patient gDNA
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pSP64(A)-PEX1(L)-∆∆∆∆ATG2

The insert for the pSP64(A)-PEX1(L)-∆∆∆∆ATG2 plasmid was generated using PCR

product amplified with PEX1GPF-2 and PEX1G1R as a template in a further PCR

amplification with the existing forward primer, PEX1GPF-2, and a reverse primer

(PEX1P∆ATG2) incorporating a T>G transversion (which on the sense strand

incorporates a A>C transversion at ATG2, and at the protein level results in a

methionine to leucine substitution). Fig 5.8 shows a diagrammatic representation

of this fragment indicating the change introduced by PCR.  The resulting

fragment was digested with BclI and NruI, and ligated into the B a mHI-NruI

digested pSP64(A)-PEX1(L) as outlined above, to generate the pSP64(A)-

PEX1(L)-∆ATG2 plasmid.

pSP64(A)-PEX1(L)-∆∆∆∆ATG1+∆∆∆∆ATG2

The insert for the pSP64(A)-PEX1(L)-∆ATG1+∆ATG2 plasmid was generated

using PCR product previously amplified from patient genomic DNA and

containing the T>C transition (see section on pSP64(A)-PEX1(L)-∆ATG1 above).

This PCR product was subjected to further amplification using the existing

forward primer, PEX1GPF-2 and the reverse primer PEX1P∆ATG2 (see section

on pSP64(A)-PEX1(L)-∆ATG2 above).  The resulting amplicon thus incorporates

both the ∆ATG1 mutation and the ∆ATG2 mutation, and is shown in

diagrammatic form in Fig 5.9.  The PCR product containing the desired changes

was digested with BclI and N r uI, and ligated into the B a mHI-NruI digested

pSP64(A)-PEX1 as outlined above, to generate the pSP64(A)-PEX1(L)-

∆ATG1+∆ATG2 plasmid.
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Fig 5.8: Generation of ∆∆∆∆ATG2 fragment for constructing pSP64(A)-PEX1(L)-

∆∆∆∆ATG2. Wild-type PCR product previously amplified with PEX1GPF-2 and

PEX1G1R was used as a template in a further PCR amplification with the

existing forward primer, PEX1GPF-2, and a reverse primer (PEX1P∆ATG2)

incorporating a T>G transversion.  The diagram shows that on the sense strand

this incorporates a A>C transversion at ATG2, and results in a methionine to

leucine substitution at the protein level. The resulting amplicon was digested with

BclI and NruI, and ligated into BamHI-NruI digested pSP64(A)-PEX1(L), to

generate the pSP64(A)-PEX1(L)-∆ATG2 plasmid.

NruI
ATG2

PEX1GPF2
BclI

ATG1

PEX1P∆ATG2

T>G

PCR product from WT gDNA

        C
                     L
     ACGATGTGG

     CTGTACACC          TMW

        G
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Fig 5.9: Generation of the ∆∆∆∆ATG1+∆∆∆∆ATG2 fragment for constructing

pSP64(A)-PEX1(L)-∆∆∆∆ATG1+∆∆∆∆ATG2. Using PCR product previously amplified

from patient genomic DNA containing the T>C transition (see section on

pSP64(A)-PEX1(L)-∆ATG1 above), this PCR product was subjected to further

amplification using the existing forward primer, PEX1GPF-2 and the reverse

primer PEX1P∆ATG2, which incorporates a T>G transversion on the antisense

strand, to correspondingly generate an A>C transversion on the sense strand.

The resulting amplicon thus incorporates both the ∆ATG1 mutation and the

∆ATG2 mutation.  At the protein level this results in methionine to threonine, and

methionine to leucine substitutions, respectively.  The PCR product containing

the desired changes was digested with BclI and NruI, and ligated into the BamHI-

NruI digested pSP64(A)-PEX1, to generate the plasmid pSP64(A)-PEX1(L)-

∆ATG1+∆ATG2.

NruI
ATG2

PEX1GPF2
BclI

ATG1

PEX1P∆ATG2

T>G

PCR product from patient gDNA

T>C

        C
                     L
     ACGATGTGG
     CTGTACACC          TMW

        G

          C
                      T
      AGGATGCGC
      TCCTACGCG           MR

          G

-53C>G
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5.3.4 Cloning of PEX1 expression plasmids based on pcDNA3

A number of different PEX1 expression plasmids based on pcDNA3 were

constructed that incorporated additional 5' sequence and sequence variations

corresponding to polymorphisms identified during the course of this study.  These

expression plasmids were based on pBER81, an expression plasmid described

initially in Chapter 4.  This section describes how additional 5' sequence was

incorporated into pBER81 to create the plasmid pcDNA3-PEX1(L).  The

polymorphism-containing plasmids that were then produced are also described in

this section

pcDNA3-PEX1(L)

Additional 5' sequence upstream from the translation start site of PEX1 was

cloned into pBER81, to create the plasmid pcDNA3-PEX1(L).  Briefly, this was

accomplished by PCR amplifying an 1880bp fragment from pSP64(A)-PEX1(L)

that extended 5' of ATG1 and 3' of ATG2, using the primers PEX1-5'Bam (5'-

CCCCTTCTTGGATCCAGAAGCTTTCTTGTCCCACCCACTAC-3') and PEX1-

3'RI (5'-CCAAGGAGGATACGCCTAAGGAATTCAC-3'), incorporating BamHI

and EcoRI restriction sites, respectively (underlined sequences).  This fragment

was digested with BamHI and EcoRI, and the resulting fragment was ligated into

BamHI-EcoRI digested pBER81.  The resulting plasmid was termed pcDNA3-

PEX1(L).  Fig 5.10 shows a schematic representation of this cloning strategy.

pcDNA3-based plasmids incorporating the ∆ATG1, ∆ATG2 and ∆ATG1+∆ATG2

mutations (as specified in Section 5.3.3) were generated by PCR amplifying the

insert (using the primers PEX15'Bam and PEX13'RI) from the corresponding

pSP64(A)-PEX1(L) constructs, digesting the amplicons with BamHI and EcoRI,

and ligating into BamHI-EcoRI digested pcDNA(3)-PEX1(L).
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Fig 5.10: Generation of pcDNA3-PEX1(L). An 1880bp fragment was PCR

amplified from pSP64(A)-PEX1(L), using the primers PEX1-5'Bam and PEX1-

3'RI.  This resulting amplicon was digested with BamHI and EcoRI, and the

fragment was ligated into BamHI-EcoRI digested pBER81.  The resulting plasmid

was termed pcDNA3-PEX1(L).

pcDNA3-PEX1(L)

EcoRIBamHI

BamHI EcoRI

pBER81

ATG1 ATG2

PEX13'-RI

PEX15'-Bam

EcoRI

ATG2
BamHI

ATG1

pSP64(A)-PEX1(L)pSP64(A)-PEX1(L)
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5.3.5 Both ATGs are able to initiate translation in vitro

To determine whether either or both of these start codons could function in vitro,

constructs were prepared with variations on the two combinations of start

codons, as outlined in Section 5.3.3.  These plasmids were based on the

pSP64(A) in vitro transcription-translation vector.  The pSP64(A)-PEX1(L)

expression product was compared to products generated from the pSP64(A)-

PEX1(L)-∆ATG1, pSP64(A)-PEX1(L)-∆ATG2 and pSP64(A)-PEX1(L)-

∆ATG1+∆ATG2 vectors.  A product generated from pSP64(A)-PEX1 was also

included, as it represents PEX1 expressed from ATG2.  These constructs were

expressed using a coupled in vitro transcription-translation system, and the

resulting 35S-methionine-labelled products separated by SDS-PAGE and

visualised by autoradiography.

As shown in Fig 5.11, both the short form of PEX1 (expressed from pSP64(A)-

PEX1) and the long form (expressed from pSP64(A)-PEX1(L)) of PEX1

translated a full-length protein.  The mobilities of these proteins were in the

expected range (compared to mass markers), and the difference in mobility

between these two products was also consistent with the expected molecular

masses (143kDa vs. 148kDa, respectively), although this could not be accurately

determined from these gel separations.  The fact that in the presence of both

ATGs the product was translated from ATG1 also suggests that the translation

machinery does recognise ATG1 as a functional initiation codon through a

scanning mechanism.  When the ATG1 codon was mutated to encode a

threonine, as in the patient carrying the T>C transition, the protein was

apparently translated only from the second ATG, giving rise to the shorter form of

PEX1.  When ATG2 was mutated to a leucine, there was translation of the long

form of PEX1.  When both start codons were mutated, there appeared to be a

minimal amount of translation from both codons, which may be attributed to leaky

ribosome scanning (Gray & Wickens, 1998).
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Fig 5.11:  PEX1 protein is able to be translated in vitro from ATG1 and

ATG2.  pSP64(A)-based plasmids were used as templates in in vitro

transcription-translation reactions.  The [35S]-methionine-labelled reaction

products were separated on a 6% SDS-PAGE gel and transferred to PVDF

membrane.  The membrane was exposed to X-ray film overnight to generate an

autoradiograph.  Lane labels refer to the plasmid used as template in each

reaction, and the arrowheads highlight the size of protein translated from ATG1

and ATG2.  The observed masses of the translation products (148kDa vs.

143kDa) were consistent with crude comparison of molecular mass markers

(205kDa and 115kDa, not shown).

PEX1
PEX1(L)-
∆ATG1

PEX1(L)-
∆ATG2PEX1(L)

PEX1(L)-
∆ATG1+
∆ATG2

pSP64(A)-based plasmid
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5.3.6 Both ATGs are functional as determined by cell transfection assays

Experiments to assess the function of the protein expressed from these plasmid

constructs in an in vivo system were then performed.  These experiments used

the corresponding plasmids based on pcDNA3 (these plasmids are described in

Section 5.3.4).  The pcDNA3-PEX1(L) expression product was compared to

products generated from the pcDNA3-PEX1(L)-∆ATG1, pcDNA3-PEX1(L)-

∆ATG2 and pcDNA3-PEX1(L)-∆ATG1+∆ATG2 vectors.  A product generated

from pcDNA3-PEX1 was also included, as it represents PEX1 expressed from

the known translation initiation codon (ATG2).

The assay used to test the activity of these plasmid constructs uses a PEX1 null

phenotype cell line.  As previously described in Chapter 4, this PEX1 deficient

cell line has no import of PTS1 or PTS2 proteins and thus has no functional

peroxisomes.  When these cells are processed for immunofluorescence with an

antibody to the PTS1 (i.e. anti-SKL), the fluorescence is diffuse throughout the

cytoplasm as the matrix proteins are not packaged correctly within the

peroxisome.  When these cells are transfected with a plasmid construct

expressing functional PEX1 protein, peroxisome biogenesis is restored and

matrix proteins can be correctly packaged within the peroxisome, resulting in

punctate fluorescence (see Fig 4.6).  In the experiments described here, the

plasmids were transiently transfected into the PEX1-deficient cells by liposome-

mediated transfection, and analysed by indirect immunofluorescence using an

anti-SKL antibody, and anti-catalase.

The rescue results, corrected for transfection efficiency, are shown in Table 5.3,

and have been normalised relative to the short form of PEX1 (pBER81), which is

translated from ATG2 and to date has been used as the benchmark for

determining whether rescue of peroxisomal protein import in PEX1 null cells is

successful.  It can be seen that the protein expressed from the pcDNA3-PEX1(L)

plasmid rescued protein import at a level that is comparable to that of the short

form of the protein.  The protein expressed from the pcDNA3-PEX1(L)-∆ATG1

plasmid restored peroxisomal protein import slightly less efficiently than pBER81,

even though the two plasmids are presumed to be translating protein from the

same initiation codon (ATG2).  In this experimental system, pcDNA3-
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PEX1(L)-∆ATG2 was also able to restore peroxisomal protein import but less

efficiently than from the other plasmid constructs tested.  Unsurprisingly, when

both translation initiation codons were mutated, there was very little restoration of

peroxisomal protein import in the PEX1 null cell line.  pcDNA3 vector alone was

unable to rescue protein import.

Table 5.3: Rescue of PTS1 peroxisomal protein import by expression of

PEX1 proteins with different translation initiation codons.

Relative rescue of protein import (%)bPlasmid transfecteda

PTS1 proteinsc Catalase

pcDNA3 0±0 0±0

PEX1 (pBER81) 100±11 82±4

pcDNA3-PEX1(L) 96±9 73±6

pcDNA3-PEX1(L)-∆∆∆∆ATG1 73±5 69±4

pcDNA3-PEX1(L)-∆∆∆∆ATG2 51±3 43±5

pcDNA3-PEX1(L)-

∆∆∆∆ATG1+∆∆∆∆ATG2

2±1 0±0

aPEX1 “null” cells (4065) were transfected with the indicated plasmid plus a co-

reporter plasmid, pCMV-Sport-βgal.
bThe number of cells scored with peroxisomes containing PTS1 proteins or

catalase was corrected for transfection efficiency (i.e. βgal positive cells) and

normalised to PTS1 protein rescue obtained using the PEX1 plasmid (pBER81),

which was set at 100%.  Values represent the mean ± SD of three independent

transfection experiments.
cPTS1 protein import was assessed by use of an anti-SKL antibody, which

detects PTS1 proteins as a class.
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5.3.7 PEX1 translation in vivo does not utilise the upstream ATG

The results presented in sections 5.3.6 and 5.3.7 suggest that both ATGs are

able to initiate translation at comparable efficiencies, in both in vitro and in vivo

systems.  The Kozak consensus sequence surrounding a translation initiation

codon determines the efficiency of the codon; those translation initiation codons

in a strong context of the Kozak consensus sequence are usually efficient at

initiating translation, whereas codons in a weak consensus will be

correspondingly less eff icient.  The consensus sequence is
-9GCCGCCA/GCCAUGG+4, where the A of the translation initiation codon is

+1(underlined). (Kozak, 1989).  Evaluation of the Kozak sequence surrounding

the two potential translation initiation codons in P E X 1 , using an

ATG_EVALUATOR program (Rogozin et al., 2001) indicated that both codons

are in a favourable context.  Fig 5.12 shows the comparison of the known

translation initiation codon, or ATG2, and the upstream translation initiation

codon, or ATG1, to the Kozak consensus sequence, and the scores obtained

using the ATG_EVALUATOR.

ATG Sequence Score
Upstream ATG (ATG1) TACGGCAGG ATGC 84
Known ATG (ATG2) TCCGGGACG ATGT 88
Kozak consensus GCCGCCACC ATGG

      G

Fig 5.12: Evaluation of PEX1 ATGs as potential translation initiation start

codons using the ATG_EVALUATOR program (Rogozin et al, 2001).  The

scores obtained indicate that both ATGs are potentially excellent initiator ATGs.
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These observations raise the possibility that expression of PEX1 may generate

two different isoforms of the PEX1 protein that differ at their N-termini.  If both

isoforms of the PEX1 protein are expressed, it should be possible to detect these

isoforms in cell extracts using an anti-PEX1 antibody.  To test this, a Western blot

analysis was carried out on proteins extracted from cultured fibroblasts of control

individuals for which we had established the genotype at the PEX1 ATG1 locus

(refer to Table 5.1).  To establish the comparative mass of the PEX1 proteins in

these cell extracts, in vitro transcription-translation products corresponding to the

different length PEX1 proteins were resolved alongside the cell extracts.  As

shown in Fig 5.13, for cells from N1, a homozygote at the wild-type ATG1 codon,

a single band only was observed using a monoclonal antibody raised against the

C-terminus of PEX1 (BD Biosciences).  The same samples probed with a

polyclonal antibody raised to the N-terminus of PEX1 protein that was translated

from ATG2 (Walter et al., 2001) also showed that a single band only was

observed for protein extracted from N1 cells (data not shown).  However, the

mass of this protein in both cases corresponded to that of the protein translated

in vitro from ATG2, not the ATG1.  Analysis of PEX1 protein in extracts from N6

cells showed again only one immunoreactive band, even though this individual is

heterozygous for the T>C transition at the ATG1 codon.  Again, the mass of this

band corresponded to that of the protein translated from ATG2.  These results

indicate that physiological translation appears to be initiated only from ATG2.
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Fig 5.13: PEX1 is translated only from ATG2.  Cell extracts from control

individuals with genotype established at the PEX1 ATG1 locus, together with

PEX1 in vitro transcription-translation products representing the two potential

PEX1 proteins, were resolved by SDS-PAGE and transferred to PVDF

membrane.  PEX1 protein was detected using a monoclonal PEX1 antibody

which detects the C-terminus of the protein.  N1, wild-type PEX1 ATG1 locus;

N6, heterozygote for the wild-type locus and the T>C transition/C>G

transversion; PEX1-L, the potential long form of the PEX1 protein translated in

vitro from ATG1; PEX1-S, PEX1 translated in vitro from ATG2.

 N1      N6     PEX1  PEX1
                        -L         -S
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5.3.8 Functional impact of polymorphisms in the 5' UTR of PEX1

As the additional sequence upstream of ATG2 appears not to be coding

sequence, an experiment was designed to determine if this region of the PEX1 5'

UTR influenced PEX1 promoter activity.  Four plasmids were constructed, by

cloning a portion of the 5' UTR of PEX1 into the pGL3Basic vector, which

incorporates firefly luciferase as a reporter gene.  The construction of these

plasmids utilised a number of pSP64(A)-based plasmids as template for PCR

anmplification: pSP64(A)-PEX1(L) (described in Fig 5.5), and pSP64(A)-

PEX1(L)∆ATG1 (described in Fig 5.7).  Two additional plasmids were also

created for use in constructing the plasmid vectors for these luciferase assays:

pSP64(A)-PEX1(L)-53C>G and pSP64(A)-PEX1(L)-137T>C.  The pSP64(A)-

PEX1(L)-53C>G plasmid was generated by digesting the pSP64(A)-

PEX1(L)∆ATG1 vector (refer to Fig 5.7) with ClaI and BglII, which releases a

1419bp fragment containing the –53C>G transversion at the 5' end.  This

fragment was ligated into ClaI-BglII digested pSP64(A)-PEX1(L), to produce

pSP64(A)-PEX1(L)-53C>G.  A schematic representation of this cloning strategy

is shown in Fig 5.14.  The pSP64(A)-PEX1(L)-137T>C plasmid was generated by

digesting the pSP64(A)-PEX1(L) vector (refer to Fig 5.5) with ClaI and HpaI,

which releases a fragment of ~3kb.  This fragment was cloned into ClaI-HpaI

digested pSP64(A)-PEX1(L)-53C>G (refer to Fig 5.14) to produce the plasmid

pSP64(A)-PEX1(L)-137T>C.  This cloning strategy is shown as a diagram in Fig

5.15.
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Fig 5.14: Generation of the pSP64(A)-PEX1(L)-53C>G plasmid.  The insert

was generated by digesting the pSP64(A)-PEX1(L)∆ATG1 vector with ClaI and

BglII to release a 1419bp fragment containing the –53C>G transversion at the 5'

end.  This fragment was ligated into ClaI-BglII digested pSP64(A)-PEX1(L)

(which contains wild-type sequence at the ATG1 locus), to produce pSP64(A)-

PEX1(L)-53C>G.

pSP64(A)-
PEX1(L)∆∆∆∆ATG1

ClaI
-53C>G

ATG1 ATG2

T>C

BglII BglII

pSP64(A)-PEX1(L)-53C>G

pSP64(A)-PEX1(L)

ClaI
-53C>G

ATG1 ATG2
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Fig 5.15: Generation of the pSP64(A)-PEX1(L)-173T>C plasmid.  The insert

for this plasmid was produced by digesting the pSP64(A)-PEX1(L) vector with

ClaI and HpaI, which releases a fragment of ~3kb, which is wild-type at

position-53 of the sequence.  This fragment was cloned into ClaI-HpaI digested

pSP64(A)-PEX1(L)-53C>G to generate the plasmid pSP64(A)-PEX1(L)-137T>C.

HpaI HpaI

pSP64(A)-PEX1(L)-137T>C

pSP64(A)-PEX1-
∆∆∆∆ATG1

ClaIATG1 ATG2

T>C

pSP64(A)-PEX1(L)

ClaI

-53C>G

ATG1 ATG2
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A 440bp fragment, extending 5' immediately before ATG2, was PCR amplified

from these plasmids, using the following primers: PEX1PRO-F

(5'CCCTCTACGCGTGATCAAATAAACTCCCTAGCTCCC-3') and PEX1PRO-R

(5'CCCTCTCTCGAGCGTCCCGGAGCGTCGGTC-3'), which incorporate MluI

and XhoI sites, respectively (underlined sequences). The resulting amplicons

were digested with MluI and X h o I, and ligated into MluI-XhoI digested

pGL3Basic, to create the plasmids pGL3BasicPEX1WT, pGL3BasicPEX1T>C,

pGL3BasicPEX1C>G and pGL3BasicPEX1∆ATG1, respectively.

The pGL3BasicPEX1WT plasmid was transfected into HEK293T cells and

showed normalised luciferase activity that was more than 40-fold higher than the

pGL3Basic plasmid alone, indicating that this sequence of the PEX1 5' UTR

encompasses strong promoter activity.  Three additional plasmid constructs were

also tested: pGL3Basic-PEX1T>C, incorporating the T>C transition in ATG1,

pGL3Basic-PEX1C>G, incorporating the C>G transversion at position –53

(relative to ATG2, the known translation initiation codon), and

pGL3BasicPEX1∆ATG1.  As shown in Fig 5.16, the T>C polymorphism reduced

promoter activity to almost half that of the wild-type sequence.  In contrast, the

C>G mutation increased promoter activity by approximately 25% over that of the

wild-type.  When present together, these mutations resulted in promoter activity

that was not significantly different to that of the wild-type.
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Fig 5.16: Polymorphisms in the 5' UTR of PEX1 affect promoter activity.

Constructs containing PEX1 5' UTR sequences cloned upstream of the firefly

luciferase reporter were generated by subcloning a 440bp portion of the PEX1 5'

UTR into the MluI and XhoI sites of the pGL3Basic vector.  Constructs containing

the wild-type PEX1 5' UTR, or with polymorphisms indicated, together with the

pRL-TK co-reporter vector (which expresses Renilla luciferase) were transfected

into HEK293T cells.  The firefly luciferase activity of each sample (expressed as

relative light units) was normalised to the Renilla luciferase activity, and data

presented as the mean±SE of individual transfections for each construct (n=5-6).

*p<0.05, **p<0.01 compared with wild-type promoter activity.
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5.4 Discussion

This chapter describes part of the strategy for PEX1 mutation identification in the

Australasian cohort of patients investigated in this thesis.  Two polymorphisms

were identified in the 5' UTR of PEX1.  One of these polymorphic changes

affected an ATG codon that was upstream and in-frame with the known

translation initiation codon of PEX1.  The aim of the experiments outlined in this

chapter was to determine the functional significance of the identified

polymorphisms, and to examine the possibility that the upstream ATG

represented a potential translation initiation codon.

Screening for mutations of the 5' UTR of PEX1 was undertaken as part of the

strategy for identifying mutations in an Australasian cohort of CG1 patients.

Through this mutation screening, a number of patients were identified that were

heterozygous for a T>C transition, residing at nucleotide –137, in an upstream,

in-frame ATG.  A C>G transversion at position –53 was also identified in a

proportion of patients.  Based on the mutation screening of the entire cohort of

Australasian CG1 patients reported in this thesis, the T>C and C>G

polymorphisms cosegregate, and there is also an apparent segregation of these

two polymorphisms with the I700fs mutation.  For example, patient 4065, who is

homozygous for the I700fs mutation, is also homozygous for the T>C transition

and C>G transversion, whereas multiple patients who are heterozygous for the

I700fs mutation are also heterozygous for the T>C transition and C>G

transversion.  Of interest were a normal control individual, and a single patient

negative for the I700fs mutation, who were also heterozygous for the T>C

transition and C>G transversions, suggesting that these nucleotide changes may

be present at some frequency in the normal population.  Using ASO analysis,

colleagues at the Women’s and Children’s Hospital, Adelaide screened 49

clinically normal individuals for the presence of the T>C transition, and found that

seven were heterozygous, and one was homozygous, for this nucleotide change.

As this puts the frequency of the T>C transition in the normal population at 9%,

this nucleotide change is likely to be a polymorphism.  Based on these results, it

is also suggested that the I700fs mutation may have arisen on a T>C allelic

background.  Although no direct screen for the C>G transversion on the same

sample group was performed, the direct sequence data presented in this chapter

would suggest that the frequency of the C>G allele is identical to that determined
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for the T>C allele.  Multiple attempts to directly determine whether the I700fs

mutation and the T>C and C>G polymorphisms co-segregate (by a PCR and

subcloning approach) were not successful and this experiment was not further

pursued.  Testing of the parental DNA from families homozygous and

heterozygous for the I700fs mutation would also confirm whether these mutations

co-segregate; this approach will be pursued at a later date.

In their original paper describing human PEX1, Portsteffen and colleagues (1997)

did identify ATG1 as a second putative translation start site through analysis of the

genomic sequence, but assumed that ATG2 was the functional start codon on the

basis of sequence similarity with yeast Pex1 proteins.  To address the possibility

that ATG1 represents a potential translation initiation codon, the 5' end of the PEX1

cDNA was determined, using two different approaches.  Two approaches were

used to achieve this.  Primer extension analysis showed that the 5' end of PEX1

extended 5' of ATG1, and RT-PCR and sequence analysis confirmed this result.

These analyses indicated that the 5' end of the PEX1 cDNA extends 5' to the

ATG1, and is colinear with the PEX1 gene, suggesting that the translation product

of PEX1 may include additional amino acids encoded by this additional sequence.

To determine whether one or both of these start codons could function in vitro,

plasmids were prepared containing various combinations of the two start codons.

For ATG1, the mutation used was the T>C transition detected in patients; for ATG2,

an A>C substitution was generated based on the premise that the leucine amino

acid substitution would not significantly alter the physiological properties of the

resultant protein.  A plasmid was also prepared that contained the specified

mutations in both start codons.  The coupled in vitro transcription-translation

reactions showed that both start codons in their wild-type form were functional in

vitro, translating a full-length protein that differed slightly in mobility, as expected.

Mutation of the first start codon resulted in expression of the PEX1 protein from the

ATG2 only, suggesting that for PEX1, an ACG codon was not efficient at initiating

translation in vitro.  Mutation of the second start codon resulted in translation of

PEX1 from ATG1, as expected.  Mutation of both start codons reduced PEX1

translation from both codons to minimal levels.  These results indicate that both

start codons are functional in an in vitro system.  Other genes have been shown to

initiate from non-ATG start codons: VEGF can use CTG as an alternative to ATG,

to translate different isoforms (Meiron et al., 2001); and translation of JunD can
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occur from ATG, ACG or CTG (Short & Pfarr, 2002).  However, mutations of either

of these PEX1 ATG codons abolish their ability to initiate translation, suggesting

that for PEX1, ATG is the preferred codon for translation initiation.

Based on the results presented above, it appeared that both start codons were able

to function in vitro to translate a full-length protein.  The next step undertaken was

to determine whether these start codons were functional in an in vivo system, using

the transfection and immunofluorescence-based assay described in Chapter 4.

Plasmids containing combinations of the wild-type start codons, and the mutations

as tested in the in vitro system, were transfected into PEX1 null cells and analysed

for restoration of peroxisomal protein import.  The levels of restored peroxisomal

protein import were adjusted relative to the level of import (as assessed using an

anti-SKL antibody) generated by transfection of pBER81, representing translation of

PEX1 from the known translation initiation codon.  To date, this plasmid has been

used as the benchmark for restoring peroxisomal protein import in PEX1 null cells

(Reuber et al., 1997; Maxwell et al., 1999; Maxwell et al., 2002).  The results of

these analyses showed that expression of PEX1 from both the known translation

initiation codon and the upstream ATG could effectively restore peroxisomal protein

import, and at comparable levels.  Expression of PEX1 using the pcDNA3-PEX1(L)-

∆ATG1 plasmid resulted in a reduction of protein import by about 15%, even though

based on the in vitro results outlined above, this protein is likely to be expressed

from the same translation initiation codon as pBER81.  Under a scanning model of

translation, the fact that the ribosome has to scan through the additional sequence

upstream of the second translation initiation codon, including the first translation

initiation codon that is not in a favourable context, may explain the reduced

efficiency noted for the ∆ATG1 plasmid.  Expression from the pcDNA3-PEX1(L)-

∆ATG2 plasmid was approximately half as efficient as that noted for pBER81.  A

possible explanation for this is that the leucine substitution may have altered the

function of the PEX1 protein, resulting in a less-efficient restoration of peroxisomal

protein import.  As expected, the simultaneous alteration of both start codons

resulted in a loss of ability of the expressed protein to restore peroxisomal protein

import.

The results of these in vitro and in vivo assays suggest that both ATGs are

comparable in their efficiency of initiating translation, an observation that is
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supported by the comparison of the Kozak consensus sequence surrounding each

codon, using an in silico analysis technique (Rogozin et al., 2001).  This led to

consideration of the possibility that PEX1 expression may lead to the generation of

two different isoforms of the PEX1 protein that differ at their N-termini.  To address

this question, a Western blot analysis of proteins extracted from cultured fibroblasts

of control individuals of known genotype at ATG1 was carried out.  The control

samples analysed included an individual that is homozygous for the wild-type

ATG1, and an individual that is heterozygous for the T>C transition at ATG1.

Transcription-translation products representing the different length PEX1 proteins

were included to enable the mass of the PEX1 protein from the cell extracts to be

determined.  The results of this analysis showed that the mass of the

immunoreactive protein from both individuals corresponded to that of the protein

translated from the known translation initiation codon (ATG2) only.  These results

indicate that physiological translation of PEX1 protein appears to be initiated only

from ATG2.  This is surprising considering that the scanning model of translation

suggests that if one or more in-frame potential translation initiation codons are

present, the first codon in an appropriate context will be used to initiate translation

(Kozak, 1989).  A couple of points may explain the results presented here for PEX1,

but are purely speculative and have not been pursued further.  There is some

evidence that the presence of upstream ATGs in a long 5' UTR may reduce the

efficiency of translation and thus act as a regulator of translation (reviewed in

Rogozin et al., 2001).  A review of translation initiation codon usage by Peri and

Pandey (2001) indicates that long 5' UTRs are often associated with upstream

ATGs that are not used to initiate translation.  Furthermore, these authors also

suggest that the 'first ATG' rule is not universally applicable, and that in many

cases, alternative methods of translation initiation such as leaky scanning,

reinitiation or internal initiation may be used.  The method of assigning the

translation initiation codon based on protein family comparisons or cross-species

comparisons (which is the method by which Portsteffen and colleagues (1997)

assigned the start codon for PEX1 ) is suggested as being more generally

applicable than a direct examination of the genomic or cDNA sequence (Peri &

Pandey, 2001).

The results presented above would tend to suggest that the additional sequence

upstream of ATG2 is not PEX1  coding sequence.  The final analysis of this

additional upstream sequence was designed to determine whether this sequence
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influenced PEX1 promoter activity.  Plasmid constructs for use in luciferase assays

were designed, incorporating 440bp of sequence immediately upstream of ATG2,

and containing either the wild-type sequence at ATG1, the T>C transition, the C>G

transversion, or combinations of these.  The empty luciferase vector, which

contains no promoter or enhancer sequences, was included as a negative control.

When transfected into HEK293T cells and assayed for luciferase expression, the

wild-type sequence resulted in luciferase activity that was more than 40-fold higher

than the negative control vector, indicating that the sequence upstream of the

known translation initiation codon encompasses strong promoter activity.  The T>C

polymorphism reduced promoter activity to almost half that of the wild-type

sequence, but in contrast the C>G polymorphism increased promoter activity by

approximately 25% over that of the wild-type.  When present together, the promoter

activity is not significantly different to that of the wild-type.  From these findings, it is

postulated that the T>C transition is a detrimental polymorphism in terms of PEX1

expression, but that the co-segregating C>G transversion exerts a moderating

effect to bring the PEX1  expression to near normal levels.  This observation

perhaps highlights the fact that these two polymorphisms appear to be closely

linked and that this compensatory mechanism may have arisen to maintain effective

PEX1 expression.

In conclusion, the experiments outlined in this chapter have indicated that the 5'

UTR of PEX1  extends further upstream than previously thought.  Two

polymorphisms were identified in this extended 5' UTR, one residing in a potential

new translation initiation codon.  However, this potential translation initiation codon

appears not to play a role in physiological translation of PEX1.  A preliminary

analysis of this region for promoter activity indicates that this region does harbour

promoter-like activity, and the co-segregation of two polymorphisms in this region

may indicate a mechanism by which effective PEX1 expression was maintained in

the presence of polymorphic alleles.
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6.1 Introduction

The focus of the studies presented in this thesis was the identification and

characterisation of mutations in PEX1 in an Australasian cohort of patients.

Human PEX1 is a large gene composed of 24 exons, encoding an mRNA

transcript of approximately 4.4kb.  The PEX1 protein, which is a member of the

AAA family of ATPases (Portsteffen et al., 1997) is 143kDa in mass, and contains

two AAA domains that represent the main, established functional regions of the

protein.  PEX1 is required for the import of both PTS1- and PTS2-containing

peroxisomal matrix proteins (Slawecki et al., 1995).  Numerous studies have

demonstrated an interaction between PEX1 and another AAA ATPase, PEX6,

that occurs in an ATP- and Mg2+-dependent manner, and the interaction between

these peroxins is a crucial requirement for the function of both peroxins (Faber et

al., 1998; Geisbrecht et al., 1998; Kiel et al., 1999; Tamura et al., 1998b).  PEX1

also has a role in stabilising the PTS1 receptor, PEX5 (Dodt & Gould, 1996), and

appears to act in the late stages of peroxisomal matrix protein import (Collins et

al., 2000).  The exact function of the PEX1 protein has not been established, but

various roles have been proposed, one of these being that PEX1 (and its

interacting partner PEX6) facilitates the disassembly of the matrix

protein:receptor complex and provides the energy for translocation through ATP

hydrolysis (Gould & Collins, 2002).

PBD patients have been divided into 12 complementation groups, with a single

gene being identified as responsible for each complementation group (Gould &

Valle, 2000; Matsumoto et al., 2003).  Mutations in PEX1 are responsible for CG1

of the PBDs (Portsteffen et al., 1997; Reuber et al., 1997; Tamura et al., 1998a).

CG1 is the largest of the PBD complementation groups and accounts for over

half of all Zellweger syndrome spectrum patients (Gould et al., 2001).  The large

number of patients in this complementation group has made the study of PEX1

mutations a focus of research worldwide.

Phenotypic heterogeneity observed within complementation groups has been

attributed to the spectrum of mutations present within each group (Moser, 1999).

The cohort of Australasian CG1 patients that were studied during the course of

this research showed a range of clinical phenotypes, so it was expected that

these investigations would identify a spectrum of mutations from mild to severe,
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in terms of their cellular impact.  The working hypothesis for this study was that

mutations that result in the introduction of a premature termination codon, either

directly or by alteration of the reading frame, will have a more severe impact on

PEX1 protein function than missense mutations.  Twelve mutations were

identified as the result of these investigations, and studies of the phenotypic

effect of a representative selection of these mutations were undertaken.  Two

polymorphisms in the 5' UTR of PEX1 were also identified and preliminary

characterisation of these polymorphisms was performed.  The data obtained

during the course of this research has been used to establish a genotype-

phenotype correlation for the Australasian CG1 patients that were the subject of

this investigation, and these correlations will be presented later in this chapter.

6.2 Identification of mutations in PEX1

Prior to the commencement of these investigations, a number of mutations were

identified in PEX1 (Portsteffen et al., 1997; Reuber et al., 1997; Tamura et al.,

1998a).  These mutations include the G843D mutation, the one found most

commonly worldwide in CG1 patients.  The G843D mutation was found in the

Australasian cohort of patients described in this thesis at a frequency of 19%.

Another PEX1 mutation was found in multiple patients in the Australasian cohort.

The I700fs mutation (also known as P740X), is the second most common

mutation in PEX1 worldwide (Collins & Gould, 1999; Maxwell et al., 1999; Preuss

et al., 2002; Walter et al., 2001), and is found at a frequency of 35% in this

Australasian patient cohort.

The G973fs mutation, present at a frequency of 15%, is the third most common

mutation in this Australasian patient cohort.  This is the only other mutation found

in multiple patients in this study.  This mutation was also identified in a single

patient in a European study (Preuss et al., 2002).  The fact that the G973fs

mutation is frequently found in the Australasian CG1 patient cohort but is not

common in other populations is puzzling, as the affected Australasian patients

are unrelated, and there appears to be no confirmed link between the occurrence

of this allele and a specific ethnic or geographic origin of the patients.  However,

this point was not further pursued as part of these investigations.  To date, the
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remaining nine mutations in PEX1 found in this investigation are unique to the

Australasian patient cohort and are found in single patients, perhaps suggesting

these mutations have arisen de novo.

Interestingly, many of the mutations in PEX1 identified in this patient cohort can

be categorised according to some common mechanisms of mutation.  The

sequence of a gene has been shown to determine its susceptibility to mutation,

as certain sequences are more mutable than others and will often mutate in a

predictable manner.  The high frequency of mutations at CpG dinucleotides due

to 5'methyl-cytosine deamination is a prime example of this.  Within the CpG

dinucleotide, there are two specific mutations characteristic of this mechanism,

CG>TC and CG>CA (Antonarakis et al., 2001).  Another common type of

mutation is the frameshift mutation, generated by the insertion or deletion of

bases that interrupt the reading frame.  This type of mutation can often be

attributed to slipped mispairing during replication, and frequently occurs in a run

of identical bases (Antonarakis et al., 2000).  Mutations characteristic of both of

these commonly occurring mechanisms can be identified among the spectrum of

mutations identified in this study.  Table 6.1 outlines the mutations identified in

the course of this study, with an indication of the possibility of either of these two

common mechanisms being responsible for the mutations identified in these

investigations, and the predicted effect of each mutation on the PEX1 protein.

The entries corresponding to mutations resulting from insertions or deletions of

nucleotides that interrupt the reading frame of PEX1 are shaded in blue.  These

mutations cause an indirect introduction of a premature termination codon (PTC),

and as such are predicted to result in nonsense-mediated decay (NMD) of the

PEX1  mRNA, and consequently a deficiency of PEX1 protein.  Of the five

mutations in this category, three (I370fs, I700fs and S797fs) occur at positions

containing a run of identical nucleotides or dinucleotide repeats, strongly

suggesting that the mutations may have arisen due to slipped mispairing during

replication.  One mutation (G973fs) occurs at an isolated AA dinucleotide, so it is

possible that this mutation may also have arisen due to slipped mispairing.  The

remaining mutation in this category, A302fs, does not occur at a region

containing repetitive sequences, so the mechanism by which this mutation arose

is not readily discernible.
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Table 6.1: Mutations identified in PEX1: potential mechanism of mutation and predicted effect on protein.

Potential mechanism of mutationbMutation Nucleotide change
(exon)

CpG
dinucleotidea

5'methyl-cytosine
deamination

Slipped
mispairing

Predicted effect on proteind

A302fs c.904_905delG (5) no n.a. no NMD

I370fs c.1108_1109insA (5) no n.a. yes NMD

I700fs c.2097_2098insT (13) no n.a. yes NMD

S797fs c.2391_2393delTC (14) no n.a. yes NMD

G973fs c.2916_2917delA (18) no n.a. Possiblec NMD

R790X c.2368C>T (14) yes yes n.a. NMD

R998X c.2292C>T (19) yes yes n.a. NMD

R798G c.2392C>G (14) yes no n.a.
Substitution affecting amino acid conserved
between mouse and human in moderately
conserved region of PEX1, at end of AAA1

G843D c.2528G>A (15) no n.a. n.a.
Substitution affecting amino acid conserved

between yeast, mouse and human in moderately
conserved region of PEX1 at beginning of AAA2

I989T c.2966T>C (19) no n.a. n.a.
Substitution affecting amino acid conserved
between yeast, mouse and human in highly
conserved region of PEX1 at end of AAA2

R998Q c.2993G>A (19) yes yes n.a.
Substitution affecting amino acid conserved
between yeast, mouse and human in highly
conserved region of PEX1 at end of AAA2

IVS22-19A>G IVS22-19A>G no n.a. n.a. unknown; potentially altered splicing

arefers to whether the nucleotide change occurs at a CpG dinucleotide.
bn.a., not applicable; yes/no, mutation is/is not characteristic of mutational mechanism
cThis deletion occurs in an AA dinucleotide so slipped mispairing is possible
dNMD, nonsense-mediated decay, predicted to eliminate transcripts containing premature termination codons, resulting in PEX1 protein deficiency.
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Two mutations were found in PEX1 that resulted in the direct introduction of a

PTC, and are shaded in pink in Table 6.1.  Both the R790X and the R998X

mutation are due to T>C transitions in CpG dinucleotides, conforming to the

specific mutations characteristic of 5'methyl-cytosine deamination at CpG

dinucleotides.  The R790X and R998X mutations are also predicted to result in

NMD of the PEX1 mRNA and a consequent deficiency of PEX1 protein.

Four missense mutations were found in PEX1, and the entries corresponding to

these mutations are shaded in green in Table 6.1.  Two of these mutations

(G843D and I989T) do not occur at CpG dinucleotides and the mechanism by

which these mutations arose is therefore unclear.  The other two mutations in this

category, R798G and R998Q, both occur in CpG dinucleotides, however only the

R998Q mutation conforms to a specific mutation resulting from 5'methyl-cytosine

deamination (CG>CA).  All of the missense mutations found in this study affect

the AAA domains, corresponding to the functional regions of the PEX1 protein,

and occur in moderately to highly conserved regions of the protein.

The final mutation identified in this study was the IVS22-19A>G mutation,

presumed to affect the branchpoint adenosine nucleotide prior to the splice

acceptor site for exon 23.  Mutations in branchpoint sequences have not been as

extensively studied as those mutations affecting coding sequences or those

directly within splice sites.  However, there is evidence that mutations in these

branchpoint sequences (particularly those affecting the invariant adenosine within

this consensus sequence) can have a significant effect on the correct splicing of

mRNA, and may result in exon skipping or intron retention (Antonarakis et al.,

2001).  These possibilities were not addressed in this study, as the only material

available for study of the affected patient was genomic DNA.  However, the effect

of the IVS22-19A>G mutation on the PEX1 protein may be expected to be

relatively minor since no known functional regions of the PEX1 protein would be

affected.

This study has identified two regions of PEX1 that may be potentially

hypermutable.  Codon 797, as outlined above, is affected by a dinucleotide

deletion resulting in a frameshift mutation.  The adjoining codon 798 contains a

missense mutation, resulting in the R798G mutation.  Although codon 798

contains a CpG dinucleotide, the missense mutation does not conform to the
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typical mutations attributed to 5'methyl-cytosine deamination.  An examination of

the sequence surrounding these codons reveals a TCGA motif within 10bp

upstream, and this tetranucleotide motif has been implicated as suggestive of a

mutational hotspot (Antonarakis et al., 2001).  The second region that may be

potentially hypermutable is codon 998 in exon 19, within a highly conserved

region of the PEX1 protein, which contains two mutations presumed to result

from 5'methyl-cytosine deamination.  R998Q is a missense mutation, and the

R998X mutation results in the introduction of a premature termination codon.

Codon 998 may be hypermutable simply due to the CpG dinucleotide it contains,

as indicated by two separate mutations, both potentially attributable to 5'methyl-

cytosine deamination occurring in one codon.

Three mutations that may confidently be attributed to 5'methyl-cytosine

deamination were identified during these investigations (Table 6.1).  Examination

of the mutation data for PEX1 reported by other research groups (Collins &

Gould, 1999; Preuss et al., 2002; Tamura et al., 1998a; Walter et al., 2001) also

shows a significant number of mutations that could also be due to this

mechanism.  The occurrence of CpG is suppressed in vertebrate genomes due

to its hypermutability; also, between different genes there is variation in the levels

of mutation that can be attributed to 5'methyl-cytosine deamination, presumably

due to differing levels of methylation within CpG sites of a gene (Antonarakis et

al., 2001).  It could therefore be speculated that the PEX1 gene contains a higher

proportion of methylated CpG dinucleotides than other PEX genes, rendering

PEX1 susceptible to mutation, and potentially explaining the large number of

patients in complementation group 1 of the PBDs.

6.3 Analysis of the 5' UTR of PEX1

The mutation analyses outlined above extended to screening each of the 24

PEX1 exons and flanking intronic regions in all patients from this cohort, by either

direct sequencing or DHPLC analysis.  However, at the end of these analyses, a

number of patients still had one PEX1 allele in which a disease-causing mutation

had not been identified.  To address the possibility that these patients may

harbour a mutation in a regulatory region of PEX1, the 5' UTR of PEX1 was



Chapter 6     Final Discussion: Genotype-Phenotype Correlations in Australasian CG1 PBD patients

168

examined for sequence changes.  Two polymorphisms in the 5' UTR of PEX1

were identified through these investigations, a T>C transition at nucleotide –137,

in an ATG codon that was in-frame and upstream of the PEX1 translation

initiation codon, and a C>G transversion at nucleotide –53.  The entire cohort of

CG1 patients investigated in this study was screened for the presence of these

two nucleotide changes.  The results obtained indicated that these

polymorphisms were present in a number of the patients, and also indicated an

apparent segregation of these polymorphisms and the I700fs mutation.  A normal

control patient and a patient negative for the I700fs mutation were also identified

as being heterozygous for both polymorphisms, so a screen of clinically normal

individuals for the presence of the T>C allele was undertaken by colleagues at

the Women's and Children's Hospital, Adelaide.  It was found that the T>C

polymorphism is present in the normal population at a frequency of 9%, thereby

defining this as a polymorphism.  As the direct sequencing data indicated that the

C>G transversion segregates with the T>C transition, the C>G transversion is

likely to be present at the same frequency, however this could not be

successfully confirmed.  Assuming, however, that the T>C and C>G

polymorphisms cosegregate and are therefore on the same allele, the frequency

of this allele in the normal population, together with the sequencing data showing

an apparent segregation with the I700fs mutation, suggests that the I700fs

mutation may have arisen on the T>C, C>G allelic background.

The existence of the upstream, in-frame ATG (termed ATG1) was investigated to

determine if it represented a potential translation initiation codon.  The 5' end of

the PEX1 cDNA was found to extend upstream of ATG1, further than previously

reported (Portsteffen et al., 1997; Reuber et al., 1997).  In vitro transcription-

translation analysis showed that both ATG1 and ATG2 (the previously identified

translation initiation codon) were functional in initiating translation of PEX1.

Alteration of either the ATG1 or ATG2 resulted in the alternative codon being

used to translate PEX1.  In vivo expression studies showed that altering the

ATG1 and ATG2 codons results in attenuation of PEX1 function, but residual

function was retained.  However, Western blot analysis indicated that

physiological translation of PEX1 is from ATG2 only.  As it appears that ATG1 is

not used to initiate translation of PEX1, the additional sequence upstream of

ATG2 was investigated to determine if PEX1 regulation is affected by the two

polymorphic changes identified.  Luciferase reporter assays testing each
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individual polymorphism indicated that the T>C transition was a detrimental

polymorphism, reducing the promoter activity to approximately half that of the

normal level, whereas the C>G transversion increased the promoter activity by

25%.  However, when present together these polymorphisms compensate each

other to bring the promoter activity to near normal levels.  As a result of these

findings, it is postulated that a compensatory mechanism involving these two

polymorphisms may have arisen to ensure PEX1 expression from this allele at

adequate levels.

The possibility that the additional N-terminal sequence may contain a

mitochondrial leader sequence has also been considered.  A portion of the N-

terminal sequence of the PEX1 protein, including the extra amino acids

potentially encoded by the sequence between ATG1 and ATG2, were examined

by a number of in silico analysis programs to determine if a mitochondrial

targeting sequence were present.  The programs used were MITOPROT

(http://www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter; C la ros  &

Vincens, 1996), PSORT II (http://psort.ims.u-tokyo.ac.jp/form2.html; Nakai &

Horton, 1999), TargetP (http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson

et al., 2000) and Predotar (http://www.inra.fr/predotar/).  PEX1 including the N-

terminal extension was not predicted to localise to mitochondria by any of these

programs.  This finding is not unexpected, as no full-length PEX protein has been

found to localise to mitochondria, although artificially truncated versions of PEX3

have been shown to be mislocalised to this organelle (Muntau et al., 2003;

Soukupova et al., 1999).  However, there are examples of metabolic enzymes of

the mitochondrion and peroxisome that show a dual localisation to both

organelles (Amery et al., 2000; Kotti et al., 2000).  In this context, it should be

emphasised that PEX1 is not a metabolic enzyme, does not contain either a

PTS1 or PTS2 and is not targeted to the peroxisome, and the analyses

mentioned above would also seem to rule out a mitochondrial localisation.

6.4 PEX1 haplotypes

The close linkage of the two polymorphisms in the 5' UTR of PEX1 with the

I700fs mutation may represent a potential new PEX1 haplotype in these patients.

Previous studies have indicated the existence of other haplotype associations for
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PEX1 (Collins & Gould, 1999; Preuss et al., 2002).  These researchers have

shown that the I700fs mutation appears to be associated with the short form of

IVS11 (lacking the 16bp insert) and a GGC codon at G777, whereas G843D is

associated with the long form of IVS11 (containing the 16bp insert) and a GGA

codon at G777. A limited analysis of the cohort of patients investigated in this

thesis for these haplotype associations tends to support these observations.  In

this patient cohort, however, both polymorphisms were shown to be present in

patients not carrying the I700fs or G843D alleles.  This observation is not

surprising considering a report by Preuss and coworkers (2001) that places the

IVS11 and G777G polymorphisms at frequencies of 86% and 8%, respectively, in

the normal population.

6.5 Cellular phenotypes associated with PEX1 mutations

A number of experimental approaches were used to determine the cellular impact

of the PEX1 mutations that were identified in this study.  One such approach

involved engineering representative mutations into a PEX1 expression vector and

analysing the ability of the expressed mutant PEX1 protein to restore

peroxisomal protein import in PEX1 null cells.  Other techniques included the

analysis of PEX1 protein levels in patient cells by Western analysis, and

determination of PEX1 mRNA levels by a combination of Northern analysis and

real-time quantitative PCR.  As mentioned previously, it is believed that the

phenotypic heterogeneity observed within a given complementation group relates

to the spectrum of mutations present within that group (Gould & Valle, 2000;

Moser, 1999).  The mutation analyses discussed above have identified a range of

mutations, from those generating a premature termination codon (PTC),

predicted to result in nonsense-mediated mRNA decay (and thus a lack of

functional PEX1 protein), through to missense mutations that are anticipated to

attenuate PEX1 function.  Consequently, the analysis of the cellular impact of the

identified mutations was expected to reflect these predictions.  The results of

these studies indicated that patients who carry a mutation generating a PTC on

both PEX1 alleles have PEX1 mRNA levels that in some cases are reduced by

up to 92% of the levels seen in normal control patients.  As expected, this is

mirrored by a dramatic reduction in PEX1 protein levels in these patients, with

immunoreactive PEX1 protein reduced to <1% of normal levels.  Transfection of
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PEX1 'null' cells with plasmids that express these truncated PEX1 proteins did

not restore peroxisomal protein import, as expected.  Patients who are compound

heterozygotes for a PTC-generating mutation and a missense mutation generally

show intermediate levels of PEX1 mRNA, coupled with levels of PEX1 protein

between 6-20% of normal levels.  Patients carrying missense mutations on both

PEX1 alleles show the highest PEX1 mRNA and protein levels.  Analysis of the

ability of PEX1 proteins carrying specific missense mutations to restore

peroxisomal protein import when expressed in vivo indicated that amino acid

substitutions attenuate PEX1 function, but residual activity of the protein is

retained.

It has been reported previously that the G843D mutation results in a temperature-

sensitive phenotype (Imamura et al., 1998a; Walter et al., 2001), and this

phenomenon was confirmed during these investigations.  Skin fibroblasts from a

patient homozygous for G843D were cultured concurrently at 37°C and 30°C for

3 days and then assessed for peroxisomal protein import ability and PEX1

protein levels.  The ability of these cells to import peroxisomal matrix proteins

was dramatically increased after culturing at the lower, permissive temperature.

However, the increase in PEX1 function observed in cells cultured at the

permissive temperature was not paralleled by an increase in PEX1 protein levels

in these cells.  In terms of the increase in peroxisomal protein import at the

permissive temperature, these results concur with those reported by European

and Japanese researchers (Imamura et al., 1998a; Walter et al., 2001), but in

contrast, this study indicated there was no parallel increase in PEX1 protein

levels from cells cultured at 30°C.  Another missense mutation identified within

this Australasian cohort of patients, R798G, was also investigated for a

temperature-sensitive phenotype, and showed similar impact to the G843D

mutation, in terms of both restoration of peroxisomal protein import and PEX1

protein levels.  Walter and coworkers have suggested that the improvement in

PEX1 protein function at permissive temperatures may reflect an increased

stability of the mutant protein, and raise the possibility that pharmacological

agents that stabilise the PEX1 protein may be useful in the treatment of mildly

affected PBD patients (Walter et al., 2001).  Investigation of cell lines from severe

and mildly affected patients in other PBD complementation groups has

demonstrated that temperature-sensitivity is widespread among the mildly

affected patients (Imamura et al., 1998b; Imamura et al., 2000a; Imamura et al.,
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2000b).  The identification of R798G as a second PEX1 mutation generating a

temperature-sensitive phenotype indicates that the phenomenon is not restricted

to PEX1 harbouring the G843D mutation.  Thus, screening for temperature-

sensitivity of PEX1  mutations in mildly affected patients may be useful in

indicating treatment options in the future.

6.6 Genotype-phenotype correlations in Australasian CG1 patients

A major goal of these investigations was to draw together the information on the

types of PEX1 mutations found in Australasian CG1 patients and the cellular

impact of these mutations, to establish a genotype-phenotype correlation for this

patient cohort.  These studies have found a general trend of mutations presumed

to generate 'null' PEX1 alleles leading to severe impact on PEX1 function and

cellular phenotype, and missense mutations having a milder impact on these

parameters.  This section brings together the information on the types of PEX1

mutations and their corresponding effects on PEX1 function, and the clinical

features of the patients described in this thesis, to show that for this group of

Australasian CG1 patients, a clear correlation exists between PEX1 genotype

and phenotype.

6.6.1 Impact of PEX1 mutations on cellular phenotype

As discussed above, various experiments were undertaken to determine the

cellular impact of PEX1 mutations.  Table 6.2 summarises the data obtained on

the impact of PEX1 mutations for a selection of patients representative of the

PEX1 genotypes found during the course of these investigations. There is a clear

trend for patient cell lines carrying a mutation generating a PTC on both PEX1

alleles to exhibit very low to undetectable levels of PEX1 mRNA and PEX1

protein, and to demonstrate an inability to import peroxisomal matrix proteins

(genotypes highlighted in blue).  These observations support the hypothesis that

both alleles are expressing transcripts that are affected by nonsense-mediated

decay (NMD) of the mRNA, resulting in a lack of functional PEX1 protein.  Patient

cell lines carrying a combination of a mutation generating a PTC, and a missense

mutation, show intermediate levels of PEX1 mRNA and PEX1 protein, and
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demonstrate a slight residual ability to import peroxisomal matrix proteins

(genotypes highlighted in pink).  Once again, this concurs with the hypothesis

that the allele containing a PTC will result in NMD (resulting in a lack of functional

PEX1 protein from that allele), and the allele containing the missense mutation

will temper the cellular impact, by expressing a significant level of mRNA, and

producing PEX1 protein that retains residual activity.  The patient cell lines

containing a missense mutation on both alleles retained the highest levels of

PEX1 mRNA and PEX1 protein levels, and greatest ability to import peroxisomal

matrix proteins (genotypes highlighted in green).  With both alleles expressing

normal or near normal levels of PEX1 mRNA, and retaining significant PEX1

protein levels, the missense mutations exert the least effect on PEX1 protein

function seen in these investigations.  Thus, the effect of the combinations of

PEX1 mutations present in the Australasian cohort of patients were consistent in

each case with the expected impact of the mutations on PEX1 protein function.

Table 6.2: Cellular impact of a representative  selection of PEX1 mutations.

PEX1 allele Effects of mutationa

1 2

PEX1

mRNA

levels

PEX1

protein

levels

PTS1

protein

import

Catalase

import

I700fs I700fs - - - -

I700fs A302fs - - - -

I700fs G973fs + - - -

I700fs G843D ++ + + +

R790X G843D + + + +

G843D G973fs + + + +

R798G G843D +++ ++ ++ ++

G843D G843D ++ ++ ++ ++

aKey to levels relative to that of normal control cells: +++, normal; ++,

intermediate; +, low: -, very low/undetectable.



Chapter 6     Final Discussion: Genotype-Phenotype Correlations in Australasian CG1 PBD patients

174

6.6.2 Clinical features of CG1 PBD patients

An extensive spectrum of clinical features is observed in the peroxisome

biogenesis disorders, and are comprehensively reviewed by (Moser, 1999) and

(Gould et al., 2001).  As detailed previously, the Zellweger spectrum (ZS) of the

PBDs comprises a clinical continuum of phenotypes, comprising Zellweger

syndrome at the severe end of the spectrum, to neonatal adrenoleukodystrophy

representing the intermediate phenotype, and infantile Refsum disease being the

least severe. It is now understood that these disorders are phenotypic variants of

a single clinical syndrome.  However, the classically used names of the disorders

give clues as to some of the clinical features that may be observed in the ZS.  In

the case of ZS (also known as cerebrohepatorenal syndrome), cerebral defects

are a hallmark, with characteristic neuronal migration defects, seizures, white

matter abnormalities, and widespread developmental deficiencies being

commonly reported in patients, and especially at the severe end of the spectrum.

Furthermore, the liver is an organ that is frequently implicated in clinical

observations of patients, with hepatomegaly being reported in a majority of

patients.  Renal cysts are prevalent in severely affected patients, but are not

usually seen in milder manifestations of the disorders.  Dysmorphic features are

also a distinctive finding in these patients, and are present across the phenotypic

spectrum.  Hypotonia is also frequently found across a range of phenotypes, but

is often more marked in severely affected patients.  Visual and auditory deficits

are commonly found in patients, particularly in the more mildly affected patients.

Furthermore, developmental delay is commonly observed in mildly affected

patients, as severely affected patients may not survive long enough to exhibit this

feature.

In terms of the presence or absence of a particular clinical feature being an

indicator of disease severity, there is no one clinical finding that is completely

reliable.  As mentioned above, many of the features can be found across the

spectrum of patients, and often only a subset of clinical features will be reported

for any given patient.  However, the age of survival may be useful in indicating

the severity of disease.  The clinical findings and age of survival for the CG1

patients that were investigated during this research are detailed in Tables 6.3 to

6.6.
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Examination of Table 6.3 (patients carrying PTC-generating mutations on both

PEX1  alleles) indicates that all of these severely affected patients have

dysmorphic features and exhibit hypotonia, and some patients show poor feeding

and seizures.  Renal cysts are also noted in these patients, and are not evident in

patients in other categories.  Developmental delay is not a common feature in

these patients, presumably due to the low survival age of these patients.  Most of

the patients described in Table 6.4 (patients with a combination of a PTC-

generating mutation and a missense mutation) have presented with hypotonia

and seizures.  Dysmorphic features are observed in this patient group, but not in

every patient.  Visual impairment and developmental delay are common, and

regression was reported in one patient.  It is likely that these latter features are

noted due to the longer survival ages of these patients, compared to the severely

affected patients described in Table 6.3.  The patients with longest survival are

described in Table 6.5 (patients with two PEX1 missense mutations).  The limited

number of patients in this category show a common trend of developmental delay

and visual impairment, and all show dysmorphic features.  The patients who have

one PEX1 allele still to be identified are described in Table 6.6.  On the basis of

the observations made for patients that have had both PEX1 alleles identified, it

may be possible to make some predictions on the mutations that remain to be

identified.  Patients 4307, 2775, 2531 and 4714 all have a low survival age, and

show dysmorphic features and hypotonia, and it is predicted that they will have a

PTC-generating mutation on their second PEX1 allele.  Patients 2699 and 1742

have a longer survival age, and show developmental delay and visual

impairment, features that are noted mainly in the mildly affected patients, so it is

predicted that these patients will have a missense mutation on their second

PEX1 allele.

An examination of these tables indicates that there is certainly more data

provided for the longer lived, more mildly affected patients, perhaps reflecting

that the greater time available for observation of developmental delay (and

perhaps regression), and hearing and vision deficits.



176

Table 6.3: Clinical features and genotype for CG1 patients with PTC-generating mutations on both PEX1 alleles.

Patient identification number and PEX1 genotype
4035

 I700fs/A302fs
4065

i700fs/I700fs
3466

I700fs/G973fs
3837

I700fs/G973fs
3365

I700fs/G973fs
1900

I700fs/G973fs
3822

I700fs/I370fs
5394

S797fs/S797fs
Clinical feature

Age on referral to NRLa (months) 0.3 0.2 0.03 0.17 0.1 2.6

Age of survival (months) 2.1 1.8 0.03 0.63b 4 2.8 4

Dysmorphic features + + + + + + +

Hypotonia + + + + + +

Seizures + +

Developmental delay

Regression

Cerebral CT abnormality

Visual impairment + +

Hearing deficit

Poor suck/feeding + + +
+

Failure to thrive

Hepatomegaly - - + + +

Abnormal liver function +

Fat malabsorption

Renal cysts + + +

Punctate calcifications

aNRL is the Australasian Referral Laboratory for Lysosomal, Peroxisomal and Related Genetic Disorders.  N.B. Patients may have been
symptomatic for some time prior to referral to the NRL.
bindicates that the patient had died before the indicated interval of time.
+, indicates clinical feature observed; -, indicates clinical feature not present; blank, indicates no information provided on clinical feature.
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Table 6.4: Clinical features and PEX1 genotype for CG1 patients with a combination of a PTC-generating
allele and a missense allele.

Patient identification number and PEX1 genotype
2777

I700fs/G843D
4756

I700fs/G843D
3488

I700fs/G843D
3882

G843D/R790X
3074

G843D/G973fs
Clinical featurea

Age on referral to
NRL (months)

0.9 9 4.2 9.5 2.7

Age of survival
(months)

11.3 9b 18b 12.7b 3.3b

Dysmorphic
features

+ + +

Hypotonia + + + +

Seizures + + +
Developmental
delay

+ + +

Regression +
Cerebral CT
abnormality

+

Visual impairment + + +

Hearing deficit + +

Poor suck/feeding + +

Failure to thrive

Hepatomegaly + +
Abnormal liver
function

- -

Fat malabsorption

Renal cysts

Punctate
calcifications

+

aNRL is the Australasian Referral Laboratory for Lysosomal, Peroxisomal and Related Genetic Disorders.
N.B. Patients may have been symptomatic for some time prior to referral to the NRL.
bindicates that the patient was still alive at last report/follow up.
+, indicates clinical feature observed; -, indicates clinical feature not present; blank, indicates no information
provided on clinical feature.
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Table 6.5: Clinical features and PEX1 genotype for CG1 patients with
missense mutations on both PEX1 alleles.

Patient identification number and PEX1 genotype
2887

G843D/R798G
1772

G843D/G843D
2703

I989T/R998Q
Clinical featurea

Age on referral to
NRL (months)

2.1 15.6 124

Age of survival
(months)

15b 242b 127

Dysmorphic
features

+ + +

Hypotonia +

Seizures
Developmental
delay

+ +

Regression
Cerebral CT
abnormality

+

Visual impairment + + +

Hearing deficit - +

Poor suck/feeding +

Failure to thrive +

Hepatomegaly + +
Abnormal liver
function

-

Fat malabsorption +

Renal cysts -

Punctate
calcifications

+

aNRL is the Australasian Referral Laboratory for Lysosomal, Peroxisomal and
Related Genetic Disorders.
N.B. Patients may have been symptomatic for some time prior to referral to
the NRL.
bindicates that the patient was still alive at last report/follow up
+, indicates clinical feature observed; -, indicates clinical feature not present;
blank, indicates no information provided on clinical feature.
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Table 6.6: Clinical features and genotype for CG1 patients with one undetermined PEX1 allele.

Patient identification number and PEX1 genotype

4307
I700fs/?

2775
I700fs/?

2531
I700fs/?

1899
I700fs/?

4714
G973fs/?

2699
R998X/?

1742
G843D/?

1550b

I700fs/IVS22
–19 A>G

Clinical feature
Age on referral to NRLa

(months)
0.2 0.3 0.1 1.1 8.6 19 67.3

Age of survival (months) 0.87 1.5 5 4.1c 73c 44.3 245c

Dysmorphic features + + + + + +

Hypotonia + + + +

Seizures + +

Developmental delay + + +

Regression -

Cerebral CT abnormality + -

Visual impairment + + +

Hearing deficit + +

Poor suck/feeding + + +

Failure to thrive + +

Hepatomegaly + + + -

Abnormal liver function - + -

Fat malabsorption +

Renal cysts

Punctate calcifications

aNRL is the Australasian Referral Laboratory for Lysosomal, Peroxisomal and Related Genetic Disorders.  N.B. Patients may have been symptomatic for
some time prior to referral to the NRL.
bThe column corresponding to patient 1550 is shaded to highlight that both PEX1 alleles have been identified for this patient.  Patient 1550 has been included
in this category as no other patients with potential splicing mutations were identified.
cindicates that the patient was still alive at last report/follow up
+, indicates clinical feature observed; -, indicates clinical feature not present; blank, indicates no information provided on clinical feature.



Chapter 6     Final Discussion: Genotype-Phenotype Correlations in Australasian CG1 PBD patients

180

6.6.3 Correlation between age of survival and PEX1 genotype

As the data presented above indicates, in terms of a single indicator of severity of

genotype, age of survival seems to be a reasonably reliable parameter.  A

graphical representation that demonstrates this point is shown in Fig 6.1.

Patients have been divided into three groups, (A, B and C), depending on

whether they carry two PTC-generating mutations (A), a combination of a PTC-

generating mutation and a missense mutation (B), or two missense mutations

(C).  If the survival age of these groups is then graphically represented it is clear

that a correlation exists between the types of PEX1 mutations present in the

patient and disease severity.

For the cohort of Australasian CG1 patients investigated in this study, there

appears to be a correlation between PEX1 genotype and phenotype.  There is no

one clinical finding that delineates the severe phenotype from the mild

phenotype, but in these patients age of survival appears to be a reliable indicator.

This parameter, together with data on the cellular impact of different mutations,

supports the hypothesis that mutations expected to result in a lack of functional

PEX1 protein (patients with two PTC-generating mutations) correspond to a

severe phenotype, but the presence of one missense mutation in combination

with a PTC-generating mutation moderates the severity of phenotype,

presumably due to residual functioning of the PEX1 protein from the allele

containing the missense mutation.  As expected, patients with two missense

PEX1 mutations exhibit the least severe phenotype.

In terms of PEX1 protein function, these findings suggest that (i) the level of

PEX1 protein in a cell is directly related to overall PEX1 function, and hence

peroxisomal protein import, and (ii) the AAA domains, where all disease-causing

missense mutations have been identified to date, are the major functional

domains of the protein, as expected from the known amino acid sequence of this

protein.
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Fig 6.1: Correlation between age of survival and genotypes of Australasian

CG1 patients.  X axis, patient group A (two PTC-generating PEX1 mutations);

patient group B, (one PTC-generating mutation and one missense mutation);

patient group C (two missense mutations). Data points highlighted with an asterisk

indicate age of patients that are still living at last report/follow up.
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6.7 Final conclusions

This study has generated a number of successful outcomes.  A cohort of

Australasian CG1 patients has been extensively studied and twelve PEX1

mutations were identified.  Three of the mutations identified occur at high

frequency, and the other nine mutations are novel to this cohort.  The types of

mutations identified in these patients have been thoroughly investigated in terms

of their cellular impact, with the conclusion that a clear correlation exists between

PEX1 genotype and phenotype, at least for this patient cohort.

The PEX1 mutations identified during the course of this study have already been

utilised by collaborators at the National Referral Laboratory in prenatal diagnosis

for PBD-affected families in Australasia (for example, see Maxwell et al., 1999).

The large number of CG1 patients in the PBDs, coupled with the high frequency

of three mutations identified in this study, has led to screening for these

mutations in newly referred PBD patients, often enabling a definitive diagnosis of

a PBD to be made.

The genotype-phenotype correlations that have been identified in the course of

this study also provide a strong basis for assessment of the potential severity of

newly-identified mutations in PEX1.
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