
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Mutational and phenotypic analysis of 

hyperphenylalaninaemia in Southern Ireland

Kate O’Donnell B.Sc.

Thesis submitted for the degree of Doctor of Philosophy to the University 

of Dublin, Trinity College

Research conducted under the supervision and direction of Dr. D.T. 

Croke M.A., Ph.D., Department of Biochemistry, Royal College of 

Surgeons in Ireland and Prof Luke O’Neill B.A. (mod), Ph.D., 

Department of Biochemistry, Trinity College, Dublin.

March 2000



5fc%S



I'able o f contents i

Index o f figures xi

Declaration xiv

Acknowledgements xv

Summary xviii

Publication arising from this thesis xx

Abbreviations xxi



Table of contents Page no.

Chapter 1 Introduction

1.1 Discovery of phenylketonuria 1

1.2 Phenylalanine 2

1.3 Phenylalanine hydroxylase 2

1.3.1 Physical properties 3

1.4 The phenylalanine hydroxylating system 4

1.5 The phenylalanine hydroxylase gene 4

1.5.1 Structure 4

1.5.2 Polymorphic markers at the PAH  gene 5

1.6 Phenylalanine hydroxylase deficiency 6

1.6.1 Clinical features 6

1.6.2 Diagnosis 6

1.6.3 Biochemical features 7

1.6.4 Treatment of PAH  deficiency 7

1.6.5 Maternal PKU 8

1.6.6 Types of hyperphenylalaninaemia caused by PAH

deficiency 9

1.7 The genetics of HPA 9

1.7.1 Incidence o f PAH  deficiency 9

1.7.2 Mutations at the PAH  locus 10

1.7.3 Mutation detection and identification 11

1.7.4 Mutation-haplotype associations 13

1.7.5 Population genetics of PKU 14

1.7.6 Genotype-phenotype correlations 14

1.8 Non-Py4//hyperphenylaninaemia 16

Chapter 2 Patients, Materials and Methods

2.1 Patients

2.2 Materials

18

19



2.2.1 Molecular Biology kits and reagents 19

2.2.2 Oligonucleotide primers 21

2.2.3 Preparation o f buffers 21

2.3 Methods 22

2.3.1 Sample acquisition 22

2.3.2 Polymerase chain reaction analysis 22

2.3.3 Mutation scanning by denaturing gradient

gel electrophoresis 23

2.3.3.1 DGGEPCR 23

2.3.3.2 Sample preparation 24

2.3.3.3 Establishment o f the DGGE technique 24

2.3.3.4 Preparation o f the denaturing gradient gel 24

2.3.3.5 Electrophoresis o f DGGE samples 26

23.3.6 Visualisation o f DGGE products 27

2.3.4 Mutation identification 27

2.3.4.1 Restriction enzyme analysis 27

2.3.4.2 Automated fluorescent DNA sequencing 28

2.3.4.3 Purification o f template DNA 28

2.3.4.3 Dye terminator cycle sequencing of double

stranded PCR products 29

2.3.44 Precipitation o f extension products 30

2.3.4.5 Preparation o f samples for electrophoresis 30

2.3.4.6 Preparation of the capillary for electrophoresis 30

2.3.4.7 Data analysis and storage 31

2.3.5 Mini-haplotype analysis 31

2.3.5.1 STR analysis 31

2.3.5.1.1 STR PCR 31

2.3.5.1.2 Preparation of the samples for electrophoresis 32

2.3.5.1.3 Electrophoresis on the ABl 310 32

2.3.5.2 VNTR analysis 32

2.3.5.2.1 VNTR PCR 33

2.3.6 GMPD analysis 33

2.3.6.1 Amplification o f sample DNA 33

2.3.6.2 Glycosylase mediated cleavage of amplified DNA 33



2.3.6.3 Preparation of gel

2.3.6.4 Electrophoresis o f samples

34

34

Chapter 3 Spectrum of mutations found in the PAH  gene in Southern Ireland

3.1 Introduction 35

3.1.1 Background 35

3.1.2 Types o f mutations found at the FAH  locus 35

3.1.3 Mutation detection 37

3.1.3.1 Denaturing gradient gel electrophoresis 39

3.1.3.2 Principle o f detection of mutations by DGGE 39

3.1.3.3 Use o f GC-clamped PCR primers to improve DGGE

efficiency 40

3.1.4 Mutation identification 41

3.1.4.1 Restriction enzyme assays and ACRS technique 41

3.1.4.2 Automated DNA sequencing 42

3.1.5 Mini-haplotype analysis of the PAH  gene 43

3.2 Methods 46

3.2.1 Mutational analysis 46

3.2.1.1 Patients 46

3.2.1.2 Mutation detection and identification 46

3.2.2 Analysis of mini-haplotypes 48

3.2.2.1 Patients 48

3.2.3 Distribution o f mutations within the Republic o f Ireland 48

3.2.4 Population genetic studies 49

3.3 Results 50

3.3.1 Denaturing gradient gel electrophoresis 50

3.3.1.1 Validation o f the DGGE technique 50

3.3.1.2 Screening o f the gene using DGGE 50

3.3.1.2.1 E x o n l  51

3.3.1.2.2 Exon 2 51

3.3.1.2.3 Exon 3 52

3.3.1.2.4 Exon 4 52



3.3.1.2.5 Exon 5 52

3.3.1.2.6 Exon 6 52

3.3.1.2.7 Exon? 53

3.3.1.2.8 Exon 8 53

3.3.1.2.9 Exon 9 53

3.3.1.2.10 Exon 10 53

3.3.1.2.11 Exon 11 54

3.3.1.2.12 Exon 12 54

3.3.1.2.13 Exon 13 54

3.3.2 Identification of mutations 55

3.3.2.1 Restriction enzyme analysis 55

3.3.2.1.1 Exon 2 55

3.3.2.1.2 Exon 3 56

3.3.2.1.3 Exon 5 56

3.3.2.1.4 Exon 6 57

3.3.2.1.5 Exon 7 57

3.3.2.1.6 Exon 8 58

3.3.2.1.7 Exon 9 59

3.3.2.1.8 Exon 10 59

3.3.2.1.9 Exon 11 59

3.3.2.1.10 Exon 12 60

3.3.2.2 Sequencing of/M //exons 61

3.3.2.2.1 Exon 2 61

3.3.2.2.2 Exon 3 62

3.3.2.2.3 Exon 6 62

3.3.2.2.4 Exon 7 62

3.3.2.2.5 Exon 9 63

3.3.2.2.6 Exon 10 63

3 3 2 .2.1 Exon 11 63

3.3.2.2.8 Exon 13 64

3.3.4 Minihaplotype analysis 64

3.3.4.1 STR analysis 64

3.3.4.2 VNTR analysis 65

3.3.4 3 Minihaplotype analysis 65



3.3.5 Distribution o f HPA mutations within the Republic of

Ireland 66

3.4 Discussion 67

3.4,1 Spectrum of mutations found in the Irish population 67

3.4.1.1 Common mutations 68

3.4.1.1.1 R408W 68

3.4.1.1.1.1 Recurrence versus recombination of R408W 69

3.4.1.1.2 F39L 70

3.4.1.1.3 I65T 70

3.4.1.2 Mutations which account for >1% of alleles 71

3.4.1.2.1 L348V 71

3.4.1.2.2 F299C 72

3.4.1.2.3 R243X 72

3.4.1.2.4 IVS12ntl 72

3.4.1.2.5 Y414C 73

3.41.2.6 S349P 73

3.4.1.2.7 lVS10nt546 73

3.4.1.2.8 E280K 74

3.4.1.2.9 A447D 74

3.4.1.2.10 L249F 75

3.4.1.3 Mutations which account for <1% of alleles 75

3.4.1.3.1 A345S 75

3.4.1.3.2 R252W 75

3.4.1.3.3 A104D 76

3.4.1.3.4 R261Q 76

3.4.1.3.5 G46S 76

3.4.1.3.6 IVS10nt554 76

3.4.1.3.7 R270K 77

3.4.1.3.8 S67P 77

3.4.1.3.9 P281L 77

3.4.1.3.10 E390G 77

3.4.1.3.11 R408Q 78

3.4.1.3.12 V245A 78



3.4.1.3.13 R158Q 78

3.4.1.3.14 lVS7ntl 79

3.4.1.3.15 Y277D 79

3.4.1.3.16 A246D 79

3.4.2 Distribution of mutations within the PAH  gene in the

Republic of Ireland 80

3.4.3 Types of mutations found at the PAH  locus in the Irish

HPA population 80

3.4.4 Minihaplotype analysis 82

3.4.5 Population genetics o f PKU in the Republic o f Ireland 84

3.4.5.1 Geographical distribution of mutant alleles 85

3.4.5.2 Distribution o f common mutations within Ireland 86

3.4.5.2 Relationship between the Republic of Ireland and Britain 86

3.4.5.3 Relationship between the Republic of Ireland and 

Scandinavian countries 87

3.4.5.4 Relationship between the Republic of Ireland and 

Mediterranean countries 88

3.4.6 Efficiency of DGGE in scanning the PAH  gene in the

Irish HPA population 90

3.4.7 Pitfalls of mutation detection systems 91

Chapter 4 Genotype-phenotype correlations of PAH  deficiency in the

Irish population

Introduction 92

4.1.1 Background 92

4.1.2 Classification o f patients 93

4,1.3 Classification of mutations 94

4.1.4 Correlation between mutant genotype and biochemical

phenotype in treated patients 95

4.1.5 Correlation between mutant genotype and clinical

phenotype in treated patients 97

4.1.6 Mutations in families with discordant phenotypes 98

4.1.7 Correlation between mutant genotype and phenotype



in untreated PKU patients 99

4.2 Methods 100

4.2.1 Phenotypic classification o f patients 100

4.2.1.1 Classification based on dietary Phe tolerance 100

4.2.1.2 Classification based on pretreatment serum Phe levels 101

4.2.2 Genotypic classification of patients 101

4.2.3 Statistical analysis 102

4.3 Results 103

4.3.1 Classification o f mutations 103

4.3.2 Correlation between mutant genotype and biochemical 

phenotype based on dietary Phe tolerance levels 104

4.3.2.1 Classification o f patients based on dietary Phe tolerance 

levels 104

4.3.2.2 Correlation between mutant genotype and biochemical 

phenotype based on dietary Phe tolerance levels 104

4.3.2.2.1 Homoallelic mutant genotypes 105

4.3.2.2.2 Heteroallelic mutant genotypes 105

4.3.2.2.2.1 Patients with two null mutations 105

4.3.2.2.2 2 Functionally hemizygous patients 106

4.3.2.2.2.3 Patients with two missense mutations 106

4.3.2.3 Correlation between PRA and dietary Phe values in

HPA patients 106

4.3.2.4 Correlation between dietary Phe values and pretreatment 

Serum Phe levels in HPA patients 107

4.3.3 Correlation based on pretreatment serum Phe levels 107

4.3.3.1 Classification based on serum pretreatment Phe levels 107

4.3.3.2 Correlation of mutant genotype (PRA) and pretreatment 

serum Phe levels 108

4.3.4 Non-PKU HPA patients 108

4.3.5 Untreated PKU patients 108

4.4 Discussion 110 

4.4.1 Correlation o f phenotype based on dietary Phe tolerance

with mutant genotype 110

4.4.1.1 Homoallelic patients 110



4.4.1.2 Heteroallelic patients 111

4.4.1.2.1 Two null mutations 111

4.4.1.2.2 Functionally hemizygous patients 112

4.4.1.2.3 Two missense mutations 114

4.4.2 Correlation between pretreatment serum Phe levels

and genotype 114

4.4.3 Correlation between genotype and phenotype in untreated

PKU patients 115

4.4.4 Outcome o f genotype-phenotype correlations 115

Chapter 5 GMPD analysis of common PAH  mutations

5.1 Introduction 118

5.1.1 Background 118

5.1.2 Principle o f GMPD 118

5.2 Methods 120

5.2.1 Patients 120

5.2.2 Primer design 120

5.2.3 GMPD analysis 120

5.3 Results 121

5.3.1 Validation of GMPD method 121

5.3.2 Screening for R408W and I65T in patients with unknown 

genotypes 122

5.3.3 Multiplex detection of R408W and I65T 122

5.4 Discussion 123

5.4.1 Introduction 123

5.4.2 Detection of R408W and I65T 123 

5 .4.3 Application o f the GMPD process to the detection of

HP A mutations 124

5.4.4 Advantages of GMPD analysis 125



Chapter 6 Conclusion

Chapter 7 Bibliography

Appendix 1 

Appendix II



Index of figures

Chapter 1

Figure 1.1: 

Figure 1.2; 

Figure 1.3: 

Figure 1.4:

Chapter 2

Figure 2.1:

Chapter 3

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

l-’igure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Structure o f  phenylalanine 

The phenylalanine hydroxylating system 

Structure o f phenylalanine gene 

Distribution o f mutations at the PAH  gene

ABI 310 automatic sequencer

Schematic representation o f DGGE

Schematic representation of ARCS

Representative denaturing gradient gel o f exon 12

Distribution o f HPA mutations in the PAII gene in Ireland

DGGE analysis o f exon 1 of the PAH  gene

DGGE analysis o f exon 2 o f the PAH gene

DGGE analysis o f exon 3 of the PAH  gene

DGGE analysis o f exon 4 of the PAH  gene

DGGE analysis o f exon 5 o f the PAH  gene

DGGE analysis o f exon 6 of the PAH  gene

DGGE analysis o f exon 7 o f the PAH  gene

DGCjE analysis o f exon 8 of the PAH  gene

DGGE analysis o f exon 9 o f the PAH  gene

DGGE analysis o f exon 10 of the PAH  gene

DGGE analysis o f exon 11 o f the PAH  gene

DGGE analysis o f exon 12 o f the PAH  gene

DGGE analysis o f exon 13 o f the PAH gem

x i



Figure 3.18 Restriction enzyme analysis of F39L

Figure 3.19 Restriction enzyme analysis o f G46S

Figure 3.20 Restriction enzyme analysis o f I65T

Figure 3.21 Restriction enzyme analysis o f S67P

Figure 3.22 Restriction enzyme analysis of R158Q

Figure 3.23 Restriction enzyme analysis o f Q232Q

Figure 3.24 Restriction enzyme analysis o f R243X

Figure 3.25 Restriction enzyme analysis o f V245A

Figure 3.26 Restriction enzyme analysis o f R252W

Figure 3.27 Restriction enzyme analysis o f R261Q

Figure 3.28 Restriction enzyme analysis o f Y277D

Figure 3.29 Restriction enzyme analysis o f E280K

Figure 3.30 Restriction enzyme analysis of V245V

Figure 3.31 Restriction enzyme analysis o f F299C

Figure 3.32 Restriction enzyme analysis o f L348V

Figure 3.33 Restriction enzyme analysis o f S349P

Figure 3.34 Restriction enzyme analysis o f lVS10nt546

Figure 3.35 Restriction enzyme analysis o f E390G

Figure 3.36 Restriction enzyme analysis o f L385L

Figure 3.37 Restriction enzyme analysis o f R408Q

Figure 3.38 Restriction enzyme analysis o f R408W

Figure 3.39 Restriction enzyine analysis o f Y414C

Figure 3.40 Restriction enzyme analysis o f IVS12ntl

Figure 3.41 Partial sequence o f P /i//gene  showing F39L & IVS2ntl9

Figure 3.42 Partial sequence of Pyl//gene showing G46S & lVS2ntl9

Figure 3.43 Partial sequence of PAH gene showing A104D

Figure 3.44 Restriction enzyme analysis o f A104D

Figure 3.45 Partial sequence o f PAH  gene showing A246D

Figure 3.46 Partial sequence o f PAH gene showing L249F



Figure 3.47 

Figure 3.48 

Figure 3.49 

Figure 3.50 

Figure 3.51 

Figure 3.52 

Figure 3.53 

Figure 3.54 

Figure 3.55 

Figure 3.56

Figure 3.57 

Figure 3.58

Chapter 4

Figure 4.1: 

Figure 4.2: 

Figure 4.3;

Chapter 5

Figure 5.1: 

Figure 5.2: 

Figure 5.3: 

Figure 5.4: 

Figure 5.5:

Partial sequence o iP A H  gene showing R270K

Partial sequence o f PAH gene showing P281L

Partial sequence o f PAH  gene showing IVS7ntl

Partial sequence o f  PAH gene showing A345S

Partial sequence o f PAH  gene showing IVSl 0nt554

Partial sequence o f PAH  gene showing A447D

Distribution o f STR alleles on normal and mutant chromosomes

STR fragment cinalysis o f two patients

Distribution o f VNTR alleles on normal and mutant chromosomes 

Restriction enzyme analysis of RFLP/VNTR motif o f the PAH 

gene

Absolute allele frequencies o f common mutations in Ireland 

Distribution o f mutations at the PAH gene in Southern Ireland

Phe tolerance as a function o f PRA

Phe tolerance as a function o f pretreatment serum levels

Pretreatment serum levels as a function o f PflA

Schematic representation o f the GMI^D assay 

Positions of diagnostic primers for R408W & I65T assays 

GMPD analysis o f the R408W mutation in 6 patients 

GMPD analysis o f the I65T mutation in 6 patients 

Multiplex GMl^D analysis o f R408W & I65T



Declaration

ThLs thesis is submitted by the undersigned to the University o f Dublin for examination 

for the degree o f Doctor o f  Philosophy. The work herein is entirely my own and has not 

been previously submitted for a degree to this or any other university.

I hereby give permission to the library o f Trinity College Dublin to copy or lend this 

thesis upon request to the library without fiirther reference to me.

Kate O’Donnell

XI V



Acknowledgements

I wish to thank most sincerely Dr. David Croke, Royal College o f Surgeons in Ireland for 

his constant support, encouragement, enthusiasm and patience. I also wish to thank him 

for his help in the preparation o f tliis thesis.

1 am indebted to P rof Luke O ’Neill, Department of Biochemistry, TCD, for his 

contribution to the thesis.

I would like to express my gratitude to The Research Committee, Royal College o f 

Surgeons in Ireland for giving me the opportunity to carry out this research.

I would like to thank The Children’s Hospital, Temple St. for allowing me the 

opportunity to work there over the course o f the study. I would particularly like to thank 

Dr. Charles O’Neill, Department o f Pathology, for his friend.ship and support throughout. 

I would also like to thank Dr. Philip Mayne for his support.

I am indebted to Dr. Eileen Naughten, St Ultan’s Metabolic Unit, The Children’s 

Hospital for recruitment o f patients for blood sampling and for providing the clinical data. 

I'hanks also to Margary for all her help with the clinical data.

Thanks to all the gang in the Newborn Screening Lab for their friendship over the last 

three years especially Karen, Neil, Paddy, Sharon, Suzanne, Rose, Des, MicheUe, Aileen, 

Clodagh and Margaret.

A special word o f thanks must go to Omagh Tighe who has been a source o f technical 

expertise, invaluable help and a good friend. Thanks also to P rof Paddy Collins, Prof. 

Alan Johnson, Vicky, Anne, Donnacha, Darren and everyone else in Biochemistry, RCSI.

XV



Thanks to all my friends especially Fiona R., Aine, Anne, Fiona G. and Julien

A huge thanks goes to my sisters, Sile, Anne, Sinead and to my parents, Anna and 

Dermot who have supported me in every way possible. Their help, advice and 

encouragement has meant the world to me.

Finally, a special thanks to Paudie for all his help without whom this thesis would never 

have been completed.

x v i



To my parents, Anna and Dermot 

and to Paudie



Summary

Phenylketonuria (PKU) is the most common inherited defect o f amino acid metabolism 

in the Irish population occurring at a frequency o f  1/4,500 hve births. It is caused by a 

deficiency of the hepatic enzyme Phenylalanine Hydroxylase (PAH). To date, over 400 

mutations have been identified at the PAH  locus. These mutations cause varying degrees 

o f reduction in enzyme activity and combine to produce a wide range o f phenotypes. 

The primary aim o f this study was to determine the spectrum of mutations responsible 

for PAH deficiency in the Irish population.

Two hundred and seventy nine unrelated patients with Hyperphenylalaninaemia, 

representing 558 independent mutant alleles were studied. The source o f DNA was dried 

blood spotted on Guthrie cards. Patient DNA was analysed using the Polymerase Chain 

Reaction (PCR) in combination with Denaturing Gradient Gel Electrophoresis (DGGE). 

Once a mutation had been localised to an exon, it was then characterised by enzyme- 

based restriction analysis or alternatively by automated DNA sequencing.

Following the mutational analysis in the patient cohort, 513 (92.0%) o f the mutant 

alleles were characterised and a total of 29 mutations were identified. A substantial 

proportion of the cases (63.6%) were accounted for by the mutations R408W (41.0%), 

F39L (12.1%) I65T (10.1%). All other mutations accounted for less than 6%. Two 

hundred and thirty nine patients in the cohort have been fully genotyped.

An analysis o f the genotype-phenotype correlations in the Irish population was also 

carried out. I'wo phenotypic parameters, pretreatment Phe levels and dietary Phe 

tolerance levels were correlated with mutant genotype. A strong correlation was seen in 

both instances, in particular, in patients with a homozygous or functionally hemizygous 

genotype.
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A novel process for the detection o f two common HPA mutations was also developed 

using a relatively recent technology, Glycosylase Mediated Polymorphism Detection 

(GMPD).
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Chapter 1 
Introduction



1.1 The discovery of Phenylketonuria

Phenylketonuria was discovered in 1934 by Dr Asbjorn Foiling, a Norwegian 

biochemist and physician (Foiling, 1994). Two siblings, a boy and a girl with mental 

retardation, were brought to Dr Foiling and he noted that, on addition of 10% ferric 

chloride to the urine o f these patients, a green coloration resulted instead of the 

expected brown or burgundy. Further extensive investigations showed that this was 

due to a high concentration of phenylpyruvic acid in the urine. A survey of children 

in institutions with mental retardation identified eight similar cases. Penrose first 

called the disease phenylketonuria (PKU) in 1935 (Penrose, 1935). A high serum 

phenylalanine concentration was soon identified as the source of urinary 

phenylpyruvic acid. In 1947, Jervis localised the metabolic error to the enzyme 

phenylalanine hydroxylase by showing that, in patients with PKU, the administration 

of phenylalanine does not lead to the normally observed rise in tyrosine (Jervis, 

1947).

In 1953, the first successftil dietary treatment of PKU using Phe-free casein 

hydrolysate as the main source o f protein in the diet was reported (Bickel el ai, 

1953). The use of Phe free foods dramatically altered the natural course o f the disease 

by reducing, although not completely eliminating, the severe cognitive impairment. 

This highlighted the need for a test for the disease in newborns and, in 1963, a 

bacterial inhibition assay was developed by Guthrie & Susie (1963). These tests 

relied on competitive inhibition, a compound that normally inhibited the growth of 

bacteria in culture plates did not do so in the presence o f a large amount of 

phenylalanine in a blood spot added to the plates. Screening was found to be relevant 

because there was effective treatment of the condition. The first regional screening 

program was carried out in Massachusetts, USA in 1963.

In the early 1970s the biochemistry involved in the metabolism o f phenylalanine was 

elucidated (Scriver et al., 1989). The investigation of the genetic lesion responsible 

for PAH deficiency began in the 1980s with the preparation of complementary DNA 

(cDNA) and the PAH gene was cloned in 1983 (Woo et a l, 1983).

1



1.2 Phenylalanine

Phenylalanine (Phe) is an essential amino acid in humans, which needs to be ingested 

in the diet in sufficient amounts for proper growth and development. It is a non-polar 

hydrophobic aromatic amino acid and its structure is shown in Figure 1.1. The 

normal plasma Phe level in adults is 58±15|j.M, in children the value is 62±18 and in 

adolescents the value is 60±13. Gender affects the value only in adolescents where 

male values are higher (Scriver et a l, 1985).

The first step in the normal catabolism o f phenylalanine is its hydroxylation to 

tyrosine. This step is catalysed by the enzyme phenylalanine hydroxylase (PAH). 

This is an obligatory step in the complete combustion of phenylalanine to carbon 

dioxide and water. It is the only way in which the aromatic ring of Phe can be broken 

down and, if the enzyme is absent, phenylalanine is converted to phenylacetate, 

phenyllactate and phenylpyiuvate which are then excreted in the urine.

1.3 Phenylalanine Hydroxylase

PAH is a monooxygenase or a mixed function oxygenase, i.e. it catalyses the 

introduction o f one atom of an oxygen molecule into the substrate at the para position 

in the aromatic ring and reduces the other oxygen atom to water (Scriver et a l, 

1989). Phenylalanine hydroxylase is primarily a hepatic enzyme (Crawftird et al., 

1981). However, PAH activity has been demonstrated in mouse kidney and pancreas 

and in rat and guinea pig kidney. Rat liver cells contain a high concentration of PAH 

and many studies have been carried out on rat PAH. Lichter-Konecki and co-workers 

(1999) have detected the PAH transcript in RNA isolated from human liver, kidney, 

pancreas and brain. They also provided conclusive verification of a fijnctional PAH 

enzyme in human kidney, which corresponded to the structure o f the liver transcript. 

Previously, the expression of PAH  could only be unambiguously demonstrated in 

human liver. It has now been postulated that kidney PAH may play a significant role
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in phenylalanine homeostasis as impaired phenylalanine hydroxylation has been 

observed in renal failure. This may provide a new dimension to the heterogeneity o f  

HPA phenotypes.

1,3.1 Physical properties

Many o f  the properties o f PAH were first determined in enzyme purified from rat 

liver extracts (Kaufman and Fischer, 1970). Rat PAH has been found in many 

polymeric forms, with the tetrameric form probably the predominant active form in 

vivo (Kaufman, 1983). The molecular weight o f  the subunit is approximately 50,000. 

The physical properties o f  human PAH are broadly similar to those o f the rat liver 

enzyme but there are significant differences. Human PAH probably exists in vivo as 

either a dimer, trimer or a tetramer composed o f subunits o f  identical size and the 

structures o f  human and rat PAH are not identical (Yamashita et a l ,  1985). Human 

PAH consists o f 451 amino acids with a deduced molecular weight o f 51,672 (Kwok 

et a i ,  1985). Phenylalanine hydroxylase is divided into three domains: a 12-19kDa 

N-terminal domain involved in regulation o f the enzyme, a 33kDa catalytic domain 

and a 5kDa tetramerisation domain (Fusetti et a l ,  1998). Comparison between 

species and between various aromatic amino acid hydroxylases has revealed that the 

N-terminal portion o f the enzyme is highly conserved (Grennet et a i ,  1987). This 

region contains domains responsible for substrate specificity, protein phosphorylation 

and the regulation o f  enzymatic activity. The catalytic core, has been reported to be 

from Leu 142 to Phe 410 (Dickson et a l ,  1994). Two regions, Lys 198 and the region 

from amino acid 263 to 289, have been suggested as possible BH4 binding sites 

(Dickson et al., 1994). Both regions are rich in potential metal-binding ligands such 

as histidines, cysteines and glutamate. The tetramerisation domain is characterised by 

the presence o f  a long helix that promotes oligomerisation through a coiled-coil motif 

(Fusetti et a l ,  1998).



1.4 The Phenylalanine hydroxylating system

The hydroxylation o f  phenylalanine is highly complex and at least 3 enzymes are 

known to be involved. Phenylalanine hydroxylase converts phenylalanine to tyrosine 

(Tyr) as shown in Figure 1.2. There is no other pathway by which the aromatic ring 

o f  Phe can be ruptured and it provides the body with a supply o f  the otherwise 

essential amino acid, tyrosine. Tyrosine is a precursor o f  the pigment melanin, the 

neurotransmitter dopamine, the catecholamines and the thyroid hormones. PAH  

requires a hydrogen donor, tetrahydrobiopterin (BH4), as an additional co-substrate. 

BH4 is oxidised to the quinoid dihydrobiopterin (qBH)). In order to function 

efficiently, BH4 needs to be regenerated by a second enzyme, the NA DH - (or 

NAPDH-) dependent dihydropteridine reductase (DHPR). The minimum  

requirements for the efficient hydroxylation o f  phenylalanine are the enzyme, 

oxygen, phenylalanine, BH4 and DHPR. The complete absence o f  PAH, DITPR or 

BH4 leads to severe hyperphenylalaninaemia in vivo.

1.5 The Phenylalanine hydroxylase gene 

1.5.1 Structure

The human PA H  gene is located on chromosome 12q23.1 and covers 90kb o f  the 

genome (Lidsky et al., 1984 & 1985b; Guldberg & Guttler, 1994). It is divided into 

13 exons ranging in size from 41 to 197bp o f  translated sequence. Exons 6-13 are 

compactly clustered within a 20kb fragment o f  the gene, while exons 1 to 5 are 

separated by large introns, the smallest o f  which is over 3kb in length. Introns range 

in size from less than one to greater than 20kb. A schematic representation o f  the 

PAH  gene can be seen in Figure 1.3. PAH  is a closely regulated gene. The 5 ’ flanking 

region o f  the PAH  gene has five potential CAP sites upstream o f  the methionine 

translation initiation codon; multiple CAP sites are features o f  housekeeping genes. 

The PAH  gene lacks a TATA box but has sequences similar to GC, CACCC and
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CCAAAT boxes, activator protein 2 (Ap-2) sites, partial glucocorticoid response 

elements (GREs) and partial cyclic AMP response elements (CREs) implying 

regulation by multiple transcription factors (Konecki et a l, 1992). The transcribed 

messenger RNA is approximately 2.4kb in length.

1.5.2 Polymorphic markers at the PAH  gene

The PAH  gene has a suite o f polymorphic markers, which occur in or near the PAH  

gene (Figure 1.3). The markers include a haplotype system based upon biallelic 

Restriction Fragment Length Polymorphisms (RFLPs), a multiallelic Short Tandem 

Repeat (STR) system, a multiallelic Variable Number o f Tandem Repeat (VNTR) 

system and several silent Single Nucleotide Polymorphisms (SNPs). Genotypes at 

the various polymorphic loci can be determined in patients for the construction of 

chromosomal haplotypes.

RFLPs at the PAH  gene were identified soon after the cloning o f the human PAH  

cDNA (Woo ei al., 1983). Ten RFLP sites involving eight different restriction 

enzymes were characterised and eight of these were initially used to determine 

haplotypes at the PAH  locus (Woo, 1988). Three sites are clustered at the 5’ end of 

the gene and five sites are located at the 3’ end. The VTSTR region is located 3kb 

downstream from exon 13 in the PAH  gene and contains multiples o f 30bp tandem 

repeats. Repeat numbers between 3 and 13 have been observed (Goltsov et al., 

1993). The STR system is located 700bp downstream of exon 3 and contains at least 

9 different alleles ranging in size from 226bp to 258bp (Goltsov et al., 1993). 

Several DNA sequence polymorphisms have also been identified in the human PAH 

gene and their association with specific haplotypes has been investigated (Lichter- 

Konecki et al., 1994b). V245V, a polymorphism found in exon 7 is strongly 

associated with haplotype 4 and rare haplotypes 16, 17 and 28 (Dworniczac et a l, 

1990) but has also been observed on Mediterranean haplotype 3 chromosomes 

(Kalaydjieva, 1991b). Several polymorphisms have also been observed in the 

proximal part o f the PAH  promoter region (Svensson et al., 1993b).
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1.6 Phenylalanine Hydroxylase deficiency

1.6.1 Clinical features

In untreated cases of PKU early clinical symptoms include excessive irritability, 

overactivity and a mousy odour associated with urine and sweat (Jervis, 1963). 

Intellectual development appears normal until between about 3 and 5 months of age 

when the infant begins to demonstrate apathy, listlessness and irritability. As the 

infant gets older, tantrums can be set off by any stimulus and this is often the reason 

why children are admitted to long-term care institutions (McCready, 1974). Patients 

show a marked deficiency in manipulative and strategic skills, short-term memory 

processes and attention span (Schmidt et a l ,  1996). The children often have a light 

pigmentation, with fair hair and blue eyes, as a result of melanin deficiency due to 

altered tyrosine metabolism. Eczema occurs in about 20-25% of untreated patients.

1.6.2 Diagnosis

Before the introduction o f newborn screening, patients usually presented with 

symptoms of mental retardation and were diagnosed with tests such as the ferric 

chloride test. A modified bacterial inhibition assay originally described by Guthrie & 

Susie (1963) is now used for neonatal screening in Ireland. Blood is taken by heel 

prick from newborns between 2 and 5 days after birth. It is impregnated on filter 

paper (Guthrie card). Blood spots are punched out and placed on agar plates. The 

phenylalanine in the dried blood competes with an inhibitor, p-2-thienylanine, and if 

the phenylalanine is present in high levels, promotes the growth of Bacillus subtilis. 

Newborn screening in Ireland commenced in 1966 (Cahalane et al., 1968) and to date 

over 1.5 million newborns have been tested (P. Mulhair, personal communication). 

Following a positive Guthrie test, a liquid blood sample is obtained and quantitative 

amino acid analysis is carried out. By the use of RFLPs related to the phenylalanine 

hydroxylase gene, Lidsky et al. (1985a & 1985c) achieved prenatal diagnosis of a
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PKU homozygote and a PKU heterozygote. Zschocke et al. (1995) achieved prenatal 

diagnosis o f a PKU homozygote by analysis o f the STR region of the PAH  gene.

1.6.3 Biochemical features

The major biochemical feature associated with PAH deficiency is elevated Phe levels 

in the blood. Phenylalanine is not broken down to tyrosine and is instead converted to 

phenyipyruvate. This is in turn converted to phenylglutamate, phenyllactate and 

phenylacetate. These phenylketones are excreted in the urine and give the disease its 

name. Persistent hyperphenylalaninaemia almost invariably leads to brain damage 

and a wide range o f possible mechanisms have been proposed to explain this 

occurrence. Bowden & McArthur (1972) found that phenylpyruvic acid inhibits 

pyruvate decarboxylase activity in the brain and suggested that this accounts for the 

defect in formation of myelin and mental retardation in this disease. High Phe levels 

competitively inhibit transport o f aromatic and other amino acids across cell 

membranes including the blood brain barrier (Kaufman, 1977 & 1989) and disturb 

brain chemistry and protein synthesis (Wall & Pardridge, 1990). Decreased levels of 

tyrosine affects neurotransmitter synthesis and patients with PKU have decreased 

levels o f the neurotransmitters dopamine and serotonin (Lou, 1994).

1.6.4 Treatment of PAH deficiency

Phenylketonuria is treatable by a low phenylalanine diet. The Phe level at which 

dietary intervention is instigated varies between individual countries. In Ireland, if a 

patient has serum Phe levels which consistently exceed 400)j,M on normal diet, the 

patient is introduced to a low Phe diet (E. Naughten, personal communication). The 

diet is introduced in the first two weeks of life and is continued for life. High protein 

foods such as meat, cheese, fish and eggs are totally excluded from the diet. The Phe 

content of other foods is measured in a system of Phe exchanges. One exchange 

represents one gram of protein which is approximately 50mg of Phe. The number of
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exchanges allowed daily is varied to keep the blood Phe levels within therapeutic 

range, i.e. < 600|j,M. It is preferable to keep the levels between 200 and 400|j.M as 

patients with levels between 400 and 675|j.M have suffered impaired cognitive 

development (Diamond, 1994). A low Phe diet must include supplementation that 

will provide adequate amounts o f Tyr and other amino acids. The taste o f these 

mixtures is quite unpleasant and contributes greatly to poor compliance with the diet. 

Care must also be taken to provide sufficient amounts of vitamins, minerals and 

other trace elements. The recommendations for meeting the dietary requirements of 

PKU patients at different stages o f development are described by Cockburn et al. 

(1993). Patients are monitored regularly, in infants weekly or fortnightly and in older 

children monthly. Cards are sent by the patients on a regular basis to the neonatal 

screening laboratory to check the levels o f Phe in the blood. Naughten et al. (1987) 

have advocated a “diet for life” policy and all patients in Ireland with PKU are 

placed on the restricted Phe diet for life. Liver transplantation is not a usual therapy 

for PKU because of the generally good results achieved with early dietary restriction 

However, Vajro et al. (1993) reported that liver transplantation in a 10-year-old boy 

with PKU and concomitant unrelated end-stage liver disease cured the PKU.

1.6.5 Maternal PKU

Hyperphenylalaninaemia is teratogenic (Lenke & Levy, 1980). Kerr et al. (1968) 

demonstrated Toetal PKU' by administering large amounts o f  phenylalanine to 

mother monkeys. The offspring had reduced learning ability. They pointed out that 

the damage is aggravated by normal placental processes which function to maintain 

higher levels o f  amino acids in the foetus than in the mother. Mothers with HPA that 

have high levels of phenylalanine during pregnancy often have children with 

malformations, including congenital heart disease, craniofacial abnormalities, 

microcephaly, intrauterine and postnatal growth retardation, other major and minor 

defects, and early abnormal urologic signs (Mabry et al., 1966; Hanley et al., 1987). 

Huntley & Stevenson (1969) described two sisters with PKU who had a total of 28 

pregnancies. Sixteen ended in spontaneous first-trimester abortion. The foetus in each
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of the 12 pregnancies carried to term had intrauterine growth retardation and 

microcephaly and 9 o f the 12 term infants also had cardiac malformations. The risk 

of maternal PKU is directly related to the levels of Phe during pregnancy and it is 

important to achieve strict control with blood Phe levels of less than 360|iM before 

conception and to maintain this throughout the pregnancy.

1.6.6 Types of Hyperphenylalaninaemia caused by PAH deficiency

Most patients with PAH deficiency suffer from PKU and have to maintain a strict 

diet low in phenylalanine to avoid brain damage. However some patients with mild 

enzyme impairment do not require dietary therapy. These patients are classified as 

having non-PKU Hyperphenylaninemia (HPA) (Economou-Peterson et ai, 1992). 

These patients show serum phenylalanine concentrations well below those in PKU, 

but still have levels higher than normal. In Ireland, patients who maintain levels less 

than 400).iM while on normal diet are considered to have non-PKU HPA (E. 

Naughten, personal communication).

1.7 The Genetics of HPA 

1.7.1 Incidence of PAH denciency

Hyperphenylalaninaemia is the most common inborn error o f amino acid metabolism. 

In 1961, Carter & Woolf noted that, o f the cases seen in London and in the southeast 

of England, a disproportionately high number had parents or grandparents born in 

Ireland or in Scotland (Carter & Woolf, 1961). The frequency in Ireland was 

subsequently found to be 1:4,500 live births, and in Scotland 1:6,300 live births. 

There are considerable variations in the incidence of PAH deficiency in populations 

in Europe and worldwide. Table 1.1 gives the frequency o f HPA in various 

populations. The majority of cases o f PAH deficient HPA in northern Europe are
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severe and require dietary therapy to prevent mental retardation (Zygulska et a i, 

1991; Zschocke et a i, 1995) while, in Mediterranean countries, mild HPA accounts 

for the majority o f  cases (Ozguc et al., 1993; Desviat et al., 1996; Romano et al., 

1996).

1.7.2 Mutations at the PAH  locus

The first PKU mutation identified in the PAH gene was a single base change in the 5’ 

splice donor site o f intron 12 (DiLella et a i, 1986b). The splicing mutation was 

found to be the most prevalent PKU allele among Caucasians. This mutation resulted 

in the skipping of the preceding exon during RNA splicing. To date, over 400 

different disease-associated mutations and many neutral polymorphisms have been 

identified and reported to the PAH mutation analysis consortium database 

(http://www.mcgill.ca/pahdb; Nowacki et al, 1997). This locus-specific database 

documents variation in the nucleotide sequence of the PAH gene. Mutations are 

distributed over all exonic regions of the gene and also within the intron/exon 

boundaries. However, twenty percent o f PKU mutations involve exon 7 and more 

than 80% affect the regions encoded by exons 5-12 (Nowacki et al., 1997). Figure 

1.4 shows a mutation map o f the PAH gene. The relative mutability profile o f the 

PAH cDNA is available at the PAH  mutation database web site and does not show 

any significant increase in mutability of exons 6-12. The most probable explanation 

is that mutations in the 5’ end o f the gene do not significantly impair enzyme 

function and are not identified in patients with PKU. However there are marked 

differences in the mutability o f individual codons at the PAH gene. Several mutations 

have occurred more than once in different populations. Mutations at CpG sites, 

CG—>TG or CG—>CA, are particularly frequent (Ramus et a i, 1992). Twenty-four 

different CpG sites have been identified at the PAH gene (Scriver et ai, 1995). There 

are a number of CpG sites in exon 7; 6 in a span of 136bp.

The majority o f mutations in the PAH  gene are single base substitutions that produce 

an amino acid substitution or a premature stop codon. A substantial proportion of the 

mutations are missense (60%). The remaining mutations behave largely as null
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mutations and can be broken down as follows: nonsense (6%); splice (13%), 

deletions (13%); insertions (1%) (Nowacki et a i, 1997).

1.7.3 M utation detection and identification

The design of a universal approach to mutation detection is hampered by the 

enormous variety o f  mutations that cause human disease, ranging from single base 

substitutions to deletions of large parts of the gene to duplications and inversions 

(Cotton & Malcolm, 1991; Cotton, 1993). In order to design a mutation detection 

system for PAH deficiency, it is important to examine the spectrum of mutations 

found to date at this locus. Gene defects are largely base pair substitutions and 

micro-deletions (Nowacki et al., 1997). They are located primarily in the exons of 

the gene with some found in the exon-intron junctions and mutations are distributed 

over all exons o f the gene. The number of different mutations found in any defined 

population is generally > 30, and these include a few prevalent mutations and a high 

number o f rare mutations. The prevalent mutations have non-random geographic 

distributions and different relative frequencies in different populations, while rare 

mutations are narrowly distributed (stratified). There are marked differences in the 

spectrum of mutations found in geographically close populations. In a study of the 

genetic basis o f HPA in Norway, over 33 different mutant alleles were found (Eiken 

et a i, 1996b).

Mutation detection methods can be broadly divided into two categories: (i) scanning 

methods and (ii) diagnostic methods (Cotton, 1993). For studies examining the 

mutational spectra o f PAH deficiency in populations, the use o f a diagnostic test is 

usually inadequate (Guldberg & Guttler, 1998). Screening for known mutations will 

only provide partial information about the mutations present in that population. A 

commonly applied approach is to analyse the PAH  gene using a scanning method 

which determines whether a particular segment harbours a mutation, irrespective of 

the nature and position of the mutation. The use of a scanning method is often a two- 

step approach including one step for detection and one for identification. Single
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Strand Conformation Analysis (SSCP), Heteroduplex Analysis (HA), Denaturing 

Gradient Gel Electrophoresis (DGGE) and cleavage methods are among the most 

commonly applied mutation scanning methods (Cotton, 1993). SSCP is probably the 

simplest and most widely used method and relies on the fact that any single stranded 

DNA molecule has a specific secondary structure that can be altered by a single 

nucleotide change (Orita et al., 1989; Dockhorn-Dwornicazak et al., 1991). This can 

be detected due to the changed mobility of denatured PCR products in acrylamide 

gels. SSCP has been estimated to have varying sensitivities depending on fragment 

size, 97% in a 155bp fragment, 70% in a 212bp fragment, 58% in a 420bp fragment 

and 3%) in a 600bp fragment (Sheffield ei al., 1993). This dramatic loss of sensitivity 

with increasing fragment length is the biggest disadvantage o f the method. The 

advantage lies in the simplicity o f the method. Heteroduplex analysis relies on the 

fact that heteroduplexes are formed between wildtype and mutant strands and these 

heteroduplexes have altered mobility on an acrylamide gel. The mutation detection 

rate for this method varies from 80-90% when applied to fragments of 200bp length 

and decreases rapidly as fragment size increases. Cleavage methods include RNase 

cleavage. Chemical Cleavage of Mismatch (CCM) and Enzyme Mismatch Cleavage 

(EMC). Mismatches within heteroduplexes as a result of mutation may also be 

detected by DGGE (Fischer & Lerman, 1983). DGGE relies on electrophoretic 

separation o f double-stranded DNA fragments differing by single base substitutions 

or other minor alterations (Fischer & Lerman, 1983, Myers et al., 1985b). Its 

mutation resolving capacity relies on the thermodynamic properties of DNA 

molecules under denaturing conditions. The initial mutation detection rate o f DGGE 

was around 50%, as DGGE cannot resolve DNA fragments containing variants 

within the highest Tm domains. The detection rate of DGGE was greatly improved 

by the attachment o f a GC-rich clamp to one of the PCR primers and the method has 

now been reported to detect between 95 and 100% of mutations (Myers et al., 1985a, 

Sheffield et al., 1989, Fodde & Losekoot, 1994). DGGE has been used as a 

convenient and highly efficient method of scanning the PAH  gene for mutations 

(Guldberg & Guttler, 1993). It has been used to detect 98.8% of mutations in the 

PKU patient population in Denmark (Guldberg et oL, 1993b) and 99.6% of PKU 

mutations in Norway (Eiken et al., 1996c). SSCP (Labrune et al., 1991, Eiken et al..
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1996c) and CCM (Dianzani et al., 1991, Forrest et al., 1991) have also been used to 

analyse the mutational spectrum of PAH deficiency in various populations but at 

lower detection rates.

1.7.4 M utation-haplotype associations

Haplotype analysis can provide data on the population genetics of PKU and 

information as to the origins o f certain mutations. Associations exist between 

specific PAH  mutations, polymorphic haplotypes at the locus and human populations 

(Konecki & Lichter-Konecki, 1991; Eisensmith & Woo, 1992b). An association 

between certain haplotypes and mutant alleles was originally obsers^ed in a Danish 

population (Chakraborty et a l, 1987). Haplotypes 1 and 4 were most common 

among normal chromosomes while haplotypes 2 and 3 were most common in mutant 

alleles. Extensive haplotype analysis of European chromosomes showed that five 

haplotypes account for more than 76% of normal chromosomes (1, 2, 4, 5 and 7) and 

four haplotypes (1, 2, 3 and 4) account for more than 80% of PKU-bearing 

chromosomes (Daiger et al., 1989). Haplotype 3 is common on PKU chromosomes 

but rare on normal chromosomes in northern and central Europeans, in all other 

European populations it is rare on both normal and mutant chromosomes. The 

distribution o f haplotype 6 in southern Europe is analogous. Among eastern 

Europeans, over half o f the PKU chromosomes carry haplotype 2, at twice its 

relative frequency on normal chromosomes in these populations. Among northern 

Europeans, persons harbouring any combination of mutant PAH  alleles on haplotype 

2 or 3 usually have a severe form of PKU whereas persons with mutant PAH  alleles 

on haplotypes 1 or 4 display a wide range o f hyperphenylalaninaemia phenotypes 

(Okano et a i, 1990). In 1986, DiLella et al. showed that the mutation associated 

with haplotype 3 in the Danish population was a g—>a transition at the 5’ splice 

donor site of intron 12 (DiLella et al., 1986b). This was the first evidence that 

mutations were associated with haplotypes. The R408W mutation associates with 

haplotype 2 in eastern Europeans, with haplotype 1 in northwestern Europeans and 

with haplotypes 41 and 44 in Orientals (Eisensmith & Woo, 1992b).
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1.7.5 Population genetics of PKU

Recessive disease mutations allow the history of gene pools to be analysed in great 

detail. They are spread from single founder populations to other populations by 

migration and can thus serve as “molecular tags” in the genetic heritage of human 

populations (Eisensmith & Woo, 1994). PKU, as a common autosomal recessive 

disorder, is particularly useful for population genetic studies (Kidd, 1987). Accurate 

incidence data exist from screening of newborns for PKU and absolute allele 

frequencies can be calculated. The polymorphic haplotype system including VNTR 

and STR sites can be used to confirm identity by descent for individual mutations and 

to estimate their relative age. Despite the heterogeneity o f PKU, in many populations 

a few common mutations account for the majority of PKU alleles, and mutations 

common in some populations are rare or absent in others. It is therefore possible to 

identify certain ‘marker’ mutations and analyse their distribution in different 

European populations in order to infer the genetic relationship between different 

peoples (Zschocke et ah, 1997). Analysis o f PKU mutations in Northern Ireland has 

shown some very interesting lesults. For example, the rarity in Northern Ireland of 

lVS12ntl, which is the most common mutation in England accounting for 27% of 

mutant alleles, has led the authors to suggest that the English colonisation o f Ireland 

did not alter the local gene pool substantially and that genetically the English are 

different to the Irish (Zschocke et a i, 1997). A high degree of heterogeneity is found 

in populations with very complex histories, for example Sicily where 60 different 

mutations were found on 104 alleles. Certain populations are very homogeneous, for 

example, in the Yemenite Jews one mutation (a deletion covering exon 3) accounts 

for all mutant alleles (Avigad et a i, 1990).

1.7.6 Genotype-Phenotype correlations

Studies of HPA in various populations have investigated relationships between the 

biochemical and clinical phenotypes of patients and the in vitro enzymatic activity 

observed in expression analysis o f PAH mutations in mammalian cell systems
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(Waters et a i, 1998a). Several studies have suggested a simple correlation between 

PAH genotype and metabolic phenotype and the phenotypic associations of particular 

mutation combinations have been reported. Okano et al. (1991b) showed significant 

correlations between the “predicted PAH activity” and pre-treatment serum Phe 

levels, Phe tolerance and serum Phe levels after administration o f an oral protein 

load. Predicted PAH activity is calculated as the average of the two in vitro PAH 

activities from the two mutant PAH  alleles. Svensson et al. (1993a) also showed a 

strong correlation between predicted PAH activity and dietary Phe tolerance in a 

Swedish population. Eisensmith & Woo (1992a) demonstrated, in a heterogeneous 

American sample population, a strong correlation between PAH  genotype and 

biochemical and clinical phenotypes. Also in a recent multi-centre study of 686 

patients with HP A, Goldberg et al. (1998b) concluded that there is a simple 

genotype-phenotype correlation in most patients with PAH deficiency. However, it 

has been noted that genotype-phenotype relationships are more complex in PKU than 

for other Mendelian disorders and inconsistencies have been noted in patients with 

identical genotypes who have differing phenotypes (Kayaalp et a l, 1997; Scriver & 

Waters, 1999). Also discordances have been seen between the in vitro and in vivo 

efl'ects o f some mutant alleles (Waters et a l ,  1998a). It is possible that the clinical 

picture could also be influenced by other alleles that become metabolically important 

when PAH activity is reduced (Svensson et a i, 1993a). In conclusion, it is clear that 

broad correlations exist between mutant PAH  genotypes and HPA phenotypes. These 

can be useful practically in the treatment o f patients with HPA (Waters et a i, 1998a).

There is also a correlation between certain RFLP haplotypes and HPA phenotypes 

(Guttler et al., 1987). Most patients in northern Europe who bear mutant alleles on 

haplotype 2 or haplotype 3 chromosomes exhibit the severe form of PKU. In contrast 

patients o f southern European origin who harbour mutant alleles on haplotype 1 or 4 

generally exhibit milder forms of the disease. In Ireland most patients with HPA 

exhibit severe forms of the disease and harbour mutant alleles on haplotype 1 

chromosomes. However caution is required when predicting the phenotype from the 

haplotype. Haplotype 4 is associated with 15 different mutations while haplotype 1 is 

associated with at least 8 (Scriver et al., 1993).
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1.8 Non-PAH hyperphenylalaninaemia

Hyperphenylalaninaemia resulting from a deficiency o f DHPR and from a defect in 

the synthesis o f biopterin (MIM no. 261640) has been recognised. These defects do 

not result in classical PKU but instead show defects in PAH and other enzymes 

dependent on the biopterin as cofactor. In contrast to classical PKU, the clinical 

syndromes resulting from defects in biopterin metabolism are not treatable with 

simple dietary phenylalanine restriction.

It has been reported that about 1-2% of persons with persistent 

hyperphenylalaninaemia do not harbour mutations at the PAH  locus (Scriver et a l, 

1995). As previously described, BH4  is an essential cofactor for the hydroxylation of 

phenylalanine, tyrosine and tryptophan. It also plays a crucial role in the synthesis of 

catecholamines and serotonin. A deficiency of this cofactor was first noted in patients 

with persistent hyperphenylalaninaemia, who despite restriction of phenylalanine, 

developed a progressive neurological disorder (Bartholome, 1974, Kaufman et a l, 

1975). Defects in four enzymes affecting BH 4 metabolism have been identified. 

Guanosine Triphosphate Cyclohydrolase I (GTPCH) deficiency and 6 - 

Pyruvoyltetrahydropterin Synthase (6 -PTPs) deficiency are disorders o f BH4  

synthesis while Pterin-4a Carbinolamine Dehydratase (PHS/PCD) deficiency and 

Dihydropteridine Reduction (DHPR) deficiency are disorders of BH4  recycling. 

Patients are diagnosed by the analysis o f pteridines in the urine and by the 

measurement of DHPR activity on dried blood spots. Serum Phe levels may be 

slightly elevated or normal and the disorder may be mistakenly treated as transient 

HPA (Scriver et al., 1995). Typical symptoms in untreated individuals include mental 

retardation, convulsions, drowsiness, irritability, abnormal movements, recurrent 

hyperthermia without infection, hypersalivation and difficulty in swallowing 

(Dhondt, 1993). Treatment is by dietary restriction of phenylalanine or by 

tetrabiopterin administration (to prevent HPA) and by the oral administration of 

amine precursors (to restore neurotransmitter homeostasis) (Dhondt, 1993). A 

worldwide register o f more than 250 patients afl'ected with BH4  deficiency has been
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established and treatment has been successful in some cases and not in others (Blau 

e ta l ,  1996),
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Figure 1.1: Stmcture of phenylalanine
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Figure 1.2: The phenylalanine hydroxylating system



SNP Sites 0  2  +^  r hO  U tfh yf

+
0\oIT;

T  . .1 .. I i 81)
5® <NI ^  V 0 A 0 \0  >0:S  iS ̂  ̂  ©S .ON'̂ f ̂  ^  ^O  «  t4 H C<< ir>Ifl Ifi ^ ^  ^  ^  ^

Diallelic
Sites

Pvu Ha lisp I Xiravl EcoRV

Exons
K ll

Inti'Oils

STRMulti aUelic
Sites

0 10 20 30
_ L

40 50 60 70 80
YNTR 

90 100
J  I

Figure 1.3: Map of the PAH gene indicating polymorphic sites (taken from mutation database)



0  SI*M

•  cs«HHin

t i t t v t m o •  L«»«K«WTHHO

•  K4a[K4^ i|

MtVTH2»S

hMgi*

•  AtMOtMII
•  LMB 

«TRI
ItPttwvqHllJ
•  MTSl"')
«0«<T1H4|
•  TUP
•  P M  
AS70
•  nH«(H1|

■ •i«r'tH i.4.s.»^i.8| 
•  •T O PM tl^l]

tw PfM r* 
v z n ^  •

P tiw  •t»4M(M4]«
0»2V^<4|*

{a ioa?««4*o(H<h
E2TQ(m|^

czito  « 
m ix  •  

•
LlltP •

rrnx<»*i| •  
YK»0 •

L’*?«4e2D»(«

V1WAJMM •  
W<I7X •

TtMW1(?4*UT̂ H<K 
llWO •  
E tno « 

v tm im i*  
•

Ri7»e •  
R'TH •  
PWM •

njJTlMlI •

o i m  •  

oiTin •

Om(V« 
&UM(H1| •

u r a o
Nl3W tX 4«h

O inv*
TiKIHai*

vvmx*

A'MT*
^ t l 4 «
HITQAt

RIU
RlM0|Hi.L47

nU7N*

Q'4U (m .tT |i

OtirQHt)*
(3ei7i(Hi»

SltOKTHI.K 27.M ^  
T2?IN«
TriA «
T77II*

v»nc»
v m o ^ p
M?7iyH49

U<7«*

7»
>«71Y»

•07M»
tMMimi

T»*C*
C2MC*
W*4l«
r i o i *

n»<C(ht Z.4J<M» 
A2«»V!H7.4» 

AaMT^HJlt 
OtPC* 

l2U v ;h iiji»
LUiaiMMii

4«.t«

nzttOfM;* 
U4»f1MIW 

kM ** 
3I47V*H4»

A2U0 »
I I  4 I I I  17.70 

^441.*
V}4K|H1|* 
vs«u|H )r»
P244UHI2ft

n i4»qM .7»

n i4ia ro 4t>
3tM<*

T»|P|M4|»

•  cs04n 
■ {S04qMii 2

•  «e«7q H 4|
•  m i7H
•  nitM H 'i

^4^173

•  KS»N
•  »I14H

•  •JfÔ IMTl
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Tabic I .l:  Frequency of PAH deficiency in various European populations

Ireland 1:4,500

England 1:9,100

Scotland 1:6,300

Wales 1:11,000

Sweden 1:20,000

Finland 1:100,000



Chapter 2 
Patients, Materials and Methods



2.1 Patients

Patients (n=386) were recruited through the Metabolic Clinic at the Children’s 

Hospital, Temple Street, Dublin 1. Initial diagnosis o f  hyperphenylalaninaemia was 

made on neonatal screening using the bacterial inhibition assay (Guthrie & Susie, 

1963; Guthrie, 1996). Laboratory confirmation o f  HP A was made by quantitative 

analysis o f amino acids in serum and in urine and by analysis o f  tetrahydrobiopterin 

deficiency. O f the group o f 386 patients, there were 107 pairs o f siblings and only 

one o f each pair was chosen for analysis. Therefore, there were 279 unrelated patients 

available for analysis.

Fifty Irish control DNA samples were obtained from anonymised discs cut from filter 

blood cards (obtained from the National Newborn Screening Laboratory archive 

collection, Children’s Hospital, Dublin 1) and were used to determine the distribution 

o f STR alleles within the disease-free ethnic Irish population. Small independent 

nuclear families that had at least one child with a confirmed diagnosis o f  PKU were 

recruited for the STR/VNTR study. Parents donated a blood sample with informed 

consent and the blood was impregnated onto Guthrie cards.

Two hundred and thirty five patients whose genotype had been fully determined were 

further studied in an effort to establish genotype-phenotype associations in the Irish 

HPA population.
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2.2 Materials

The following analar grade chemicals were obtained from Sigma Chemical Company 

Ltd., Poole, Dorset, England;

Agarose, Ammonium persulphate, Bromophenol blue. Mineral oil, 30% Protogel, 

Sodium hydroxide, NNN’N ’ tetramethylethylenediamine, Tris base. Xylene cyanol.

The following analar grade chemicals were obtained from B.D.H. Ltd., Poole, 

Dorset, England:

Ethidium bromide, Formamide, Magnesium chloride, Propan-2-ol, Sucrose, Urea.

The following analar grade chemicals were obtained from Merck, Darmstadt, 

Germany:

Sodium hydroxide pellets, Absolute ethanol, 96% Ethanol.

SOX TAE (2M Tris, IM Acetic acid, 50mM EDTA) was obtained from Biorad.

2.2.1 M olecular Biology kits and reagents

The following restriction enzymes, deoxyribonucleic acids, chemicals and reagents 

were obtained from Boehringer GmbH., Mannheim, Germany:

Acc 1, Alu \, A v a l, Bam HI, Ban II, Dde I, Fnu 4HI, Hae III, Hind HI, H inf I, Mae 

III, Msp 1, Mva I, P\ni II, Rsa I, Sau96 I, Taq I, Xba I

Molecular weight marker XIV, Molecular weight marker X
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Deoxyadenosine 5’-triphosphate, deoxycytidine 5’-triphosphate, deoxyguanosine 5’- 

triphosphate, deoxythymidine 5’-triphosphate

lOX TBE buffer (0.89M Tris, 0.89M Boric acid, 0.02M EDTA disodium pH 8.4)

The following enzymes and reagents were obtained from Promega, Madison, Wl, 

USA;

Taq DNA Polymerase, lOX PCR buffer (SOOmM Tris-HCl and 1% Triton X-100), 

Magnesium chloride (25mM).

The following enzymes and reagents were obtained from New England Biolabs,

Nla IV, Pfl Ml, Bst NI, Uracil DNA glycosylase (UDG).

The QIAquick PCR purification kit was obtained from Qiagen Ltd., Surrey UK.

The following reagents were obtained from Perkin Elmer:

Big Dye terminator cycle sequencing kit. Performance optimised polymer 6 (Pop 6), 

Performance optimised polymer 4 (Pop 4), lOX genetic analyser buffer.

Polaroid 665 and 667 film were obtained from Polaroid Corp., MA, USA.
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2.2.2 Oligonucleotide primers

Standard oligonucleotides were obtained from Sigma-Genosys Ltd., Cambridge, UK.

Cy05-labelled and FAM-labelled olignucleotide primers were obtained from 

Interactavia, East Sussex, U.K.

2.2.3 Preparation of buffers

DNA sequencing buffer

200mM Tris/HCL (pH 9.0 at room temperature)

5mM MgCb

Loading buffer II (Sambrook et al., 1989)

40% sucrose (w/v)

0.25% Xylene Cyanol (w/v)

0.25% Bromophenol Blue (w/v)

IPX TBE buffer

0.89M Tris

0.89M Boric acid

0.02M EDTA disodium pH 8.4
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2.3 Methods

2.3.1 Sample acquisition

The samples were stored as dried whole blood spots on Guthrie cards. A segment of 

the blood spot was used directly as a source o f genomic DNA for mutational analysis 

and was added directly to the PCR reactions without any extraction procedure. The 

samples were obtained from affected individuals who regularly send dried blood 

spots to the screening laboratory for monitoring of blood phenylalanine 

concentrations. The samples were from 1 month to three years old and were stored at 

room temperature.

2.3.2 Polymerase Chain Reaction analysis

The Polymerase Chain Reaction (PCR) was used to amplify specific target sequences 

of DNA lying between two regions o f known sequence according to the method 

described by Saiki et al. (1988). All PCR amplifications were carried out using Taq 

DNA Polymerase in a Hybaid thermocycler. A “Hot start” technique was employed 

in which Taq DNA Polymerase was added individually to each tube at 80°C after an 

initial denaturation step at 94°C for 7 minutes. This was in order to reduce the 

appearance of non-specific bands.

PCR products were sized and separated by horizontal agarose gel electrophoresis 

according to Sambrook et al. (1995). The percentage agarose used was chosen 

relative to the fragment sizes to be separated. Where poor yield was observed, 

conditions such as primer concentration, magnesium concentration and annealing 

temperature were adjusted. Where non-specific amplification was observed the 

annealing temperature was increased or the number of cycles was decreased. PCR 

products were stored at 4°C for short periods of time and at -20°C indefinitely.
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2.3.3 M utation Scanning by Denaturing Gradient Gel Electrophoresis

2.3.3.1 DGGEPCR

Each exon in the PAH gene was individually amplified by means o f the Polymerase 

Chain Reaction. Primer sequences for each of the thirteen exons were provided by 

our European collaborators (Guldberg et al, 1993c) and allowed amplification of 

each exon together with approximately 50bp of flanking 5’ and 3’ intronic sequence. 

Table 2.1 provides information on the sequence of the primers, the annealing 

temperature and the size o f the product. To optimise resolution of the mutations by 

DGGE, one o f the primers contained an additional 40bp GC-rich “clamp” at its 

5’end (Sheffield et a l, 1989). The sequence of the clamp used in each instance was

5’ CGCCCGCCGCGCCCCGCGCCCGGCCCGTCCCGCCGCCCCCGCCCG 3’

The position o f the GC clamp was determined by using the computer algorithm Melt 

87 (Guldberg et a l, 1993c). A typical 50)j,l DGGE PCR reaction contained lOmM 

Tris HCl (pH 8.4), 1.5mM MgCb, 200nM dNTPs, 100-300nM primers and 2U Taq 

DNA Polymerase. Amplification involved an initial cycle of 95°C for 5 min. and 80 

°C for 2 min. Taq DNA Polymerase was added during the 80°C step. This was 

followed by 37 cycles o f denaturation at 93°C for 1 min., annealing at the 

appropriate temperature for 1 min. (Table 2.1) and extension at 70°C for 1 min. A 

final extension at 72°C was carried out for 10 min. Annealing temperatures were 

calculated using the formula:

Tm= Ta - 5°C 

where Ta= 2 x (A+T) + 4 x (G+C)

The calculated Ta values were used initially, but optimal Ta values were determined 

empirically for each set o f PCR primers (see Table 2.1).

23



2.3.3.2 Sample preparation

Heteroduplexes, which are mismatched hybrids formed between wildtype and 

mutant DNA molecules, are formed in the late stages o f PCR. To optimise the 

formation o f heteroduplexes the PCR products were heated to 98°C for 10 min. to 

denature the strands. They were then re-annealed in two 1-hr. steps, at 65°C and 37° 

C respectively, to allow re-assortment o f  the single strand constituents,

2.3.3.3 Establishment o f the DGKj E technique

The DGGE technique was the chosen mutation screening/detection method and was 

validated by focusing on exon 12 o f the PAH gene. Exon 12 harbours the most 

common Irish PKU mutation, R408W. A panel o f Irish cases, whose R408W mutant 

genotypes had been established in the course o f an earlier study (O ’Neill et al,  

1994), were used as positive and negative controls allowing the optimisation o f both 

the PCR and electrophoretic conditions for mutation detection.

2.3.3.4 Preparation o f the Denaturing Gradient Gel

Gels contained a concentration gradient o f  denaturant increasing linearly from the 

top o f  the gel to the bottom. Initially, both Urea and Formamide were used as 

denaturants but it was then found to be possible to avoid the use o f  toxic Formamide 

by increasing the concentration o f Urea in the denaturing solvent. Two stock 

solutions were prepared, a OM Urea (null) solution and a 9.5M solution as described 

below. The null solution was stored at 4°C while the 9.5M solution was stored at 

room temperature.
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O M 9.5 M

30% protogel (m l) 20 20

SOX TA E (m l) 2 2

Urea (g) - 57

Sterile H 2O (m l) to  100 ml to 100 ml

The gel plates (16cm ) w ere cleaned with sterile water and 100% ethanol and left to  

dry. The plates w ere then assem bled w ith 1 ,0mm spacers m aking sure that the plates 

and the spacers w ere level at the bottom w hen clamped together. The plates were 

sealed together using a glue gun to ensure that no leaks w ould  occur. The gel was 

then secured into the holder.

The gradient former (m odel 385) w as prepared by placing a m agnetic stir bar into the 

right cylinder. From the stock solutions, tw o 15ml mixtures w ere prepared, one with 

a high concentration and the other with a low  concentration o f  denaturant. If the 

gradient required a higher concentration than 60%, 10ml o f  60%  denaturant was 

layered at the bottom o f  the gel.

% denaturant OM (m l) 9.5M  (m l)
0 15.00 0.00
5 13.75 1.25
10 12.50 2.50
15 11.25 3.75
20 10.00 5.00
25 8.75 6.25
30 7 .50 7.50
35 6.25 8.75
40 5.00 10.00
45 3.75 11.25
50 2 .50 12.50
55 1.25 13.75
60 0 .00 15.00
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The initiators (7.5(.il TEMED and lOOjil 10% APS) were added to each solution and 

mixed well. The low denaturant concentration mixture was poured into the left 

cylinder and the high concentration mixture into the right cylinder. The gradient 

former was placed onto a magnetic stirrer to ensure thorough mixing. It was then 

placed approximately tw o feet above the gel plates to generate a gravity gradient. A 

needle was secured onto the end o f the tubing that delivered the gel solution from the 

gradient former to the glass plates. The needle was placed between the plates. The 

connections between the two cylinders and between the right cylinder and the exit 

valve were opened and the gel was poured over an interval o f  approximately 2-3 

min. After pouring, the gradient former and the tubing were thoroughly washed with 

distilled water to clear all traces o f  acrylamide. The comb was inserted about 5 min. 

after pouring the gel. The comb was moved in and out several times before finally 

inserting to enhance polymerisation between the wells. The comb was removed after 

a minimum o f 1 hr. and the wells were flushed with IX TAE. The gels were then 

sealed with cling-film and stored overnight at room temperature or at 4°C for 3-4 

days.

2.3.3.5 Electrophoresis o f  DGGE samples

Electrophoresis was performed in a Protean II vertical electrophoresis system 

(Biorad). The buffer (IX  TAE) was preheated for approximately 1 hr. prior to the 

run. Electrophoresis was carried out at 60°C. To ensure sharp reproducible bands, a 

constant temperature was maintained within the gels. The gel was clipped into the 

electrophoresis holder which allowed full circulation o f  the buffer and thus even 

heating o f the glass plates. The comb was removed from the gel, the wells were 

rinsed with IX TAE and the top reservoir was filled with buffer. The sample (15|j.l) 

was mixed with 5|_il o f  loading buffer and loaded into the bottom of each well. The 

gel holder was transferred into the tank and the buffer was allowed to equilibrate to 

60°C. The samples were electrophoresed at 160V for the required length o f time (see 

Table 2.2). The buffer was changed after every five electrophoresis runs.
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2.3.3.6 Visualisation o f DGGE products

Following electrophoresis the plates were separated and the gel was stained with 

ethidium bromide (l|j,g/ml) for 15 min. and destained in IX TBE for 2-3 min. The 

DNA was then visualised on a transilluminator and the gel photographed using 

Polaroid 667 film.

2.3.4 M utation identification

2.3.4.1 Restriction enzyme analysis

Thirty two previously identified mutations in the PAH  gene were assayed using 

restriction enzyme analysis and Table 2.3 shows the details o f these assays. Two 

methods o f restriction enzyme analysis were employed in this study, one using 

naturally occurring restriction sites and the other using artificially created sites 

(ACRS). Many o f  the mutations in the PAH  gene create or destroy a restriction site 

and could be directly assayed after PCR amplification o f the respective exon. Each 

exon was amplified using the primers described in Table 2.1 without the GC-clamp. 

If an existing restriction site did not encompass the mutation, an artificial restriction 

site was created which would be either introduced or removed by a particular 

mutation. The site was introduced in the PCR amplification step using specially 

designed primers. The primer sequences are given in Table 2.4. Mismatch 

nucleotides are underlined.

Three silent polymorphisms in the PAH  gene were assayed for using natural 

restriction assays and the details are outlined in Table 2.5.

Restriction enzyme digestions were carried out in 20(al volumes and included 10-15ii 

1 o f  PCR product and 2-4 U o f enzyme. Incubations were for 2-16 hours at 37°C 

except for M ae  111 which was carried out at 55°C and Taq I which was carried out at 

65°C. The activity o f  the restriction enzyme was checked by incubation o f  l|.ig
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Lambda phage DNA with the appropriate enzyme. Aliquots o f the digests (lOjj.1) 

were checked by electrophoresis on polyacrylamide gels which is capable o f 

distinguishing between restriction digest fragments to within 2 base pairs.

2.3.4.2 Automated fluorescent DNA sequencing

Fluorescence based sequence analysis o f double stranded PCR fragments (Rao, 1994) 

was carried out using Tag dye terminator cycle sequencing on a Perkin Elmer 

Applied Biosystems model 310 fluorescent DNA fragment analyser.

2.3 .4.3 Purification of template DNA

The single most important factor in determining the success o f sequencing reactions 

was found to be the template quality. The PCR products were purified to remove any 

contaminating primers or excess reaction components that might interfere with the 

sequencing reaction.

Each exon was amplified using the primers listed in Table 2.1 without the GC clamp. 

Following amplification of the exon of interest, 5|j,l was checked by electrophoresis 

on an agarose gel for concentration and purity. The product was only used for 

subsequent sequencing reactions if a single strong band was seen. These primers did 

not prove useful for sequencing exon 10 and alternative primers were used (Table 

2.6). Exon 11 required the use o f a nested PCR. Initially exon 11 was amplified using 

primers 11A and IIB  (Table 2.1). Following amplification, 2|il o f product was used 

as template in a second PCR reaction using primers 11 for and 1 Irev (Table 2.6).

Following amplification, the PCR products were purified by centrifugation through a 

QlAquik purification column. Briefly 50-100 (.il of product was mixed with 5 

volumes o f buffer PB, applied to the column and centrifuged for 1 min. The flow 

through was discarded and the sample was washed with 0.75ml of buffer PE. Finally
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the samples were eluted with 30-50|j.l o f buffer EB. All buffers were supplied with 

the Qiaquik columns. The purified samples were then checked by electrophoresis on 

agarose gels to determine the amount required for cycle sequencing.

2 .3 .4.3 Dye terminator cycle sequencing o f double stranded PCR products

Each o f the dye terminator sequencing kits contained reagents for 100 sequencing 

reactions. Unmixed reagents were stored at -20°C. The primers used in the 

sequencing reactions were the same ones as used in the primary PCR reactions (Table 

2.1) except for exons 10 and 11 (Table 2.6). All exons were sequenced in forward 

and reverse directions. In order to reduce costs, sequencing reactions were carried out 

using half o f  the recommended volume o f Big Dye terminator mix. A sequencing 

buffer (see Materials) was prepared and used to dilute the Big Dye term inator mix. 

Cycle sequencing reactions (20|j.l) were set up in 0.2ml PCR thin walled tubes. Each 

reaction contained the following:

Big Dye terminator mix (contains enzyme) 4|.il

Sequencing buffer 4|j.l

Sequencing primer (lpmol/|j,l) 3.2|.d

Template 2-3 p-l

W ater to 20 |j,l

The reactions were mixed and centrifuged briefly. They were then placed on a PE 

9700 thermal cycler and subjected to 25 cycles consisting o f denaturation at 90°C for 

5 sec., annealing at 50°C for 5 sec. and extension at 60°C for 4 min. The samples 

were then stored at 4°C for subsequent purification.

29



2.3A.4 Precipitation o f  extension products

After cycle sequencing the reaction products were purified by ethanol precipitation to 

remove any excess reaction components. The 20|j,l reactions were centrifuged and 

transferred into a sterile 0.5ml PCR tube containing 80|o,l o f 95% ethanol. The tubes 

were mixed and left to precipitate for 10 min. at room temperature. They were then 

centrifuged at MOOOrcf for a further 10 min. Immediately after centrifLigation, the 

supernatant was removed and discarded. The samples were centrifuged and any 

remaining supernatant was removed. The pellets were then washed with 250|j,l o f 

70% ethanol. After mixing, the samples were centrifuged for 5 min. and the 

supernatant removed. The pellets were then dried for 1 min. at 90°C.

2.3 .4.5 Preparation o f samples for electrophoresis

Each pellet was reconstituted in 20|a,l o f  Template Suppression Reagent (TSR) or 

deionised formamide and heated to 94°C for 2 min. to denature the DNA. The 

samples were then chilled on ice, vortexed thoroughly and centrifliged briefly. The 

samples were held on ice until ready to load onto the capillary. Prior to loading the

samples were transferred to 0.5ml sample tubes and covered with a tube septum to

avoid evaporation on the autosampler.

2 .3 .4,6 Preparation o f the capillary for electrophoresis

The ABI 310 was set up according to manufacturer instructions (see Figure 2.1). 

Performance optimised polymer-6% (Pop 6), the polymer matrix used in the capillary 

for sequencing, was equilibrated to room temperature before it was loaded into the 

syringe. The syringe was then screwed into the pump block and the pump block was 

filled with polymer. The capillary used for short read sequencing (47cm x SO^im i d.) 

was then installed by connecting one end to the pump block and one end near the 

electrode. The anode buffer reservoir was filled with genetic analyser buffer and
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installed on the pump block. The thermoplate was preheated to 50°C and the samples 

loaded onto the autosampler. Details o f  the run were entered into both the sample and 

the injection sheets in the computer software and the run was started. Samples were 

injected into the capillary at 5kV for 30 sec. The end o f  the capillary near the cathode 

was then placed in buffer and electrophoresis was continued at 15kV for 30 min.

2.3.4.7 Data analysis and storage

The raw data was collected by the data collection software on the ABI Prism 310. 

The data was then transferred into the sample manager where it was analysed by the 

sequencing analysis software and converted to D N A  sequence data. The data could 

then be flirther analysed by the user.

2.3.5 M ini-haplotype analysis

2.3.5.1 STR analysis

The PAH  gene contains a highly polymorphic short tandem repeat (STR) system 700 

bp upstream o f  exon 3 (Goltsov et ah, 1993). The STR fragment lengths were 

determined in this study using a fluorescent method on the ABI 310 genetic analyser.

2.3.5.1.1 ST R PC R

The forward primer was end-labelled with the fluorescent phosphoramidite 6-FAM  

(6,6-carboxyfluorescein). The sequences o f  the forward and reverse primer are given 

in Table 2.6. A typical 50jil PCR reaction contained lOmM Tris-HCl (pH 8.4), 

1.5mM M gCl2, 200|o,m dNTPs, 200nM  primers and 1.5U Taq D N A  Polymerase. The 

samples were subjected to an initial cycle o f  denaturation at 94°C for 5 min., 

annealing at 53°C for 2 min. and extension at 72°C for 15  min This was followed by
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27 cycles o f denaturation at 92°C for 15 sec., annealing at 52°C for 20 sec. and 

extension at 72°C for 30 sec. and a final extension at 72°C for 10 min.

2.3 .5.1.2 Preparation of the samples for electrophoresis

Following amplification, l|j,l o f PCR product was mixed with 12|il o f deionised 

formamide and 0.35|j.l o f Genescan-500 TAMRA size standard. The samples were 

then heated to 90°C for 2 min. and then placed on ice until ready to load onto the ABI 

310.

2.3.5.1.3 Electrophoresis on the ABI 310

The polymer used for electrophoresis of the fragments was POP-4 and the capillary 

used was the same as that used for sequencing. The sample tubes were placed in a 

tray on the instrument autosampler. The samples were injected into the capillary at 

15kV for 5 sec. and were then electrophoresed at 15kV for 22 min, as described 

previously. The Genescan® Analysis software collected the raw data and 

automatically sized the DNA fragments present.

2.3.5.2 VNTR analysis

The VNTR region of the PAH  gene was amplified using the primers described in 

Table 2.6. Amplification was carried out in 50|.il reactions containing lOmM Tris 

HCl, 1.5mM Mg CI2, 200jj.m dNTPs, 200nM primers and 1.5U Taq DNA 

Polymerase.
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2.3.5.2,1 VNTR PCR

Amplification involved an initial cycle of 95°C for 5 min. and 80°C for 2 min. This 

was followed by 35 cycles of denaturation at 93°C for 40 sec., annealing at 55°C for 

30 sec. and extension at 70°C for 40 sec. A final extension at 72°C was carried out 

for 10 min. Following amplification, products were electrophoresed on a 4% 

polyacrylamide gel for 3hrs. A lOObp ladder and Ikb ladder were used to size the 

VNTR allele.

2.3.6 GMPD analysis

2.3 .6.1 Amplification o f sample DNA

Glycosylase Mediated Polymorphism Detection (GMPD) was carried out by the 

method of Vaughan & McCarthy (1998). The DNA fragment of interest was 

amplified using one Cy05 labelled (diagnostic) primer and one unlabelled (non

diagnostic) primer. The primers are described in Table 2.8. Both exon 3 and exon 12 

were amplified in 50|j.l reactions in the presence of 200|.iM dATP, dCTP, dOTP and 

dUTP, lOmM Tris-HCl (pH 8.4), l.SmM MgCb and 200nM of each primer. 

Amplification involved an initial cycle o f 95°C for 5 min. and 80°C for 2 min. Taq 

DNA Polymerase (2U) was added during the 80°C step. This was followed by 37 

cycles o f denaturation at 93°C for 1 min., annealing at the appropriate temperature 

for 1 min. (Table 2.8) and extension at 72°C for 1 min. A final extension at 72°C 

was carried out for 10 min

2.3 .6.2 Glycosylase mediated cleavage of amplified DNA

Following amplification, 5|.d of PCR product was placed in a 0.5ml eppendorf tube. 

Exonuclease 1 (0.5U) was added and was incubated at 37°C for 30 min. The 

exonuclease 1 was inactivated by incubating the reaction at 80°C for 15 min.
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Following heat inactivation, the tube was centrifuged and placed on ice. Uracil DNA- 

glycosylase (0.5U) was then added and the reaction was incubated at 37°C for 30 

min. Following this incubation, l|o,l o f  0.4M NaOH was added and the reaction was 

heated to 95°C for 15 min. To neutralise the reaction, l|j,l o f 0.27M Tris base was 

added. Samples were stored at -20°C. Immediately prior to loading, samples were 

thawed and mixed with 5|j,l o f formamide loading dye. The samples were then heated 

to 90°C for 5 min and 4|il o f sample was loaded onto to the gel.

2 3.6.3 Preparation o f  gel

Since the fragments produced by GMPD-check are small, a high percentage 

acrylamide gel using the short Alfexpress'^'^ plates sufficed to separate the cleaved 

fragments. A 15% denaturing PAG solution (50ml) was made up containing 21g 

Urea, IX TBE and 18.75ml o f  40% Acrylamide stock. The solution was heated 

gently to dissolve the urea. The solution was then filtered through a 0.45fim filter. 

The plates and combs were washed and set up according to the manufacturers 

instructions. After the gel solution had returned to room temperature, 35|o.l o f 

TEMED and 350|j,l 10% APS were added to the gel solution and gently mixed. The 

gel was then poured taking care to avoid the incorporation o f air bubbles. The gel 

was allowed to polymerise for at least two hours. The gel was then set up in the 

automatic sequencer.

2.3.6.4 Electrophoresis o f samples

The comb was removed and the wells were washed out with IX  TBE. An aliquot (4 

|j,l) o f sample was loaded into each well. An aliquot o f both labelled primer and 

uncleaved product were also loaded for use as size markers. A labelled size marker 

was also used. The samples were electrophoresed at 55°C and at 500V for 2 hrs. 

Following electrophoresis, samples were compared to the labelled primer and the 

uncleaved product.
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Table 2.1: Amplification primers for the PAH  exons (Guldbcrg et al., 1993c)

S f t

1 lA

IB

[GC] TTAAAACCTTCAGCCCCACG 

TGGAGGCCCAAATTCCCCTAACTG

55 237

2 2A
2B

GAGGTTTAACAGGAATGAATTGCT 

[GC] TCCTGTGTTCTTTTCATTGC

52* 304

3 3A
3B

[GC] GCCTGCGTTAGTTCCTGTGA 

CTTATGTTGCAAAATTCCTC

51* 307

4 4A
4B

ATGTTCTGCCAATCTGTACTCAGGA 

[GC] CAAGACATAGGCCATGGACT
55 199

5 5A
5B

TCATGGCTTTAGAGCCCCCA 

[GC] AGGCTAGGGGTGTGTTTTTC
55 253

6 6A
6B

[GC] CCGACTCCCTCTGCTAACCT 

CAATCCTCCCCCAACTTTCT
54* 369

7 7A
7B

[GC]GGTGATGAGCTTTTAGTTTTCTTT 

AGCAAATGAAACCCAAACCTC
54* 303

8 8A
8B

[GC] TGGCTTAAACCTCCTCCCCT 

CTGGGCTCAACTCATTTGAG
55* 229

9 9A
9B

ATGGCCAAGTACTAGGTTGG 

[GC] GAGGGCCATAGACTATAGCA
54* 225

10 lOA
lOB

[GC] TTAACGATCATAAGAGTGTGC 

ACAAATAGGGTTTCAACAAT
52* 272

11 l l A
IIB

TGAGAGAAGGGGCACAAATG 

[GC] GCCAACCACCCACAGATGAG
54* 341

12 12A
12B

ATGCCACTGAGAACTCTCTT 

[GC] GATTACTGAGAAAGTGGCCT
53* 232

13 13A
13B

[GC] GACACTTGAAGAGTTTTTGC 

TTTTCGGACTTTTTCTGATG
50 230

[ GC] =CGCCCGCCGCGCCCCGCGCCCGGCCCGTCCCGCCGCCCCCGCCG 
TA=annealing temperature
* = annealing temperatures have been determined empirically



Tabic 2.2: Conditions o f electrophoresis for DGGE

- ‘ Exon

1 10-55 5
2 10-60 6
3 20-60 5
4 15-55 5.5
5 25-65 6.5
6 20-65 6
7 25-65 6

8 20-60 5

9 20-65 6
10 10-60 5
11 15-60 6
12 20-60 6
13 20-60 5



Table 2.3; Detection o f PKU mutations in the PA H  gene based on restriction 
enzyme analysis

V .vMiitatioh 1 r -HE : . ,̂ ■Ojri^in-of

F39L E2 + Mae III Natural 2A, 2B
G46S E2 - Sau96 I ARCS 2A, 2B46
I65T E3 + Taq I ARCS 3A, 3B65
S67P E3 - X h a \ Natural 3A, 3B

R158Q E5 + Xba\ ARCS 5A, 5B158
LI 94? E6 BanU ARCS 6A194, 6B
R243X E7 + Xbal ARCS 7A, 7B243
R243Q E7 + PJI M l Natural 7A, 7B
V245A E7 FnuAm Natural 7A, 7B
R252W E7 - Ava I Natural 7A, 7B
R261Q E7 -Hinfl Natural 7A, 7B
G272X E7 -Bam HI Natural 7A, 7B
S273F E7 -Bam HI Natural 7A, 7B
Y277D E7 -Acc 1 Natural 7A, 7B
E280K E7 -Xbal ARCS 7AN,7B280
F299C E8 +Pvu 11 Natural 8A, 8B
A309V E9 7i^/NI Natural 9A, 9B
L333F ElO -Ban 11 Natural lOA, lOB
L348V ElO -Nla IV Natural lOA, lOB
S349P ElO +PflU 1 Natural lOA, lOB

IVSlOnt-1] 110 +D(ie 1 Natural l l A,  I IB
E390G E l l +Bst NT ARCS 11 A, 11B390
Y386S E ll +Mac III Natural l l A,  I IB

K363fsdelG E l l -Hind. Ill Natural l l A,  I I B
*delL364 E l l -Hindi III Natural l l A,  I I B
Y356X E l l -Rsa I Natural 11 A, IIB
T380M E ll -Mae III Natural 11 A, IIB
R408Q E12 -Hae III Natural 12 A, 12B
R408W E12 +Mva I ARCS PKUA, PKUB
Y414C E12 -Rsa I ARCS 12A, 12A414

lVS12ntl E12 - Rsa I ARCS 12A, IVS-12
E= Exon; 1= Intron;
RE= Restriction enzyme; 
ARCS; ArtiGcially Created Site
+ denotes that the mutation creates a restriction site 
- denotes that the mutation destroys a restriction site



Table 2.4: Primers sequences for ARCS PCR

Sequence
f  '-iiV

Reference.

G46S 2B46 AATACTTTGGCCAATGGAC Eiken et al, 1996

I65T 3B65 AACGAGAAGGTCTAGATTCG Eiken e /«/., 1996

R158Q 5B158 GGCAATGTCAGCAAACAGCTTC Zschocke a/., 1996

L194P 6A194 GGGCACAGTGTTCAAGGCTC Zschocke e/a/., 1996

R243X 7B243 GAAAGCAGGCCAGCCACAGGCC Eiken etal., 1996

E280K 7B280 AGCTGGAGGACAGTACTCACGGTC Eiken 1991

E390G UB390 AGAT C T C GGATAGGTTTACATG Eiken etal, 1996

R408W PKU A AACTTTGCTGCCACACATACCC Matsubara ef al.,

PKUB* AGTCTTCGATTACTGAGAAA 1995
Y414C 12A414 CTCGGCCCTTCTCAGTTCGGT Eiken e/a/., 1996

lVS12ntl lVS-12 CTCGTAAGGTTTAAATTACGTA Eiken e/a/., 1996

Mismatch nucleotides arc underlined
* PKU B has no mismatch



Table 2.5; Detection of silent polymorphisms in the PAH  gene using restriction 
enzyme analysis

Location RE Origin of 
RE site

Primers

Q232Q E6 +Dde\ Natural 6A, 6B

V245V E7 +Alu I Natural 7A, 7B

L385L E ll +Mnl I Natural l l A ,  IIB

E: Exon
RE: restriction enzyme
Natural: Naturally occurring restriction site



Table 2.6: Sequencing Primers for exon 10 and exon 11

9*rinie r S e q u e n c e 3’) - , . ^
lOfor

lOrev

GTATCCCTTCATCCAGTCAAGG

CCCAGGTTGCATATCAAAACGG

51

11 for AAGGAATCGGGGTGAGATGAGAGAAGGGGC 65

11 rev GGTAC/yVAGTTGCTGTAGACATTGGAGTCC



Table 2.7: Primer sequences for the STR and VNTR regions of the PAH  gene

STR for GCCAGAACAACTACTGGTTC 52

STR rev AATCATAAGTGTTCCCAGAC

VNTR for GCTTGAAACTTGAAAGTTGC 49

VNTR rev GGAAACTTAAGAATCCATC



Table 2.8: Primer sequences for GMPD analysis o f exon 3 and exon 12

Primer Sequence (5’-3’) . Ta Size
X  ̂ : r o  (bp)

165TD Cy05-CTCGTCTAGGAGAATGATGTAAACCT 60 120

I65T ND ATGTTTGTCAGAGCAGGCAGGCTA

R408W D Cy05-AACTTTG CTGCCACAAA TACCT 49 170

R408WND AGTCTTCGATTACTGAGAAA



Chapter 3
Spectrum of mutations found in the PAH

in Southern Ireland



3.1 Introduction

3.1.1 Background

Phenylketonuria and related HP As are caused by mutations at the PAH  locus. The 

phenotypic heterogeneity associated with this disorder can be explained by a 

multiplicity of mutations in the PAH  gene. To date, over 380 different disease- 

associated mutations and many neutral polymorphisms have been identified and 

reported to the PAH  Mutation Analysis Consortium database 

(http://www.mcgill.ca/P/i//db, Nowacki et a i, 1997). This database documents 

variation in the nucleotide sequence o f the PAH  gene.

3.1.2 Types of mutations found at the PAH  locus

The effect on PAH enzyme activity strongly depends on the type and position of the 

mutation. The most common change is a nucleotide substitution where one 

nucleotide has been replaced by another. If a nucleotide substitution causes the 

replacement of one amino acid with another, the mutation is designated a missense 

mutation. A substantial proportion o f the mutations (66%) found at the PAH  gene are 

missense (Nowacki et a l, 1997). With missense mutations, one is frequently faced 

with the decision as to whether or not the single base pair change detected is indeed 

the pathological lesion causing the disease (Cotton & Scriver, 1998). Evidence of 

causality usually comes from one or more of the following;

(a) occurrence of the mutation in a region o f known structure or function,

(b) occurrence of the mutation in an evolutionarily conserved region,

(c) the previous independent occurrence of the mutation in an unrelated patient,

(d) the failure to observe the mutation in a large number of normal controls,

(e) the novel appearance and subsequent co-segregation of the gene lesion and 

disease phenotype through a family pedigree,

(f) the reversal of the pathological phenotype in the patient/cultured cells by 

replacement of the mutant gene/protein with its wildtype counterpart.
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A nucleotide substitution within a DNA codon normally coding for an amino acid 

may transform the codon into one of three termination codons, TAA, TAG and TGA. 

A mutation o f this sort is termed a nonsense mutation. Nonsense mutations account 

for 6% of mutations seen at the PAH  locus (Nowacki et a l, 1997). A second major 

type is a frameshift mutation that arises through the addition or deletion of one or 

more nucleotides. The term frameshift mutation is used to denote the fact that the 

mutation changes the sequence of codons, the reading frame, for the subsequent 

sequence. Deletions account for about 15% of mutations in the PAH  gene (Nowacki 

et a l, 1997). Insertions in the PAH  gene are rare and account for only 1% of 

mutations (Nowacki et a l, 1997). Mutations affecting splice sites in introns account 

for 12% of mutations (Nowacki et a l, 1997). In contrast to single base substitutions, 

splicing mutations are not clustered at the 3 ’ end of the gene. Large aherations o f the 

cDNA caused by such mutations would be expected to have a detrimental effect on 

enzyme function, whether they have occurred at a conserved domain o f the protein 

or at a more variable region. The most innocuous substitution is a silent substitution 

which is a DNA sequence alteration that does not change the amino acid and 

therefore does not lead to a change in the enzyme. Silent substitutions are found on 

both normal and mutant chromosomes and are often termed polymorphisms.

Each causative mutation in the PAH  gene introduces a particular alteration in the 

enzyme which has a detrimental influence on enzyme structure and/or function. High 

phenotypic complexity results from a multiplicity of mutations and from the fact that 

most patients are genotypic compounds at the PAH  locus. Thus the phenotype is not 

only a result of the intrinsic activity o f the mutant alleles, but also of the possible 

interactions between the two different gene products in the multimeric holoenzyme 

(Guttler & Guldberg, 1994). Some mutations cause complete abolition of PAH 

function whereas others are associated with residual in vitro activity in the range of 

2-70% (Okano et a l, 1991b). Non-PKU HPA can be caused by the combined effect 

of a classical PKU mutation on one allele and a mild mutation on the other or can be 

the result of two mild mutations (Zschocke et a l, 1994c). Complete ascertainment 

of mutations causing PAH deficiency has been carried out in many countries both in 

Europe and worldwide including Northern Ireland (Zschocke et a l, 1995), England,
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Scotland and Wales (Tyfield et al., 1997b), Denmark (Guldberg et a l, 1993b), 

Norway (Eiken et al., 1996b), Germany (Guldberg et a l, 1996b; Zschocke et al., 

1999a), Italy (Dianzani et al., 1995), Sicily (Guldberg et a/., 1993c) and Spain (Perez 

et al., 1997). Mutations are distributed over all exonic regions o f the gene and also 

within the intron/exon boundaries. However, twenty percent o f PKU mutations 

involve exon 7 and more than 80% affect the regions encoded by exons 5-12 (Figure 

1.4).

3.1.3 Mutation detection

The development of a mutation detection system is complicated by the heterogeneity 

of PAH deficiency and the marked differences in the spectrum of mutations found 

even in geographically close populations. Most defined populations harbour at least 

twenty different mutations. The prevalent mutations have non-random geographic 

distributions and different relative frequencies in different populations, while rare 

mutations are stratified. A commonly applied approach is to analyse the PAH  gene 

using a scanning method which determines whether a particular segment harbours a 

mutation, irrespective o f the nature and position o f the mutation. Single Strand 

Conformation Polymorphism analysis (SSCP), Denaturing Gradient Gel 

Electrophoresis (DGGE) and Chemical Cleavage of Mismatch (CCM) analysis are 

among the most commonly applied mutation scanning methods (Cotton, 1993). 

DGGE has been used as a convenient and highly efficient method of scanning the 

PAH gene for mutations. It has been used to detect 98.8% of mutations in the PKU 

patient population in Denmark (Guldberg et a l, 1993b) and 99.6% of PKU 

mutations in Norway (Eiken et al., 1996c). In an analysis o f PAH deficiency in 45 

patients in Germany, a mutation was found on 95.6% (86/90) of the mutant 

chromosomes and both mutations were found in 91.1% (41/45) o f the patients 

(Guldberg et al., 1996b). Mutations were identified by PCR/DGGE based mutation 

scanning followed by sequence analysis. An analysis of the mutational spectrum of 

PKU in Spain identified approximately 90% (115/129) of mutant alleles using 

DGGE and direct sequencing (Perez et al., 1997). Theophilus et al. (1989) used exon
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9 and 10 of the human acid (3-glucosidase gene as a model system to compare the 

efficiency o f DGGE, RNase protection and Hydroxylamine and Osmium Tetroxide 

(HOT) chemical cleavage for the detection o f point mutations responsible for 

Gaucher disease (Theophilus et al, 1989). GC clamped DGGE was found to be the 

only method capable o f detecting all five o f the mutations. RNase A protection was 

found to be the quickest and easiest but was only able to detect three of the five 

mutations. Chemical cleavage detected the majority o f mutations present but was 

found to be very labour intensive and relies on the use of hazardous chemicals and 

radioactive labels. A blinded analysis of the sensitivity and specificity o f DGGE has 

been carried out on a segment of the human factor IX gene (Gejman et al, 1998). It 

was found that with DNA fragments less than 300bp, DGGE was very robust and 

picked up 100% of mutations. In fragments greater than 300bp the sensitivity of 

DGGE decreased, and with a fragment size of 557bp, was 96%. For DGGE to be 

successful, different conditions must be found and optimised because the slopes of 

the denaturing gradient and running time vary for every DNA region to be analysed. 

Taq DNA Polymerase induced errors can reduce the sensitivity of the system when 

analysing mutant populations. The fidelity of Taq DNA Polymerase has also been 

examined and it has been estimated to introduce approximately 1-2 x 10"'' 

misincorporations /bp/replication (Cariello et al, 1991).
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3.1.3.1 Denaturing gradient gel electrophoresis

DGGE relies on electrophoretic separation o f  double-stranded DNA fragments 

differing by single base substitutions or other minor alterations. Its mutation 

resolving capacity relies on the thermodynamic properties o f DNA molecules under 

denaturing conditions (Fischer & Lerman, 1983).

3.1.3.2 Principle o f  detection o f mutations by DGGE

When a DNA molecule is electrophoresed through a uniform polyacrylamide gel 

containing a linearly increasing gradient o f denaturant, the molecule will initially 

move at a rate determined by its size. As it migrates into a denaturant concentration 

where it undergoes partial denaturation (melting), resulting in a branched molecule, it 

will be retarded in the gel (Fischer & Lerman, 1983; Myers et a i ,  1985b). Melting o f 

DNA, termed the helix-random chain transition, occurs when its structure changes 

from an orderly helix to a disordered, unstacked configuration without base pairs 

(Lerman & Silverstein, 1987). Since a single base alteration in most cases results in a 

difference in the denaturant concentration at which partial melting occurs, retardation 

o f mutant and wildtype DNA fragments will occur at different positions in the gel 

(Figure 3.1). An approximate relation between denaturant concentration and 

calculated corresponding temperature is:

D C = 3 .2 X (E q T -5 7 )

Where DC is the concentration o f  Urea in percent (v/v) and EqT is the temperature 

derived from the melting calculation when the bath is at 60°C (Lerman & Silverstein, 

1987). Since each base substitution has a particular influence on the melting 

properties o f a DNA fragment, each mutation is characterised by a “fingerprinf’ o f 

bands on the gel providing an indication o f  the identity o f the mutation. I f  the target 

DNA contains two different alleles, as is the case when studying PAH compound 

heterozygotes, heteroduplex molecules can be formed between the wild type and 

mutant fragments. This process is commonly initiated in the late cycles o f  PCR and 

can be driven to completion by subsequent heat denaturation and renaturation of the
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PCR product to allow random re-assortment of the single strand constituents. 

Heteroduplexes carry a single base mismatch and show a decreased stability o f the 

DNA domain in which the mutation is situated. Heteroduplexes resolve higher in the 

gel at the end of the run than the wildtype or mutant homoduplex since a non 

Watson-Crick base pair (base substitution) or a base looped out o f the helix (insertion 

or deletion) will lower the denaturant concentration at which melting occurs (Myers 

et al., 1985a). The large amounts o f DNA generated by PCR allow visualisation of 

DNA fragments in denaturing gradient gels directly by ethidium bromide staining, 

offering a rapid and inexpensive mutation scanning procedure.

31,3.3 Use o f GC clamped PCR primers to improve DGGE efficiency

The melting of nearby base pairs is closely coupled over substantial lengths o f a 

DNA molecule despite their individual differences in stability (Myers ei al., 1985a). 

Regions exist, 30-300 base pairs in length, termed domains in which all bases melt at 

very nearly the same temperature. DGGE will not separate DNA segments differing 

by base variants located in the highest temperature melting domain due to the loss of 

sequence-dependent gel migration upon complete strand dissociation (Myers et al., 

1985a). Addition of a GC clamp onto the fragment to be analysed has dramatically 

improved the proportion of mutations detectable by the method. A GC clamp is a 

stretch o f GC rich DNA 30-50 bases long which creates an artificial high melting 

domain so that the remainder of the fragment is in a low melting domain and thus 

amenable to analysis (Sheffield et al., 1989).
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3,1.4 M utation identification

3.1.4.1 Restriction enzyme assays and ACRS technique

Restriction endonucleases are bacterial enzymes that cleave DNA at specific 

sequence motifs. Many mutations remove or create a particular restriction site in the 

DNA sequence. These mutations can be identified by PCR amplification and 

subsequent incubation of the product with the appropriate enzyme. It is preferable to 

use a restriction site that is created by a mutation for its analysis, since loss of a 

cutting site may be caused by several mutations at the same site. If a mutation does 

not create or remove a restriction site it is usually possible to artificially create 

restriction sites during PCR amplification. This technique is referred to as 

Amplification Created Restriction Site (ACRS) analysis. Using this technique, one 

PCR primer directly adjacent to a mutation contains a carefully chosen single-base 

mismatch relative to the wildtype genomic DNA sequence. During PCR 

amplification the mismatch is integrated into the PCR product, thereby creating a 

new restriction site either in the mutant or the wildtype sequence. Again, in order to 

increase the specificity of the reaction, it is preferable to design restriction sites that 

are created by a mutation. A schematic representation of the ACRS assay used to 

detect the R408W mutation can be seen in Figure 3.2. Exon 12 is amplified using 

one normal primer PKU A and one ACRS primer PKU B (see Table 2.2). PKU B 

has a mismatched C residue at its 5 ’ end which is adjacent to the mutation site (Fig 

3.2: i). It creates an Mva I restriction site (CC’TGG) when DNA with the R408W 

mutation is amplified (Fig 3.2: ii). Fragments of 21 bp and 146 bp in length are 

generated upon digestion of mutant alleles with Mva I. The enzyme does not cut in 

the absence o f the mutation (Fig 3 .2: iii).
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3.1.4.2 Automated DNA sequencing

Direct sequencing refers to sequence determination o f PCR products without prior 

subcloning and has become one of the most efficient techniques for mutation 

characterisation. Protocols are based on Sanger’s chain termination method and both 

isotopic and fluorescent detection methods have been described (Sanger et al., 1977; 

Rao, 1994). Cycle sequencing methods utilise the automated cycling capacity o f the 

Polymerase Chain Reaction to amplify sequencing products based on the chain 

termination method (Sanger et a i, 1977). The template DNA undergoes rounds o f 

Taq DNA Polymerase catalysed amplification in the presence of 2’3’- 

dideoxynucleoside analogues and a single sequencing primer. Incorporation of the 

analogues at the correct concentration effectively terminates extension of fragments 

at every base in the chain. Sequencing can be carried out using dye labelled primers 

or dye labelled terminators. Coupling of each of the four ddNTPs with a specific 

fluorochrome (dye labelled terminators), resulting in the extension product being 

specifically labelled at the site of termination, enables sequencing in the one cycling 

reaction. Cycle sequencing using dye labelled terminators is a rapid and convenient 

method for DNA sequence determination. Fluorescently labelled DNA fragments 

generated in enzymatic sequencing reactions are rapidly separated by capillary gel 

electrophoresis (Dovichi, 1997; Dolnik, 1999). In the ABl Prism 310 sequencer, 

fluorescently labelled fragments pass through a “read” window in the electrophoresis 

capillary where the fluorochromes are excited by a laser and their subsequent 

emissions are detected by a photomultiplier. The fluorescence signals are analysed by 

a computer software program which measures their position and strength and 

produces a trace or chromatograph consisting of coloured peaks. The area under each 

peak represents the strength of the signal and the colour is specific for the base at that 

position. If a mutation is present in a heterozygote sample two different coloured 

peaks will appear at one position. Homozygous mutations are extremely easily 

identified by comparison to a control sequence. Insertion and deletion mutations can 

be identified by the distorted overlap of peaks that is observed downstream of the 

defect in heterozygotes. Direct sequencing offers several advantages over cloning of
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amplified products. It is faster and both the normal and mutant sequences can be 

detected in the same sequencing reaction (Rao, 1994).

However problems can be encountered when directly sequencing PCR products. PCR 

amplified DNA is a linear double-stranded molecule and, since it is usually much 

shorter than plasmid DNA, re-association o f the strands can occur during the 

annealing o f  primer to template. A second common problem associated with 

sequencing o f  PCR products is that when annealing o f primer to template occurs, 

extension by the polymerase is often hindered due to strand annealing in the regions 

immediately downstream from the replication complex. Consequently DNA synthesis 

is terminated randomly resulting in the dissociation o f  the polymerase from the 

replication complex. These “ stops” appear as background bands (Rao, 1994). The use 

o f cycle sequencing solves several problems. Firstly the templates are sequenced via 

a thermal cycling process and therefore less template is necessary. Secondly, the use 

o f thermal cycling conditions ensures the complete denaturation o f the double 

stranded DNA templates and may also serve to re-denature the templates upon each 

cycle, allowing sequencing through local areas o f  secondary structure. It offers the 

advantages o f being fast and convenient and generating high intensity sequence from 

relatively crude starting samples (Rao, 1994).

3.1.5 Mini-haplotype analysis of the PAH  gene

The PAH  gene contains a large number o f  recognised polymorphisms which occur in 

three forms;

(i) Biallelic restriction fragment length polymorphisms (RFLPs)

(ii) M ultiallelic polymorphisms, which include

(a) Variable Number Tandem Repeats (VNTRs)

(b) Short Tandem Repeats (STRs)

(iii) Single nucleotide polymorphisms (SNPs)
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Eight biallelic polymorphic restriction sites have been identified in the PAH  gene 

(DiLella et al., 1986a). They were named by the corresponding enzyme which was 

used for their identification {Bgl II; Pvu Ila; Pvu Ilb; iTcoR I, Msp la; Msp Ib; Xmn 1 

and Eco RV). These restriction sites were used to establish a restriction fragment 

length polymorphism (RFLP) haplotype system at the PAH  gene (Lidsky et al., 

1985c).

The VNTR region of the PAH  gene represents an AT rich mini-satellite region 

containing multiples of 30 bp tandem repeats (Goltsov et al., 1992). Repeat numbers 

between 3 and 13 have been observed, with VNTR 8 being the most prevalent allele 

in Europe (Eisensmith et al., 1995). There are small differences in the exact DNA 

sequence of repeat units (Byck et a l, 1994).

Microsatellite markers, also called short tandem repeat (STR) markers, are 

polymorphic DNA loci that contain a repeated nucleotide sequence. The repeat can 

be from two to seven nucleotides in length (Weber et a l, 1993). Hundreds of 

thousands of STRs are interspersed throughout the mammalian genome. The number 

of repeats within specific STRs tends to be highly variable which makes them highly 

informative as polymorphic markers. A tetrameric STR marker has been identified in 

the third intron of the PAH  locus (Goltsov et a l, 1993). Previous analysis has shown 

that this STR exhibits a distribution of allele sizes from 228bp to 260bp and 

significant differences are seen in the distribution o f allele sizes associated with 

normal and PKU chromosomes in different populations. This single marker has been 

found to be as informative as haplotype analysis in Europeans and nearly twice as 

informative as haplotype analysis in Orientals (Gohsov et al., 1993).

RFLP, STR and VNTR alleles can be combined to generate extended PAH locus 

haplotypes. In theory several thousand of these extended polymorphic haplotypes 

could be generated from combinations of RFLP, STR and VNTR alleles, but far 

fewer have actually been observed. The apparent shortage o f PAH  haplotypes is 

explained by linkage disequilibrium across the lOOkb region of the extended 

haplotype. Particular haplotypes tend to harbour the prevalent disease-causing
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mutations in a population. For example, R408W is usually associated with haplotype 

2 in Eastern Europe (Eisensmith et al., 1995) and with haplotype 1 in the Republic of 

Ireland (O’Neill et al., 1994). The distribution between normal and mutant 

chromosomes and among mutant chromosomes is non-random between populations. 

For example, haplotype 3 is common on PKU chromosomes but rare on normal 

chromosomes in Northern and Central Europeans, in all other European populations 

it is rare on both normal and mutant chromosomes (Eisensmith et al., 1995). In cases 

where it is not possible to carry out fiill haplotype analyses, a mini-haplotype 

comprising only the STR and VNTR alleles is an alternative (Zschocke et al, 1995). 

It is accessible to PCR-based analysis and is easier to obtain than full haplotypes.
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3.2 Methods

3.2.1 M utational analysis

3.2.1.1 Patients

Two hundred and seventy nine patients representing 558 independent mutant alleles 

were analysed for mutations. Each exon in the PAH  gene was individually amplified 

using the primers described in Table 2.1. Once two mutations had been detected in a 

patient, this patient was then excluded from analysis o f  the remaining exons.

3.2.1.2 Mutation detection and identification

Once a mutation was localised to a particular exon in the PAH  gene by DGGE 

analysis, it was then characterised. Analysis o f  the literature revealed thirty one 

mutations that might be present in the Irish population and these were tested for 

using restriction enzyme assays.

Twenty one mutations that affect natural restriction sites in the PA H  gene were 

screened for in the patient cohort:

Exon 2: F39L;

Exon 3: S67P,

Exon 7: R243Q, V245A, R252W, R261Q, G272X, S273X, Y277D;

Exon 8: F299C;

Exon 9: A309V;

Exon 10: L333F, L348V, S349P,

Exon 11: IVSlOnt-11, Y356X, Y386S, K363fsdelG, delL364, T380M;

Exon 12: R408Q.

Ten assays requiring ACRS PCR were also set up:
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Exon 2: G46S;

Exon 3: 165T;

Exon 5: R158Q;

Exon 6: L194P;

Exon 7: R243X, E280K;

Exon 11; E390G;

Exon 12; R408W, Y414C, IVS12ntl

Table 2.4 lists the mutations that were chosen, the location o f the mutation, the type 

o f  assay used for detection and the restriction enzyme used.

Otherwise automated DNA sequencing was used to  identify the mutation. Exons 

were re-amplified using the primers described in Table 2.1 and Table 2.4. They were 

then sequenced using the methodology outlined in Chapter 2. Sequences were 

checked by eye and mutations were picked out by reference to the standard sequence 

retrieved from the PAH  database at http://www.m cgill.ca//M //db.

I ’hree silent polymorphisms were screened for in the PAH  gene using natural 

restriction enzyme assays, namely Q232Q in exon 6, V245V in exon 7 and L385L 

in exon 11.
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3.2.2 Analysis of niinihaplotypes

3.2.2.1 Patients

Analysis of the STR region in the PAH  gene was carried out in 50 Irish control 

patients (i.e. 100 independent alleles). In a previous study (C. O’Neill, personal 

communication), analysis o f the VNTR was carried out in 54 Irish control patients 

(i.e. 108 alleles). The control samples were obtained from anonymised discs cut from 

Guthrie cards which were obtained from the National Newborn Screening 

Laboratory, The Children’s Hospital, Temple Street, Dublin 1. Analysis of the STR 

region and o f the VNTR region of the PAH  gene was also carried out in 140 mutant 

I-IPA chromosomes.

Minihaplotype analysis requires samples from at least one parent or requires the 

patient to be homozygous for a mutation. In this study minihaplotype analysis was 

only carried out in patients that were homozygous for a particular mutation. 

Minhaplotype analysis was carried out on 45 HPA patients representing 90 mutant 

alleles.

3.2.3 Distribution of mutations within the Republic of Ireland

Birthplaces for all HPA patients were taken from records in the Metabolic Unit, St 

Ultan’s, The Children’s Hospital, Dublin 1. Mutation data for Leinster, Munster and 

Connaught were taken from the results o f this study and data for Ulster was taken 

from Zschocke el al. (1995).
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3.2.4 Population genetic studies

The square root o f  the incidence o f  PKU in a population was taken as the absolute 

allele frequency (Hardy-W einberg equation), and the proportion o f a particular 

mutation was inferred from the relative frequency o f  the mutation. For example, the 

relative frequency o f R408W  in the Irish population is 41% and the incidence is 

1;4500. Therefore the absolute allele frequency o f  R408W within the Irish genepool 

is:

(1/4500)'^^ X 0.41 = 6 .1 x 1 0 '^
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3.3 Results

3.3.1 Denaturing gradient gel electrophoresis

3.3.1.1 Validation of the DGGE technique

The DGGE technique was validated using exon 12 of the PAH  gene. This allowed 

the optimisation of both the PCR and the electrophoresis conditions. Figure 3.3 

depicts a representative DCXjE analysis of exon 12 o f the PAH  gene in 9 Irish HPA 

patients. A normal exon 12 fragment appeared as a single band on the denaturing 

gradient gel since the PCR product contained only wild-type homoduplex DNA 

(Figure 3.3: lanes 1, 2, 5, 9). DNA from a patient that was heterozygous for the 

R408W mutation in a previous study (O’Neill et a i, 1994) appeared as four bands, a 

wildtype homoduplex, a mutant homoduplex and two heteroduplexes, wild-type 

coding strand and mutant coding strand (Figure 3.3: lane 4). The heteroduplexes 

have non-homologous bubbles present at the site o f the mutation that result in a 

lower melting temperature than the homoduplexes. DNA from a patient that was 

homozygous for the R408W mutation appeared as a single band on the denaturing 

gradient gel at a lower denaturant concentration than the normal fragments (Figure 

3.3: lane 3). DNA from a patient who was a compound heterozygote for R408W and 

IVS12ntl was analysed and gave a very specific banding pattern with no normal 

band, two mutant homoduplexes and a heteroduplex band (Figure 3.3: lane 6). DNA 

from a patient who was a compound heterozygote for R408W and Y414C was also 

analysed and gave a distinctive banding pattern with two mutant homoduplex bands 

and a heteroduplex band (Figure 3.3: lane 7 & 8).

3.3.1.2 Screening of the gene using DGGE

Each of the thirteen exons in the PAH  gene was analysed using PCR in combination 

with DGGE. Initially, the conditions of PCR and electrophoresis were used as 

described by Guldberg et al. (1993c). The conditions for each exon were then
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adjusted empirically to increase the yield o f  PCR product and the resolution on the 

denaturing gradient gel. Optimisation o f the conditions o f  DGGE was required for 

each exon and these conditions are described in Table 3 .1.

Any change in the DNA sequence o f  an exon results in a shift on a denaturing 

gradient gel and therefore it was impossible at this stage to distinguish mutations 

from polymorphisms. The banding pattern o f a particular base substitution on a 

denaturing gradient gel provided some indication o f its identity. Homozygosity for a 

mutation resulted in a single band and for ease o f analysis was considered to be two 

shifts. Table 3.1 gives a breakdown o f  the results o f DGGE screening o f  the PAH  

gene in the Republic o f  Ireland and Figure 3 .4 presents this data in graphical form. 

Figures 3.5-3.17 show the analysis o f exons 1-13 of the P /i/ /g e n e  using DGGE.

Following the DGGE screen o f  all thirteen exons o f the PAH  gene, no sequence 

alteration had been detected on 25 alleles (4.5%) from 24 HPA patients. This may

suggest that a proportion o f  disease-causing mutations are located outside the coding

regions and splice sites o f  the PAH  gene.

3.3.1.2.1 Exon 1

Exon 1 o f the PAH  gene was analysed using a 10-55% denaturing gradient gel. No 

shifts were identified in this exon and a representative gel can be seen in Figure 3.5.

3.3.1.2.2 Exon 2

Seventy one shifts were seen in exon 2 on a 10-60% denaturing gradient gel. In total, 

five different shifts including one homozygous shift were noted. F39L, which had 

been identified in a previous study (O ’Neill et a l, 1994), was easily identifiable on a 

denaturing gradient gel (Figure 3.6; lane 2, 6, 7 and 9).
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3.1.2.3 Exon 3

In exon 3, 63 shifts were seen on a 20-60% denaturing gradient gel. I65T, which had 

been identified in a previous study (O ’Neill et al., 1994) gave a distinctive pattern on 

the gel in both homozygous and heterozygous state (Figure 3.7). Two other shifts 

were noted in exon 3.

3.3.1.2.4 Exon 4

Analysis o f exon 4 o f the PAH  gene was carried out using a 15-55% denaturing

gradient gel. No base substitutions were identified in this exon and a representative 

gel is shown in Figure 3.8.

3.3.1.2.5 Exon 5

Exon 5 o f  the PA H  gene was analysed on a 25-65% denaturing gradient gel. A single 

heterozygous shift in one patient was seen and is shown in Figure 3.9: lane 9.

3.3.1.2.6 Exon 6

Sixteen shifts were seen on a 20-65% denaturing gradient gel o f exon 6. Analysis of 

this exon is shown in Figure 3 .10. Fifteen o f the sixteen shifts appeared to  be caused 

by the same base substitution which was later identified as the silent polymorphism, 

Q232Q (Figure 3.10, lane 2, 4 and 8).
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3.3.1.2.7 Exon 7

A large number o f  shifts, eighty seven, were seen in exon 7 o f the PAH  gene on a 25- 

65% denaturing gradient gel. At least 20 different banding patterns were noted and 

Figure 3.11 displays some o f these patterns. The presence o f a common 

polymorphism, V245V, in this exon increased the number and variety o f shifts seen.

3.3.1.2.8 Exon 8

Twenty two shifts were seen in exon 8 o f  the PAH  gene. There were 21 heterozygous 

and one homozygous shift. On a 20-60% denaturing gradient gel, all o f the 

heterozygote bands were identical and the homozygote band also appeared to be 

caused by the same mutation which was later identified as F299C. Figure 3.12 shows 

an analysis o f this exon

3.3.1.2.9 Exon 9

Analysis o f exon 9 o f the PAH  gene was carried out on a 20-65% denaturing gradient 

gel. Two different shifts in two patients were seen in exon 9 and are shown in Figure 

3.13.

3.3.1.2.10 Exon 10

Exon 10 o f the PAH  gene was analysed on a 10-60% denaturing gradient gel. Forty 

one shifts were noted and four different patterns, one homozygous and three 

heterozygous, were present. A representative gel o f this exon is shown in Figure 3.14.
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3,3.1.2,11 Exon 11

Analysis o f exon 11 was carried out on a 15-60% denaturing gradient gel. Twenty 

five shifts were seen in exon 11 and Figure 3,15 shows a representative gel o f this 

exon. The presence o f a common polymorphism, L385L, increased both the number 

o f  shifts seen and the number o f different patterns,

3.3.1.2.12 Exon 12

Analysis o f exon 12 was carried out on a 20-60% denaturing gradient gel. The 

majority o f  shifts, two hundred and fifty one, were seen in this exon. Figure 3.16 

shows the analysis o f this exon in 12 patients. R408W, in homozygous and 

heterozygous genotypes was easily recognisable (Figure 3.16) and accounted for the 

vast majority o f  shifts seen. Three other patterns were noted.

3.3.1.2.13 Exon 13

Exon 13 o f the FAH gene was analysed on a 20-60% gel. Six shifts were seen in this 

exon, one homozygous and four heterozygous for the same base substitution. Figure 

3.17 shows a representative analysis o f  this exon.
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3.3.2 Identification of mutations

3.3.2.1 Restriction enzyme analysis

Following DGGE analysis o f the PAH  gene, 585 electrophoretic mobility shifts 

required identification. Restriction enzyme analysis was employed as the primary 

method of mutation detection. The mutational spectnim of HPA mutations had 

already been ascertained in Northern Ireland (Zschocke et al., 1995), England, 

Scotland and Wales (Tyfield et al., 1997b) and this knowledge determined the 

mutations to be screened for in the Irish population. Table 2.4 lists the mutations that 

were chosen for restriction enzyme analysis, the location o f the mutation, the type of 

assay used for detection and the restriction enzyme used. Mutations L194P, R243Q, 

G272X, S273X, A309V, L333F, Y356X, Y386S, K363fsdelG, *delL364 & T380M 

were screened for in the patient cohort but were not detected. All other mutations 

were detected at least once and the frequencies at which they were detected are given 

in Table 3.2. A total o f twenty mutations and three silent polymorphisms were 

identified by restriction enzyme analysis. All primers used for PCR amplification 

were as described in Table 2.1 and Table 2.2.

3.3.2.1.1 Exon 2

F39L was identified on 68 alleles in the patient cohort, in four homozygous patients 

and in 60 compound heterozygotes. The mutation is caused by a TTC-^TTG 

transversion in exon 2 and causes a Phe to Leu substitution at residue 39 in the 

phenylalanine hydroxylase enzyme. The presence of F39L in exon 2 disrupts a 

naturally occurring Mae III restriction site. Figure 3.18 depicts a polyacrylamide gel 

o f the restriction assay for F39L.

G46S was found on three alleles in the patient population. G46S is caused by a GGT 

->AGT transition at codon 46 in exon 2. Figure 3.19 shows the ACRS assay used to



detect this mutation. Exon 2 is amplified using one normal primer, 2A and one 

ACRS primer, 2B46. Primer 2B46 has a mismatched C residue at its 3’ end that is 

adjacent to the mutation site. It creates a Sau96 I recognition site when wildtype 

DNA is amplified but the enzyme does not cut when the mutation is present.

3.3.2.1.2 Exon 3

165T is an ATT->ACT transition in codon 65 o f the PAH  gene. It was found on 58 

alleles in the patient cohort, including three homozygous patients and 52 compound 

heterozygotes. It was detected by an ACRS assay. A ninety nine base pair fragment 

o f exon 3 was amplified using one normal primer, 3 A and one ACRS primer, 3B65. 

Primer 3B65 has a mismatched G residue at its 3’ end that is adjacent to the mutation 

site. It creates a Taq I recognition site when wildtype DNA is amplified and does not 

cut when the I65T mutation is present (Figure 3.20).

S67P was found on two alleles in the patient cohort. It is a TCT-^CCT transition at 

codon 67 and removes a naturally occurring Xha I site in exon 3 (Figure 3.21).

3.3.2.1.3 Exon 5

R158Q  was the only mutation found in exon 5. This mutation is a CGG—>CAG 

transition in codon 158 o f the PAH  gene and changes an arginine residue to a 

tryptophan residue. A 147bp product was amplified using one normal primer, 5A 

and one ACRS primer, 5B158, with a mismatch three bases from its 3 ’ end. In the 

presence o f the mutation, an M sp  I site is created while the wildtype sample remains 

uncut (Figure 3.22).
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3.3.2.1.4 Exon 6

Patients with a shift in exon 6 were screened for L194P. This mutation was not 

found to be present in the HPA population in the Republic of Ireland.

Q232Q, a silent polymorphism in exon 6 was screened for in patients with a shift in 

exon 6 of the PAH  gene. This polymorphism disrupts a natural Dde I site in exon 6 

of the PAH  gene (Figure 3 .23). Fifteen o f the sixteen alleles were found to harbour 

this silent mutation.

3 . 3 .2 . 1.5 Exon 7

Patients displaying an aberrant migration pattern in exon 7 were screened for the 

presence of nine mutations and one polymorphism using restriction enzyme assays. 

Three mutations, R243Q, G272X and S273X, were not detected.

R243X is a CpG mutation at codon 243 in exon 7 and changes arginine to a stop 

codon. It was found on 19 alleles in the patient cohort, in two homozygous patients 

and 15 compound heterozygotes. An 90bp fragment is amplified using one normal 

primer, 7A and one ACRS primer, 7B243. A mismatch is introduced into the product 

so that an Msp I restriction site will be created in the wildtype allele but not in the 

presence of the R243X mutation (Figure 3.24).

V245A is a G TG ^G C G  transition at codon 245 in the PAH  gene. The mutation 

removes a natural Fnu 4H I restriction site in exon 7 and was found on only one 

allele in the patient cohort (Figure 3.25).
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R252W‘ is a C G G ^T G G  transition and was identified in 7 alleles in the patient 

cohort. This mutation removes a naturally occurring Ava  I restriction site (Figure 

3.26).

R261Q, a C G A ^C C A  transversion in exon 7, was identified on 6 alleles in the 

patient population and was detected due to the disruption of a naturally occurring 

f f i n f l  site (Figure 3.27).

Y277D is a TAT—>GAT transversion in codon 277 and was found on one allele. The 

presence of the mutation disrupts a natural Acc I restriction site in exon 7 (Figure 

3.28).

E280K is another CpG mutation in exon 7. It was found on 6 alleles in the patient 

group. An artificial Msp 1 restriction site is created for the detection of this mutation 

using the primers 7A and 7B280. The restriction site is present in wildtype alleles 

and not in alleles harbouring the E280K mutation (Figure 3.29).

V245V, a silent polymorphism in exon 7, was screened for in all patients with an 

aberrant banding pattern. This silent mutation disrupts a naturally occurring I site 

in exon 7 (Figure 3 30). This polymorphism was found in 28 patients.

3.3.2.1.6 Exon 8

F299C is a TTT—>TGT transversion that occurs at codon 299 in the PAH  gene. It was 

detected on 22 alleles in the Irish population, in three homozygotes and 16 compound 

heterozygotes. The presence of this mutation disrupts a naturally occurring Pvii II site 

in exon 8. Figure 3.31 displays the assay used for the detection of F299C.

' Both R252W  aiid R252Q remove this restriction site in exon 7. Due to the lack o f quality o f  DNA, it 
was not possible to sequence this mutation. However, on the basis o f phenotype aiid geographic 
distribution o f mutations in Europe this mutation was assumed to be R252W.
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3.3.2.1.7 Exon 9

Patients with a shift in exon 9 were screened for A3 09V, a mutation which occurs in 

exon 9 of the PAH  gene. It was not found to be present in the HPA population in the 

Republic o f Ireland.

3.3.2.1.8 Exon 10

Patients with an abnormal banding pattern in exon 10 were screened for three 

mutations. L333F was not found in the patient cohort.

L348V is a CTG-^GTG transversion at codon 348 of the PAH  gene. It causes the 

disruption of a naturally occurring Nla IV site in exon 10 (Figure3.32). It was 

detected on 29 alleles in the population, including one homozygous patient and 27 

compound heterozygotes.

S349P is a TCA->CCA transition in exon 10 that changes a serine to a proline 

residue. The mutation creates a PJl MI site in exon 10 (Figure 3.33). It was found on 

eight alleles in the patient group.

3 3.2.1.9 Exon II

Seven mutations occurring in exon 11 were screened for in this population. The 

mutations Y356X, Y386S, K363fsdelG, *delL364 and T380M were not identified on 

any alleles in the patient cohort.

IVSlOnt-11 was found on 7 alleles. It is located at position 546 in intron 10 and is 

only 1 Ibp upstream of the intron 10/exon 11 boundary. The presence of the mutation 

creates a Dde I site in intron 10 (Figure 3 .34),
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E390G is GAG->GGG transition in exon 11 and was identified in two patients. 

Using one normal primer, 11 A, and one ACRS primer, 11B390, an artificial BsiN 1 

site is created in alleles carrying the E390G mutation (Figure 3.35).

L385L, a silent polymorphism, which occurs in exon 11 was screened for in all 

patients with a shift in exon 11. This silent polymorphism disrupts a naturally 

occurring I site in exon 11 (Figure3.36). It was found on 6 alleles in the patient 

cohort.

3.3.2.1.10 Exon 12

R408Q is a CG—>CA transition at codon 408 of the PAN gene. It was detected on 

one allele in the patient cohort. The presence of the mutation in exon 12 disrupts a 

naturally occurring Hae 111 site (Figure 3.37).

R408W, another mutation affecting codon 408, was detected on 229 mutant alleles. 

This defect is caused by a CGG—>TGG transition resulting in an amino acid 

substitution (Arg—>Trp) at residue 408 o f the PAH gene. Following an ACRS PCR, 

an Mva I recognition site (CC’TGG) is created when DNA with the R408W 

mutation is amplified. The enzyme does not cut in the absence o f the mutation 

(Figure 3.38).

Y414C is a CpG mutation and is caused by an A ^ G  transition at the second base of 

codon 414. It is detected using an ACRS assay. An artificial Ksa I site is created in 

wildtype alleles and is disrupted in patients carrying the mutation (Figure 3.39). The 

mutation was found on eight alleles in the patient cohort.

IVS12ntl is a g-^a substitution at the 5’ splice donor site of intron 12 and results in 

the skipping o f the preceding exon during RNA splicing. It was detected on 13 

alleles, including one homozygous patient and 11 compound heterozygotes. It is
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detected by creation of an artificial Rsa I site using an ACRS assay. The restriction 

site is dismpted in alleles carrying the base substitution (Figure 3.40).

3 .3.2.2 Sequencing o f exons

Following restriction enzyme analysis, forty one of the shifts detected by DGGE 

remained to be identified and these were analysed by direct sequencing of the exon 

involved. Sequencing was carried out directly on PCR products following 

amplification from dried blood spots. The quality of DNA found in some Guthrie 

cards was very poor and in these instances it was not possible to obtain quality 

sequence data. DNA from one patient with a shift in exon 6, eleven patients with a 

shift in exon 7, two patients with a shift in exon 9 and seven patients with a shift in 

exon 11 could not be sequenced. Nine mutations and one silent polymorphism were 

identified in this HPA population by direct sequencing. These mutations and the 

frequency at which they were found are shown in Table 3.2. The sequence profile of 

each mutation is shown in Figures 3.41-3.52.

3.3.2.2.1 Exon 2

Two alleles containing the F39L mutation had unusual banding patterns on DGGE 

and were sequenced. A polymorphism in intron 2, IVS2ntl9, was identified on each 

allele. Figure 3.41 displays the chromatographic profile o f F39L in combination with 

IVS2ntl9.

One allele containing the G46S mutation also gave an unusual banding pattern on 

DGGE and was sequenced. The allele was found to contain G46S in combination 

with IV S2ntl9. Figure 3.42 displays the sequencing profile o f this allele.
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33.2.2.2 Exon 3

A104D, was identified in tliree patients in exon 3 by direct DNA sequencing. This 

mutation causes a GCC—>GAC transversion at codon 104. Figure 3.43a displays the 

chromatographic profile o f A104D. The mutation was then confirmed by restriction 

enzyme analysis and this assay is shown in Figure 3.44. For this restriction enzyme 

assay it was necessary to introduce a Taq I restriction site through PCR using one 

normal primer, 3A and one ACRS primer, 3B104.

3 3.2.2.3 Exon 6

Exon 6 was sequenced in one patient with an unidentified shift. Due to the age of the

Guthrie card and the quality o f the DNA it was not possible to obtain quality

sequence.

3.3.2.2.4 Exon?

Four new mutations were identified in exon 7 by DNA sequencing.

A246D, a GCT-^GAT transversion was identified in one heterozygous patient. 

Figure 3.45 shows the sequencing profile of this mutation.

L249F was identified in one homozygous patient and in four heterozygous patients. 

This mutation is a CTT->TTT transition in exon 7. Figure 3.46 displays the 

sequence profile o f this mutation in (a) homozygous and in (b) heterozygous state.

R270K was identified in one heterozygous patient. It is a G—>A change in nucleotide 

809 in the PAH gene. Figure3.47 displays the chromatographic profile of this 

mutation in homozygous state.
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P281L was identified in two heterozygous patients. It is a C—>T transition in the last 

nucleotide in exon 7. Figure 3.48 displays the sequencing profile o f P281L.

IVSVntl, a g->a substitution in the first nucleotide of intron 7, was identified in one 

heterozygous patient. Figure 3.49 displays the chromatographic profile o f this 

mutation.

3 3.2.2.5 Exon 9

Two patients with an unidentified shift, in exon 9 were sequenced. Due to the age of 

the Guthrie card and the quality o f the DNA it was not possible to obtain quality 

sequence in either of this cases.

3.3.2.2.6 Exon 10

A345S was identified in four patients by automated DNA sequencing. This mutation 

causes a GCT-^TCT transversion in codon 345 of the PAH gene. The sequencing 

profile o f the mutation is shown in Figure 3 .50.

3 3 2 2 .1  Exon 11

Seven shifts in exon 11 could not be identified due to the quality o f the DNA. 

However, it could clearly be seen on a polyacrylamide gel that four o f the seven 

shifts could be accounted for by an insertion.

IVSlOnt-3, a base pair substitution in intron 10 of the PAH gene, was identified by 

direct sequencing in three patients. Figure 3.51 shows the sequencing profile of this
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mutation. IVSlOnt-3 is located at the first nucleotide o f  the splice acceptor triplet o f 

intron 10.

3.3.2.2.8 Exon 13

A447D, a missense mutation in exon 13 o f the PAH  gene, was identified in one 

homozygous and four heterozygous patients. It causes a G C C ^G A C  transversion in 

exon 13. The sequencing profile o f  the mutation is displayed in Figure 3.52 in (a) 

homozygote and in (b) heterozygote state.

3.3.4 M inihaplotype analysis

3.3.4.1 STR analysis

STR data was obtained for 100 normal chromosomes and 140 HPA chromosomes 

and the results are shown in Table 3.3. In the normal alleles, eight different fragment 

lengths were noted (226bp, 230bp, 234bp, 238bp, 242bp, 246bp, 250bp, 254bp) and 

STR 258bp was the only allele size not represented. Five different STR alleles 

ranging from 234bp to 250bp were found in the HPA patients. A fragment length o f 

242bp was the most frequent in PKU chromosomes and accounted for almost half o f 

all mutant chromosomes (49%). Fragment lengths o f  246bp (24%) and 238 bp 

(15 .6%) accounted for a further 40%. A graphical representation o f the distribution o f 

STR alleles on normal and PKU alleles is given in Figure 3.53. Figure 3,54 shows the 

chromatogram profiles o f STR alleles in two patients. Patient A is heterozygous for 

the 242bp and 254bp alleles as indicated by the two blue peaks. Patient B is 

homozygous for the 230bp allele as seen by the single blue peak.
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3.3 4.2 VNTR analysis

VNTR data was obtained for 140 HP A chromosomes and in a previous study VNTR 

data had been obtained for 108 normal chromosomes (C. O’Neill, personal 

communication). Table 3.4 shows a comparison between VNTR data obtained for 

normal and HPA chromosomes. In the mutant alleles, four different VNTR lengths 

were noted, corresponding to 3, 7, 8 and 9 tandem repeats o f the 30bp cassette. In the 

normal alleles, VNTR lengths were noted corresponding to 3, 7, 8, 9 and 12 tandem 

repeats of the 30bp cassette. VNTR 8 occurs with twice the frequency in the HPA 

alleles (85%) as compared with the normal alleles (42%). Also VNTR 12 was not 

seen in the PKU alleles. Figure 3.55 graphically represents the distribution o f  VNTR 

alleles in normal and mutant alleles. Figure 3.56 shows the result o f polyacrylamide 

gel electrophoresis o f  the amplified VNTR site for subjects with different alleles.

3.3.4 3 M inihaplotype analysis

Minihaplotype data (combined VNTR and STR) was obtained for 90 mutant 

chromosomes and nine different minihaplotypes were seen. The results are presented 

in Table 3.5. F39L was found in association with 3 different minihaplotypes (8:238, 

8;242 and 8:246). I65T was found in association with four different minihaplotypes 

(8:246, 8:250, 3:246 and 9:246). Sixty R408W alleles were analysed and three 

minihaplotypes were observed (8:242, 8:238 and 8:246), Two IV S12ntl alleles were 

analysed and both were found in association with an 8:242 minihaplotype. Six F299C 

mutant alleles were all found in association with a 9:234 minihaplotype. Analysis o f 

four R243X mutations revealed a unique association with a 3:234 minihaplotype. 

L348V was found associated with two different minihaplotypes (8:242, 7:250). 

Minihaplotype 8:242 was seen most frequently in mutant alleles (70% ) but this is a 

reflection o f the high frequency o f  R408W in this population.
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3.3.5 Distribution o f HPA mutations within the Republic o f Ireland

The distribution o f absolute allele frequencies for five HPA mutations within the four 

provinces o f  the Republic o f  Ireland is shown in Figure 3.57. R408W is found at the 

highest frequency in the western province o f  the Republic o f Ireland (Connaught) 

where it accounts for greater than 55% o f mutant HPA alleles. It is found at 

approximately 40%  in Leinster. It is found at the lowest frequency in Northern 

Ireland (28%) and at a similar frequency in Munster. F39L is found at comparable 

frequencies in Leinster, M unster and Ulster but is found at a lower frequency in 

Connaught where it only accounts for approximately 5% o f mutant alleles. I65T is 

found at the highest frequency in Ulster where it accounts for approximately 20% of 

mutant HPA alleles. In all other areas, it accounts for approximately 10%.
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3.4 Discussion

3.4.1 Spectrum o f mutations found in the Irish population

In this analysis o f  the mutational spectrum of HPA in the Republic o f Ireland, 92.0% 

(513/558) of the mutant alleles have been characterised. In 24 alleles (4.3%), no 

mutation could be identified despite repeated DGGE scanning o f the entire coding 

region of the PAH  gene. In twenty one alleles (3.8%) the mutation was localised to 

an exon but could not be sequenced due to the poor quality o f the DNA.

Twenty nine mutations in total have been identified in eleven o f the thirteen exons. 

No mutations were found in exon 1 or exon 4 of the PAH  gene. Two hundred and 

thirty five (84.2%) of the patients in this study have been fully genotyped. Of these, 

sixty six patients (27.6%) are homozygous and the remaining one hundred and sixty 

five (72.4%) are compound heterozygotes.

The three most common mutations in the Irish population, R408W (41.0%), F39L 

(12.2%) and 165T (10.4%) account for 63.6% of mutant alleles in Irish patients with 

HPA. This feature is similar to other Northern European populations where mutation 

ascertainment is almost complete. In general, three to six mutations represent 

approximately 65% of mutations. Mutations on the remaining 35% of alleles are 

varied and many are found on only one or two alleles. For example, in Northern 

Ireland, the same three mutations were found to account for 57.5% of mutant alleles 

(Zschocke et al,  1995). However the breakdown differed, R408W: 28%; I65T: 20%; 

F39L: 9.5%. The three common mutations in Denmark also account for two thirds of 

mutant alleles (Guldberg et a l,  1993b). In many eastern European populations, one 

mutation accounts for up to three quarters o f HPA alleles, for example in Poland 

where R408W accounts for 65% of mutant alleles (Jaruzelska et a l,  1993). In 

comparison to some southern European populations, the Republic o f Ireland has a 

relatively homogeneous spectrum of mutations. For example in Sicily, almost 50 

different mutations were identified in 106 mutant alleles and the most common 

mutation accounted for only 15% of mutant alleles (Guldberg et ah, 1993c).
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3.4.1.1 Common mutations

The three most common mutations in the Irish population, R408W, F39L and I65T 

account for 63.6% of mutant alleles in Irish patients with HPA. These three 

mutations also account for the genotypes o f 112 patients in the study group. This 

represents 46 .9% of the fully genotyped patients.

3,41.1.1 R408W

R408W, which occurs in exon 12 of the PAH gene, is a CpG mutation caused by 

deamination of methylated cytosine in a cytosine-guanine dinucleotide. It was by far 

the most common mutation found in the Republic o f  Ireland and accounted for 41% 

of mutant alleles. A previous study of patients with classical PKU in the Republic o f 

Ireland found the relative frequency to be 42% (O’Neill et ai, 1994). Forty nine 

patients in the population were homozygous for R408W and one hundred and thirty 

one patients were compound heterozygotes for R408W. R408W is the most common 

mutation found in Europe and occurs at very high frequencies in most eastern 

European countries. It is less frequent in northern and central Europe and is virtually 

absent in Mediterranean countries (Kayaldjieva et al. 1991).

R408W was originally detected on a haplotype 2 chromosome in eastern Europe 

(DiLella et al, 1987). It was subsequently reported on haplotype 1.8 chromosomes in 

the French-Canadian population (John et al., 1990) and Irish or Scottish ancestry was 

inferred in every proband. Subsequently, this mutation was reported at frequencies of 

31% and 24% in Northern Ireland and Scotland respectively (Zschocke et a l,  1995; 

Tyfield et a l,  1997b). In the Republic o f Ireland, it has been found almost 

exclusively associated with haplotype 1.8 (Treacy et al, 1993; O ’Neill et al, 1994). 

Table 3.6 lists the frequencies at which this mutation is found in several European 

countries.
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3.4.1.1.1.1 Recurrence versus recombination of R408W

There are two conflicting theories to explain the occurrence of this mutation at such 

high frequencies on these two haplotype backgrounds.

Assuming a single origin o f the mutation, R408W on a haplotype 1.8 background 

may have occurred by intragenic recombination or gene conversion. RFLP 

haplotypes 1 and 2 are very similar, differing at only one RFLP site and one VNTR 

site, both 3’ of the R408W mutation site in exon 12 (Eisensmith et a l, 1995). The 

change from haplotype 1 to haplotype 2 can be explained by a single crossover in the 

5kb DNA stretch between exon 12 o f the PAH  gene and the \HSfTR region. The high 

frequency o f this mutation in the Republic of Ireland may be the result o f a 

population ‘fringe effect’ It may have arisen due to gene carriage in Europe from the 

east to the northwest and because of the geographical position o f the Republic o f 

Ireland being the most westerly European landmass. The result o f fringe effect is to 

concentrate or increase certain gene frequencies in the outermost geographical 

regions.

There is, however, evidence to support the hypothesis o f two distinct centres of 

diffusion for this mutation, one within eastern Europe on a haplotype 2.3 background 

and one within the Republic o f Ireland on haplotype 1.8 background (Eisensmith et 

al., 1995). R408W on haplotype 1.8 chromosomes exhibits a distinctive dine of 

relative frequencies in a west-easterly direction which is consistent with the Republic 

of Ireland having been the centre of diffusion for this mutation (Treacy et a l, 1994; 

Eisensmith et a l, 1995). The frequency o f R408W on a haplotype 1.8 background in 

certain European countries is shown in Table 3.6. Additional support for an 

independent recurrence of R408W comes from the analysis o f the STR 

polymorphism situated 5’ to R408W (Eisensmith et al., 1995). R408W HI is usually 

linked to an STR fragment length o f 242bp whilst R408W H2 is most commonly 

associated with an STR fragment length of 238bp (Byck et a i, 1994; Eisensmith et 

al., 1995). In this study R408W was linked to an STR fragment size of 242bp in 83% 

of cases. Therefore two different events separate the Irish from the eastern European
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version o f R408W: (a) recombination at the 3’ end of the gene and (b) slippage of the 

S IR  at the 5’ side of the mutation. It must be noted however that tetranucleotide 

repeats have a high average mutation rate (2.1 x lO'^/locus/gamete/generation) and a 

mutation involving a gain or loss of one repeat unit of the STR could account for 

different STR alleles (Byck et a l, 1994). In flirther support o f the recurrence theory, 

sequence analysis has shown that VNTR 8 alleles on normal haplotype 1 

chromosomes and on R408W HI chromosomes usually differ by one base pair 

substitution (Byck e/a/., 1994).

3.4.1.1.2 F39L

F39L is the second most common mutation found in the Republic o f Ireland and is 

found on 12.2% of mutant alleles studied. It has also been found in Northern Ireland 

at a frequency o f 9.5% (Zschocke el al., 1995) and in Britain at a frequency o f 5% 

(Tyfield et al., 1997b). Ramus & Cotton, (1995a) reported a relative frequency of 

3.5% from patients o f Irish descent in Victoria, Australia. However, this mutation is 

generally rare outside the British Isles and occurs with the highest frequency in the 

Republic o f Ireland. It has only been reported in association with haplotype 1.8 

chromosomes in the Republic o f Ireland (C. O’Neill., personal communication) and

elsewhere and this may suggest that this mutant allele may have only arisen once and

may have an Irish origin.

3.4.1.1.3 I65T

This is the third most common mutation in the Republic o f Ireland and was found on 

10.4% o f mutant alleles. It has also been found occurring with a frequency o f  20% in 

Northern Ireland (Zschocke et al., 1995), 15% in western Scotland (Tyfield et a l, 

1997b) and 9,4% in Spain (Perez et al., 1997). It is rare or absent in most other 

European populations (Perez et al., 1997), It has been found on alleles o f Irish and 

Scottish descent in Victoria, Australia (Ramus & Cotton,, 1995a) and in Quebec
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(Rozen et al, 1994). It is associated with many different haplotypes (1.8, 9.8, 4 and 

5.8) and with five different STR alleles (238bp, 242bp, 250bp, 254bp and 258bp) 

(Ramus & Cotton, 1995a, Zschocke el al, 1995; Tyfield et al., 1997b). In a previous 

study of HPA mutations in the Republic o f Ireland, I65T was found in association 

with haplotypes 9.8 and 1.8 (C. O ’Neill., personal communication). In this study, 

I65T was found associated with three different minihaplotypes. Due to its multiple 

haplotype associations, it has been postulated that I65T is an old PKU mutation 

(Zschocke et al, 1997). In this study, the majority o f I65T alleles (88%) occurred on 

a VNTR 8 background. In a study carried out in Quebec on descendants of Irish 

people, it was postulated that 165T on a haplotype 9: VNTR 8 background was a 

“Celtic” mutation (Treacy et al, 1993).

3.4.1.2 M utations which account for >1 % of  alleles

Ten mutations were found which occurred at a frequency o f less than 6% and greater 

than 1%. The combined frequency of these mutations is 22.1%.

3.4.1.2.1 L348V

L348V was found at a frequency o f 5.1% in this population. It has been found at a 

frequency o f 5.4% in Northern Ireland (Zschocke et al, 1995), 7% in western 

Scotland and 5% in southwestern England (Tyfield et al., 1991). L348V was first 

identified in Norway (Eisensmith et al., 1991) and has also been found in Denmark 

(Guldberg et al, 1993b), the Netherlands (Meijer et al, 1993), France {PAH 

mutation database) and Portugal (Leandro et al., 1995). L348V was found to be 

associated with at least two minihaplotypes (8:242 and 7:250) in the Irish population. 

It is most commonly found in association with VNTR 8/STR 242 and its association 

with VNTR 7/STR 250 is unusual (Tyfield et al., 1997b).
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3.4.1.2.2 F299C

F299C in exon 8 occurred at a frequency o f 3,9% of mutant alleles. It is common in 

northern Europe especially in northern Norway (Eiken et al., 1992) and has also been 

identified in French (Labrune et al, 1991), French-Canadian (John et al, 1992a) and 

German patients (Guldberg et al, 1996b). F299C can be traced to the sparsely 

populated north and northwestern coast o f Norway (Eiken et al, 1992).

3.4.1.2.3 R243X

R243X was the only termination mutation detected within the study population and 

was found at a frequency o f 3.4%. This mutation was first identified in a Hungarian 

patient and is relatively common in eastern European countries (Wang et al, 1990). 

However, it is uncommon in western countries and the Republic o f Ireland has an 

unusually high occurrence o f this mutation. It was only detected on four alleles 

(1.6%) in Northern Ireland (Zschocke et al, 1995).

3.4.1.2.4 IVS12ntl

IVS12ntl was identified on 13 alleles in the Irish HP A population. It was the first 

mutation to be identified in a PKU patient (DiLella et al, 1986b). It causes the 

skipping of the preceding exon 12 during mRNA splicing: cDNA analysis revealed a 

116bp deletion corresponding to the size of exon 12 that leads to the synthesis of a 

truncated protein lacking the C-terminal 52 amino acids (Marvit et al,  1987). It is the 

most common mutation found in Denmark and England where it accounts for 37% 

(Guldberg et al, 1993b) and 27% (Tyfield et al, 1997b) o f PAH mutations 

respectively. It is generally accepted that this allele originated in a founding 

population in Denmark and was brought to England by the Anglo-Saxon farmers. 

IVS12ntl has also been found at higher frequencies within the regions o f England 

colonised by the Danish. This mutation is comparatively rare in the Republic of
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Ireland occurring with a frequency of 2.2%. This finding agrees with previous 

opinion that genetically the Irish are different to the English and may indicate that the 

English colonisation o f Ireland did not significantly alter the Irish genepool (Cavalli- 

Sforza ei al,  1993; Zschocke et al, 1997),

3.4.1.2.5 Y414C

Y414C is a relatively common mutation which is frequent in northern Europeans 

(Okano et al, 1991a). It was first identified in a Danish patient (Okano et al, 1991a) 

and is a CpG mutation. It occurs with relative frequencies o f 18%, 11%, 10%, 5%, 

3% and 1% in Sweden (Svensson et al., 1992), Norway (Eiken et al, 1996b), 

Denmark (Guldberg et al, 1993b), Northern Ireland (Zschocke et al, 1995), 

Scotland (Tyfield et al, 1997b) and the Republic of Ireland respectively. Thus the 

mutation shows a north-south d ine in relative frequencies and is most likely of 

Scandinavian origin.

3.4.1.2.6 S349P

This mutation was found on seven alleles in the patient cohort. It was first 

independently identified in Australian (Forrest et al, 1991) and French-Canadian 

patients (John et al, 1992a). It has been found on haplotype 1.7 in several European 

populations and haplotype 4 in North African Jews (Weinstein et a l,  1993), which 

suggests recurrence of the mutation. This mutation causes complete loss of catalytic 

activity of PAH (Knappskog et a l,  1995).

3.4.1.2.7 IVSlOnt-11

The IVSlOnt-11 splice site mutation is the most common mutation found in 

Mediterranean countries (Perez et al, 1997). It is particularly frequent in Turkey

73



where it accounts for 39% of mutant alleles (Ozguc et al, 1993). In a previous study 

(Dasovich et al, 1991), the frequency o f this mutation in the Republic o f Ireland was 

given at 14.6% (n=48). However, the mutation has been found to account for only 

1.2% of mutations in this study (n=566).

3.4.1.2.8 E280K

E280K is another CpG mutation in exon 7 and was identified on 11%  of mutant 

HPA alleles in the Irish population. It has been identified in Danish and Canadian 

patients of Anglo-Saxon descent and represents about 10% of all PKU alleles in 

North Africa (Lyonnet et a l, 1989). From analysis of the PAH mutation database, 

Byck et al. (1997) demonstrated that the E280K allele accounts for 1.5% of PKU 

chromosomes worldwide. Byck et al. (1997) have also suggested that this is a 

recurrent mutation as it occurs on 4 different haplotypes in Europeans and on 

haplotypes 1 and 2 in Quebec. This is consistent with its occurrence at a CpG 

dinucleotide motif

3.4.1.2.9 A447D

A447D was first identified in an American population (Guldberg et al., 1996a). It is 

found in exon 13, an exon that has been shown to harbour very few mutations. It has 

never previously been identified in the British Isles (Zschocke et al, 1995; Tyfield et 

al, 1997b) and is a rare mutation. It was found on 6 apparently independent alleles in 

this population.

74



3.4.1.2.10 L249F

L249F is a rare mutation and was identified on 1.1% of mutant alleles in this study. It 

was first identified in Portugal (Caillaud et a l ,  1992) and has also been reported in 

France {PAH mutation database) and Northern Ireland (Zschocke et a l, 1995).

3.4.1.3 Mutations which account for <1% of alleles

Sixteen mutations identified in the Irish HPA population account for less than 1%. Of 

these, five mutations were found on only one allele in the Irish HPA population.

3.4.1.3.1 A345S

A345S is a rare mutation found in exon 10. In the Irish population, it was found at a 

frequency of 0.9%. It has also been found on a chromosome in southwest England 

and on an independent chromosome in Wales (Tyfield et a l, 1997b).

3,41.3.2 R252W

R252W is a CpG mutation located in exon 7. It was first identified in France (Abadie 

et al., 1989) and has been found in many European populations including several 

Mediterranean populations (Berthelon et al., 1991). There is evidence for recurrence 

of this mutation as it has been found to occur on both haplotype 1 and haplotype 7. 

Seven patients were found to harbour this mutation in exon 7. ' Both R252W and 

R252Q remove the Ava I restriction site in exon 7. However, on the basis o f 

phenotype and geographic distribution of mutations in Europe it was assumed to be 

R252W.
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3.4.1,33 A104D

A104D was found on three alleles in the population. This mutation has been 

identified in several European populations including, Denmark (Guldberg et al., 

1993b), the Netherlands (Meijer et al., 1993), Germany, France {PAH mutation 

database), and Poland (Zygulska et al., 1991).

3.4.1,34 R261Q

R261Q is a common European mutation (Abadie et al., 1989). It is a CpG mutation 

that occurs in exon 7. It has previously been found on several different haplotype 

backgrounds which may indicate recurrence of the mutation (Kleiman et al., 1993). It 

was found on 3 alleles in the Irish HPA population.

3.4.1.3.5 G46S

G46S was found on three alleles in this study. It was first identified in a Danish 

patient (Guldberg et al., 1993b) and has also been found in Norway (Eiken et al., 

1996b) and Germany (Guldberg et al., 1996b). It is thought that G46S originated in 

central Norway (Eiken et a l, 1996a). G46S is a severe PKU mutation (Eiken et al., 

1996a).

3.4,13.6 IVSlOnt-3

Abadie et a l (1993) found a deletion of exon 11 due to a c ^ t  transition at the first 

nucleotide of the splice acceptor triplet of intron 10. The mutation causes the 

skipping of exon 11 and termination of RNA translation in exon 12. This mutation, 

IVSlOnt-3, was found on three alleles in the HPA population in the Republic of 

Ireland. The mutation has also been identified in several European countries
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including Belgium (Michiels et al., 1998), France {PAH mutation database) and 

Wales (Tyfield e /a /., 1997b).

3.4.1.3.7 R270K

This mutation was found on two heterozygous patients in the cohort. It has 

previously been identified in Portugal (Leandro et al., 1993) and in America 

(Guldberg e/a/., 1996a).

3.4.1.3.8 S67P

S67P was found on two alleles in this population. It was first identified in 

southwestern England and has also been identified on one HPA allele in Italy 

(Dianzani et al., 1995). However, it appears primarily to be a British Isles mutation 

(Tyfield et al., 1997b).

3.4.1.3.9 P281L

P281L was found at a frequency of 0.4% in the southern Irish population. The 

highest frequency o f the P281L mutation is in Croatia where it was detected in 12% 

of all PKU alleles (Baric et al, 1992). The mutation is thought to have originated in 

southeastern Europe.

3.4.1.3.10 E390G

E390G was found on two mutant alleles in the population. It has been found in 

several European populations including Northern Ireland (Zschocke et a l, 1995),
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Denmark (Guldberg et al., 1993b) and Bulgaria (Kalaydjieva el al., 1993) and is 

associated with mild hyperphenylalaninaemia.

3.4.1.3.11 R408Q

Codon 408 contains a CpG hotspot (Ramus et a l, 1992). The R408W mutation is a 

CGG—>TGG transition in the coding strand, the R408Q mutation is a GCC^GTC 

transition in the non-coding strand. R408Q was independently identified in Sweden 

(Svensson et al., 1992), Norway (Eiken et al., 1992) and Australia (Ramus et al., 

1992). This mutation is prevalent in Scandinavia and is particularly common in 

northwestern Norway (Eiken et a l, 1992). It also accounts for 5% of Chinese PKU 

alleles (Lin et al., 1992). It was found on only one allele in the Irish population.

3.4.1.3.12 V245A

This mutation was found on only one allele in this population in a patient with non- 

PKU HPA. It was first identified in Northern Ireland in a patient with mild HPA

(Zschocke et al., 1995). It has also been found in the Danish population in

combination with severe mutations in patients with mild HPA. It is not linked to the 

common I polymorphism (V245V) which affects the nucleotide directly adjacent 

in that codon.

3.4.1.3.13 R158Q

R158Q is found in exon 5 and involves a CpG dinucleotide. This mutation was first 

identified in a Chinese patient (Lin et a l, 1992) and has been reported at relatively 

high frequencies of 13% in the Netherlands (Meijer et al, 1993) and 4.7% in Sicily 

(Guldberg et al., 1993c). It was found in only one patient in the Irish HPA 

population.
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3.4,1.3,14 IVSTntl

Using the chemical cleavage method (CCM) on amplified DNA encompassing exons 

7 and 8 o f the PAH gene, Dianzani et al. (1991) found a novel mutation, IVS7ntl in 

an Italian patient with PKU; a g-a substitution at the 5’ donor junction splice site of 

intron 7. This mutation was found on one allele in the Irish HPA population. IVS7ntl 

has been found at a relatively high frequency of 3% in Wales and has also been found 

in Scotland and southwest England (Tyfield et al. 1997b).

3.4.1.3.15 Y277D

Y277D was identified in a single heterozygous patient in the cohort. It was originally 

identified in a patient o f eastern French ancestry (Labnine et al, 1991) and has also 

been found in Sicily (Guldberg et a l, 1993c) and the Netherlands (Meijer et al, 

1993),

3.4.1.3.16 A246D

A246D was identified on a single allele in the Irish HPA population. This mutation 

appears to be confined to the British Isles and has previously been reported in 

Scotland and England (Tyfield et a l, 1997b). However it has not been found in 

Northern Ireland (Zschocke e /a /., 1995).
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3.4.2 Distribution of mutations within the PAH  gene in the Republic of 

Ireland

Twenty nine mutations have been identified in the Irish population in eleven of the 

thirteen exons. No mutations were detected in either exon 1 or exon 4, In a similar 

study in Northern Ireland, no mutations were found in exon 1, 4 or 13. In this study, 

a mutation was identified in exon 13 that occurred on 6 independent alleles. Figure 

3.58 provides a graphical representation o f the distribution of the mutations found in 

the PAH  gene. It is clear that the mutations are not distributed equally over the PAH  

gene. Thirty percent of the mutations were found in exon 7 of the PAH  gene. Almost 

eighty percent o f mutations were detected in exons 6-12 while only 6 mutations were 

detected in exons 1-5. Of these five were detected in exons 2 and 3. The PAH  

mutation database lists about four times as many single base substitutions in exon 6- 

12 as in exons 1-5 and exon 13. It is unlikely that this reflects differences in 

mutability between exons. The relative mutability profile o f the PAH  cDNA, 

obtained with the MUTPRED program and available at the PAH  mutation database 

site shows no significant increase of mutability in exons 6-12. The region of the 

enzyme encoded by exons 6-12 has been found to be highly conserved in 

comparison with tyrosine hydroxylase and contains the putative cofactor binding site 

(Ledley et al., 1985; Cotton et a l, 1993). The amino terminal part of the enzyme is 

less conserved between species and shows less homology with other aromatic amino 

acid hydroxylases and it is possible that mutations in this part of the gene do not 

significantly impair the enzyme and are therefore not identified in patients with 

PKU.

3.4.3 Types of mutations found at the PAH  locus in the Irish HPA population

Table 3.7 describes the type o f mutations identified at the PAH  gene in the Republic 

of Ireland. Eighty six percent (25/29) of mutations identified in the PAH  gene in this 

patient population are missense mutations. R243X in exon 7 is a termination 

mutation which substitutes arginine for a stop codon.
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Four splice site mutations have been identified in the Irish population, IVS7ntl in 

intron 7, lVSlOnt-11 and IVSlOnt-3 in intron 10 and lVS12ntl in intron 12.

One insertion mutation in exon 11 was detected but has not been identified. This 

may possibly be C356Ins6bp which has previously been identified in Scotland 

(Tyfield et al., 1997b).

No deletions in the PAH  gene were found in the Irish population. In all populations, 

deletions in the PAH  gene are rare. To date, only three large deletions and a number 

of single codon deletions or frame shift mutations have been identified. A deletion of 

exon 3 and adjacent intronic regions is the predominant mutation in Yemenite Jews 

(Avigad et al., 1990), It is possible that while using DGGE in combination with 

PCR, all deletions may not be detected.

Four DNA sequence polymorphisms, IVS2ntl9 in intron 2, Q232Q in exon 6, 

V245V in exon 7 and L285L in exon 11 were identified at the PAH  gene in the 

Republic o f Ireland. It has been reported that these polymorphisms are in tight 

association with specific alleles, providing the possibility to reduce the effort 

involved in haplotype analysis.

Byck et al. (1997) found 48 CpG sites (sense and antisense strands) in the PAH  gene. 

O f these, 7 were devoid of known mutations, 16 harboured 'PKU' alleles involving 

CpG doublets, and the remainder contained mutations that did not involve a C-to-T 

or G-to-A substitution in the doublet. Abadie et al. (1989) presented evidence that 

CpG dinucleotides represent mutation hotspots in PKU as has been shown to be the 

case with other genes (Byck et al., 1997). Of the 29 mutations identified in the Irish 

population, 9 are CpG mutations. One occurs in exon 5 (R158Q), five occur in exon 

7 (R243X, R261Q, R252W, E280K, P281L), one in intron 7 (IVS7ntI) and two in 

exon 12 (R408W, R408Q). Mutations at CpG dinucleotides have been estimated to 

occur at a rate 42-fold greater than mutations at non-CpG sites (Byck et a l,  1997, 

Cooper e /a /., 1988).
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3.4.4 M inihaplotype analysis

Minhaplotype analysis was carried out on 90 mutant alleles from 45 homozygous 

patients. All R408W alleles (60/60) were found on a VNTR 8 background. VNTR 

length alone can distinguish between the two haplotypes harbouring the R408W 

allele, haplotype 1 carrying the VNTR 8 allele and haplotype 2 carrying the VNTR 3 

allele. Therefore 100% of R408W mutations in this study occurred on a haplotype 1.8 

background. The majority o f these (83%) were associated with STR 242. R408W HI 

is usually linked to an STR fragment length of 242bp whilst R408W H2 is most 

commonly associated with an STR fragment length of 238bp. This finding has 

provided further evidence for the recurrent nature o f R408W as there are two 

different events which separate the Irish from the eastern European version of 

R408W; recombination at the 3’ side of the mutation and slippage of the STR at the 

5’ side (Byck etal., 1994).

In this study, 165T was associated with two STR sizes, 246bp and 250bp. In Spain, 

165T is associated with three STR alleles; 242bp, 246bp and 250bp (Perez ei a l, 

1997). The high degree of STR variability associated with I65T in Spain and in the 

Republic of Ireland may indicate an ancient origin o f this mutation (Perez et al., 

1997). In the Republic of Ireland, I65T was found in association with three different 

VNTR sizes; 3, 8 and 9. In Spain, however, all I65T alleles were associated with a 

VNTR of eight repeats (Perez et al., 1997). The prevalent minihaplotype association 

of I65T in the Republic o f Ireland was found to be 8:246 which accounted for 62.5%. 

This is also the prevalent minihaplotype in Northern Ireland (Zschocke et al., 1995), 

England (Tyfield et al., 1997b) and Spain (Perez et al., 1997) so a common origin is 

probable.

F39L was found in association with three different minihaplotyes, 8:238, 8:242 and 

8:246. The prevalent minihaplotype association was 8:238 which accounted for 50% 

of mutant alleles. This is also the prevalent association found in Northern Ireland 

(Zschocke et a l, 1995).
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L348V was found in association with two minihaplotypes; 8:242 and 7:250. The 

usual haplotype association o f this mutation is 8:242 but it has also been found to 

occur in association with 7:250 (Zschocke et al, 1995; Tyfield et a i, 1997b),

Three mutations, F299C, IVS12ntl and R243X, were found to have unique 

minihaplotype associations o f 9:234, 8:242 and 3:234 respectively. F299C is also 

found exclusively associated with minihaplotype 9:234 in Northern Ireland 

(Zschocke et al, 1995) and Australia (Ramus & Cotton., 1995a). It is, however, 

found on minihaplotype 8:234 in Iceland (Guldberg et al., 1997b). IVS12ntl is also 

found exclusively associated with minihaplotype 8:242 in Northern Ireland 

(Zschocke et al, 1995) and Victoria, Australia (Ramus & Cotton., 1995a). R243X 

has been found in association with minihaplotype 3:234 in both Northern Ireland 

(Zschocke £?/a/., 1995) and in Spain (Perez e/a/., 1997).

The usefulness o f the minihaplotype relies on the relative stability of the VNTR allele 

and on the more variable nature of the STR. VNTRs generally change through 

recombination only (Jeffreys et al., 1988). The STR region is known to change much 

more frequently due to “slippage” (Jeffreys et at., 1985) and hence the association of 

different STR alleles with a range o f mutations. Thus the heterozygosity of the STR 

polymorphic marker is greatly increased and its inclusion as a marker increases 

information gained from full or only partial haplotype analysis. PCR based 

microsatellite analysis has many advantages over conventional methods of DNA 

analysis such as RFLPs. The small size of microsatellite loci improves the chance of 

obtaining a result, particularly for samples containing minute amounts of DNA 

and/or degraded DNA. It also simplifies the interpretation of results. PCR based 

assays are rapid giving results in 24 hours or less and are also easy to standardise and 

automate ensuring reproducible results. Genescan software offers high precision 

genotyping by denaturing capillary electrophoresis (Lazaryk et al., 1998). STR 

fragment lengths obtained by this fluorescent method were consistently 2 bp shorter 

than those given in the original publication (Goltsov et al, 1993) and are identical in 

size to those reported from direct sequencing by Zschocke et a i (1994b).
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In a study to determine the spectrum of mutations causing PKU in Northern Ireland, 

minihaplotype analysis has been used successfully for the rapid identification of rare 

alleles. The minihaplotypes of the allele under investigation usually implicate only 

one or two likely mutations that are then easily confirmed by restriction enzyme 

analysis (Zschocke et al., 1995).

STR fragment length analysis has been successfully used for prenatal diagnosis in a 

family with a child suffering from PKU in Northern Ireland (Zschocke et al., 1994a). 

The father and the affected child were both homozygous for the 242bp allele while 

the mother and the foetal cells showed heterozygosity for the 242bp and 238bp 

alleles. This led to the conclusion that the foetus had inherited the normal maternal 

chromosome (Zschocke et a l, 1994a).

3.4.5 Population genetics o f PKU in the Republic o f Ireland

Recessive disease mutations are very useful in population genetic studies and in 

resolving the history of genepools. Their usefulness relies on the assumption that the 

mutation frequency in the general population can be inferred from the frequency 

among patients. In order for this to hold, investigated diseases should be relatively 

common and moderately heterogeneous. Mutation analysis should be performed in 

most patients in a region and the rate of mutation detection should be near 100%. 

The diagnosis of the disease should be unequivocal since Hardy-Weinberg 

calculations are unreliable if the disease is markedly over or under diagnosed. The 

allele frequency o f a particular mutation in the general population can then be 

estimated from the incidence o f the disease and its relative frequency among mutant 

alleles in patients. The spectrum of mutations in patients resembles that in 

heterozygote carriers of whom there is a high number in the general population. This 

requires calculation of absolute allele frequencies for individual mutations. For 

population genetic studies, relative mutation frequencies can be misleading and 

therefore only the absolute allele frequency in the general population should be used 

for further analyses.
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PKU is extremely usefiil for population genetic studies. Firstly it is a relatively 

common disorder and 2-3% of the normal Irish population carry a PKU mutation, 

which represents a significant proportion o f the genepool. Diagnosis of the disease is 

unequivocal. It is a heterogeneous disorder but in many populations a few common 

mutations account for the majority o f PKU alleles and mutations common in some 

populations are rare or absent in others. It is therefore possible to identify certain 

‘marker’ mutations and analyse their distribution in different European populations 

in order to infer the genetic relationship between different peoples. Accurate 

incidence data is available for most countries via neonatal screening programs. 

Comprehensive mutation analysis has been carried out in a large number of 

European countries including Northern Ireland (Zschocke et ai, 1995), Scotland, 

England and Wales (Tyfield el ai, 1997b), Norway (Eiken et ai, 1996), Denmark 

(Guldberg et ai, 1993b), Italy (Guzetta et al, 1997), Germany (Guldberg et al, 

1996b, Zschocke et al, 1999a), Sicily (Guldberg et al, 1993c) and Spain (Perez et 

ai, 1997).

3 .4.5.1 Geographical distribution of mutant alleles

Comparing the absolute allele frequencies of PKU mutations in different countries 

may allow the identification of the peoples in whom mutations originally arose and 

can give information to the genetic relationship between modern populations 

(Eisensmith & Woo, 1994). A high frequency of the same mutation in different 

populations may indicate a genetic link between the regions. Mutations originate in a 

single subject and spread to other genepools by migration. There is a direct link 

between the ancient founder population and a modern people in whom the mutation 

is common. Meaningful information on the genetic constitution o f a people can be 

obtained through the analysis o f relatively few subjects. It is more difficult to assess 

the significance of rare mutations because the calculation o f absolute allele 

frequencies is less reliable.
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3.4.5.2 Distribution o f common mutations within Ireland

The distribution o f common PKU mutations within Ireland is shown in Figure 3.57. 

R408W occurs with the highest frequency (55%) in the west of Ireland. It occurs at 

a significantly lower frequency in Northern Ireland (28%). This finding may 

strengthen the theory that R408W was carried to Ireland by migration across the 

European landmass and was concentrated in Ireland by fringe effect.

3.4.5.3 Relationship between the Republic o f Ireland and Britain

Absolute allele frequencies for the four most common Irish mutations (R408W, 

F39L, I65T and L348V) and the most common British mutation (lVS12ntl) were 

calculated and are compared in Table 3.8.

The R408W allele is very frequent in Ireland and in Scotland. It has a much lower 

frequency in southwest England and a third of the R408W alleles in southwest 

England carry haplotype 2, while R408W in Ireland is found almost exclusively on a 

haplotype 1 background (O’ Neill et a l,  1994; Zschocke et a l,  1995). F39L is 

found in all parts of the British Isles and appears to be almost confined to inhabitants 

o f the British Isles or their descendants. It has the highest absolute allele frequency 

in the Republic o f Ireland (1.6 x 10'^). It occurs at lower frequencies in all areas of 

England. I65T is relatively common in all populations in the British Isles and is 

particularly high in Northern Ireland with an absolute allele frequency of 3 x 10' .̂ 

L348V is found at identical absolute allele frequencies (0.8 xlO'^) in the Republic of 

Ireland, Northern Ireland and Scotland. It is found at slightly lower fi'equencies in 

England (0.5 x 10'^) and Wales (0.3 x 10'^). IVS12ntl is the most common mutation 

found in Southwest England. It is most likely that it originated in Denmark and may 

have been brought to England by the Anglo-Saxon farmers. Many o f the Danish 

patients positive for this allele can trace ancestors back to villages on the West coast 

of Jutland (Eisensmith & Woo, 1994). These villages were points o f departure for 

many Viking raids to England and Northwest Europe. lVS12ntl has also been found
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at higher frequencies within the regions of England colonised by Danish Vikings. It 

is interesting to note that the absolute allele frequency of this mutation in the 

Republic o f Ireland (0.3 x 10^) is so low. This finding agrees with previous opinion 

that the Irish are genetically different to the English and indicates that the English 

colonisation of Ireland did not significantly alter the genepool (Cavalli-Sforza et al., 

1993; Zschocke et a l, 1997).

3.4.5.4 Relationship between the Republic o f Ireland and Scandinavian

countries

A comparison of the absolute allele frequencies most common mutations in the 

Republic o f Ireland and countries in Scandinavia is given in Table 3.9.

Again, the most common Irish allele, R408W, is seen at lower frequencies in all 

Scandinavian countries and is absent from Iceland (Guldberg et al., 1997b). Half of 

the R408W alleles seen in Norway occur on a haplotype 1 background and the 

remainder occur on a haplotype 2 background (Eiken et al., 1996b). It has been 

postulated that this high frequency o f R408W/haplotypeI/VNTR 8 allele in Norway 

is probably due to the assimilation o f Irish culture into Norway as a result of 

intermarriage or slavery (Eisensmith et al., 1995). In Sweden, less than ten percent 

of R408W alleles occur on a haplotype 1 background (Svensson et a l, 1993a). 

Mutations of Scandinavian origin (F299C, Y414C, G46S and R408Q) account for 

6% of mutant alleles in the Republic of Ireland. F299C is the fifth most common 

mutation found in the Republic o f Ireland and has an absolute allele frequency of 0.6 

X 10'^. This mutation also has an absolute allele fi'equency o f 0.6 x 10'  ̂ in Norway 

(Eiken et al. 1996b). Y4I4C, a Scandinavian mutation which is present on 5% of 

alleles in Northern Ireland is found on 1.2% of mutant alleles in Southern Ireland. 

Both G46S and R408Q are rare in the Republic of Ireland. It is interesting to note the 

geographic origin o f these mutations. G46S is a central inland mutation o f Norway, 

F299C and R408Q can be traced to the sparsely populated northern and northwestern 

coast of Norway (Eiken et al., 1992) and Y414C is found in all parts o f Norway
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(Eiken el al, 1996b). In Northern Ireland, these four mutations (F299C, Y414C, 

R408Q and G46S) account for greater than twice as many mutant alleles (13%) than 

in the Republic o f Ireland (Zschocke et al, 1995). These mutations could have been 

brought from Ireland to Norway or from Norway to Ireland. Zschocke et al. (1997) 

have suggested a unidirectional migration from Norway to Ireland because certain 

mutations that are common in Ireland namely I65T, F39L and L348V, are rare or 

absent in Norway. They have concluded that this is due to immigration of Norwegian 

Vikings in Ireland at the end of the first millennium AD. However, the most 

common mutation in Norway, G272X, has not been found in Ireland (Apold et ai, 

1990; Zschocke e/a/., 1995).

3.4,5.5 Relationship between the Republic of Ireland and Mediterranean

countries

A comparison of the most common mutations in the Republic of Ireland and 

Mediterranean countries is given in Table 3.10.

I65T is found at similar allele frequencies in the Republic o f Ireland and in Spain. It 

has been postulated that I65T is a very ancient mutation, as it is associated with 

several different STR fragment lengths. In the Irish population, it is associated with 

two different STR and three different VNTR sizes in four different minihaplotype 

combinations. IVSlOnt-11 is the most common mutation found in Spain (Perez et 

ai, 1997) and in Italy (Guzetta et ai, 1997) but occurs at a relatively low allele 

frequency in the Republic o f Ireland (0.1 x 10'^). IVSlOnt-11 is the most common 

mutation reported in southern European populations (Guzetta et ai, 1997). It 

accounts for about 40% of all mutant alleles in the Turkish population. This allele is 

rare in Western Europe and is mostly absent from northern and eastern European 

populations. The high frequency in Ireland of I65T and the low frequency of 

IVSlOnt-11 may indicate a connection between Ireland and Spain that existed 

before the spread of IVSlOnt-11 along the coast (Dianzani et ai, 1994) or before the 

introduction o f R408W into Ireland. IVSlOnt-11 was present in Spain before
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lOOOBC (Romano et al, 1993) and therefore anyone migrating to Ireland from Spain 

should have carried both IVSlOnt-11 with I65T. Also, the most common mutation in 

the Republic of Ireland, R408W on a haplotype 1.8 background, is rare in Spain 

(Perez e/a/., 1997).
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3.4.6 Efficiency of DGGE in scanning the PAH  gene in the Irish HPA

population

Even after the extensive DGGE screen 24 alleles (4.3%) from 24 PKU patients 

remained uncharacterised. Two possible explanations exist.

(i) Certain mutations, in particular small deletions, may be missed by DGGE 

scanning o f the PAH  gene.

(ii) A proportion of disease-causing mutations may be located outside the coding 

regions and splice sites o f the PAH  gene. This suggestion has been 

substantiated by a study in southern Poland where 85% of the causative 

mutations remained uncharacterised despite exhaustive sequence analysis 

(Zygulska et a i, 1994). Mutations may be located in the promoter region, 

polyadenylation signals, deep intronic regions or other relevant regions of the 

PAH  gene. The proximal promoter region of the PAH  gene has been analysed 

for the presence of mutations in 122 European HPA patients having 187 

uncharacterised mutant PAH  alleles (Svensson et a i, 1993b). This promoter 

region, which contained the most 5’ transcription start site and about 300bp 

upstream, was sequenced directly from PCR amplified genomic DNA. Three 

polymorphisms but no disease causing mutations were found in this region.

After a comprehensive analysis o f the PAH  gene in 279 HPA patients, the 

advantages of DGGE can be summarised as follows

(a) A high level o f sensitivity o f detection

(b) Clear reproducible results

(c) Improved heterozygote detection

(d) Non-radioactive protocols

(e) Optimisation o f the analysis by computer simulations
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3.4.7 Pitfalls o f mutation detection systems

A mutation was identified on 513 (92.0%) of the mutant alleles in this study. It has 

previously been reported that molecular analysis of PKU generally fails to reveal a 

point mutation or small deletion/insertion in 5% or more of cases (Nowacki et a l, 

1997). Large deletions are thought to account for a considerable proportion of these 

alleles but have so far been reported in only a few patients (Avigad et a l, 1990; 

Guldberg et a i, 1997a). Zschocke et al. (1999b) have described a child in whom 

PKU was apparently caused by homozygosity for the E390G mutation in exon 11 of 

the PAH  gene. However, the clinical severity of the disease was not as mild as 

expected and the mutation was not identified in the father despite confirmed 

paternity. The paternal allele also showed a highly unusual pattern of polymorphic 

markers in the PAH  gene. Subsequently, the patient was found to have a large 

deletion involving exons 9, 10, and 11 of the PAH gene, and was a compound 

heterozygote, accounting for the more severe phenotype. This case illustrates an 

important pitfall in diagnostic mutation analysis in PKU and other recessive 

disorders. Apparent homozygosity for one mutation may occasionally be due to 

hemizygosity for the mutation with a large deletion on the other allele.
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Figure 3.1: Schematic diagram of Denaturing Gradient Gel Electrophoresis.
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Figure 3.2: Schematic diagram of ARCS assay for R408W in exon 12 (Matsubara et al., 1990). 
Exon 12 is amplified using primers PKU A and PKU B. PKU B has a mismatched C residue at 
its 3’ end which is indicated in white. This is adjacent to the mutation indicated by the asterisk (i). 
An Mva I recognition site is created in the presence o f a mutation (ii) and following digestion 
results in fragments of 21 bp and 146 bp (iii).
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Figure 3.3: Representative denaturing gradient gel o f exon 12 o f the PAH 
gene stained with ethidium bromide.

Lane 1, 2, 5, 9: Wildtype homozygote
Lane 3: R408W homozygote
Lane 4: Wildtype/R408W heterozygote
Lane 6: R408W /IVS12ntl heterozygote
Lane 7, 8: R408W/Y414C heterozygote



Figure 3.4: Distribution of mutations throughout the 13 exons of the PAH gene as found by DGGE
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Figure 3.5: Analysis o f  exon 1 o f  the PAH  gene in 6 patients on a 10-55% 

denaturing gradient gel.

Lane 1-6: Wildtype homozygote
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Figure 3.6: Analysis o f  exon 2 o f  the PAH  gene in 9 patients on a 10-60% 
denaturing gradient gel.

Lane 1, 4, 5; Wildtype homozygote
Lane 2, 6, 7, 9; Wildtype/F39L heterozygote
Lane 3: Wildtype/ G46S + IV S2ntl9 polymorphism
Lane 8: Wildtype/ F39L+ IV S2ntl9 polymorphism
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Figure 3.7: Analysis of exon 3 of the PAH gene in 9 patients on a 20-60 % 
denaturing gradient gel

Lane 1-4, 6, 7: Wildtype homozygote
Lane 5, 9: Wildtype/I65T heterozygote
Lane 8: Wildtype/A 104D heterozygote
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Figure 3.8: Analysis o f exon 4 of the PAH  gene in 7 patients on a 15-65% 
denaturing gradient gel

Lane 1-7: wildtype homozygote
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Figure 3.9: Analysis of exon 5 of the PAH gene in 14 patients on a 25-65 % 
denaturing gradient gel.

Lane 1-8, 10, 14: Wildtype homozygote
Lane 9: Wildtype/Rl 58Q heterozygote
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Figure 3.10: Analysis of exon 6 of the PAH gene in 11 patients on a 20- 
65% denaturing gradient gel

Lane 1, 3-5, 7, 9-11: WUdtype homozygote
Lane 2, 6, 8: Wildtype/* Q232Q heterozygote

* Q232Q is a silent polymorpliisin



Figure 3.11: Analysis of exon 7 of the PAH  gene in 22 patients on a 25- 
65% denaturing gradient gel.

Lane 1:
Lane 2, 4, 5, 9-13, 16, 20,21: 
Lane 3, 7:
Lane 6, 14, 15, 19:
Lane 8:
Lane 17, 22;
Lane 18:

Wildtype/unidentified mutation 
Wildtype homozygote 
Wildtype/R252Q heterozygote 
Wildtype/* V245V heterozygote 
Negative control 
Wildtype/E280K 
Wildtype/unidentified mutation

* V245V is a silent polymorphism



Figure 3.12: Analysis of exon 8 of the PAH  gene in 10 patients on a 20- 
60% denaturing gradient gel.

Lane 1,7: Wildtype/F299C heterozygote
Lane 2-6, 8-10: Wildtype homozygote
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Figure 3.13: Analysis of exon 9 of the PAH gene in 15 patients on a 20- 
65% denaturing gradient gel.

Lane 1-3, 5-9, 11-15: Wildtype homozygote
Lane 4: Wildtype/nnidentified mutation
Lane 10: Negative control
Lane 16: Wildtype/unidentified mutation
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Figure 3.14: Analysis of exon 10 of the PAH gene in 16 patients on a 
10-60% denaturing gradient gel.

Lane 1, 3, 8, 11: Wildtype /A45S heterozygote
Lane 2, 5-7, 12: Wildtype/L348V heterozygote
Lane 10, 13, 16: Wildtype/S349P heterozygote
Lane 14: Negative control

* Lanes 4 and 9 contain PCR products amplified from another exon in the PAH 
gene
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Figure 3.15: DGGE analysis o f exon 11 o f the PAH gQne in 14 patients on a 
15-60 % denaturing gradient gel

Lane 1-3, 5-9, 11-13: Wildtype homozygote
Lane 4: Wildtype/ *L385L
Lane 10: Wildtype/IVS10nt546 heterozygote
Lane 14: Wildtype/E390G heterozygote

* L385L is a silent polymorphism



Figure 3.16: Analysis o f exon 12 of the PAH  gene in 12 patients 
20-60% denaturing gradient gel

Lane 1, 4, 9: 
Lane 2, 12: 
Lane 3, 7: 
Lane 5, 6, 10, 
Lane 8:

Wildtype/IVS12ntl heterozygote 
Wildtype/R408W heterozygote 
R408W/Y414C heterozygote 

11: Wildtype homozygote
R408W/IVS12ntl heterozygote
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Figure 3.17: Analysis o f  exon 13 o f the PAH  gene ia 18 patients on a 
20-60% denaturing gradient gel

Lane 1-7, 9, 11-13, 15-17: Wildtype homozygote
Lane 8; A447D homozygote
Lane 10, 14, 18: Wildtype/A447D heterozygote
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Figure 3.18; Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Mae III to demonstrate the presence of the F39L mutation. F39L 
creates an Mae III restriction site in exon 2 and mutant alleles are cleaved into fi'agments 
of 100 and 80bp.

Lane 1: F39L homozygote
Lane 2: F39L heterozygote
Lane 3; Wildtype homozygote
Lane 4: Molecular weight marker
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Figure 3.19: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Sau 961 to demonstrate the presence of the G46S mutation in exon 2. 
G46S removes a Sau 961 site in an ACRS assay while normal alleles are cleaved into 
fragments of 190 and 21 bp.

Lane 1: Molecular weight marker
Lane 2, 5; Wildtype homozygote
Lane 3, 4: G46S heterozygote
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Figure 3.20: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Taq I to demonstrate the presence of the I65T mutation in exon 3. 
I65T creates a Taq I site in an ACRS assay and mutant alleles are cleaved into fi'agments 
of 112 and 20bp.

Lane 1, 2: 
Lane 3, 5: 
Lane 4, 6: 
Lane 7:

I65T homozygote 
I65T heterozygote 
Wildtype homozygote 
Molecular weight marker



Figure 3.21; Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Xba I to demonstrate the presence of the S67P mutation. S67P 
removes an Xba I site in exon 3 while normal alleles are cleaved into fragments of 190 and 
80bp.

Lane 1, 4, 5: Wildtype homozygote
Lane 2, 3: S67P heterozygote
Lane 6; Molecular weight marker
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Figure 3.22: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion \N\ih.Msp I to demonstrate the presence of the R158Q mutation in exon 5. 
R158Q creates an Msp I restriction site in an ACRS assay and mutant alleles are cleaved 
into fi'agments of 140 and lObp.

Lane 1, 2: R158Q heterozygote
Lane 3: Wildtype homozygote
Lane 4: Molecular weight marker
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Figure 3.23: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Dde I to demonstrate the presence of Q232Q, a silent polymorphism. 
Q232Q creates a Dde I restriction site in exon 6 and mutant alleles are cleaved into 
fragments of 247 and 97bp.

Lane 1: Q232Q homozygote
Lane2, 3, 5-9: Q232Q heterozygote
Lane4: Wildtype homozygote
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Figure 3.24: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Msp 1 to demonstrate the presence of the R243X mutation in exon 7. 
R243X removes an Msp I restriction site in an ACRS assay while normal alleles are 
cleaved into fragments of 60 and 30bp.

Lane 1, 5, 10: R243X heterozygote
Lane 2-4, 6, 7, 9: Wildtype homozygote
Lane 8: R243X homozygote
Lane 11; Molecular weight marker
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Figure 3.25: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Fnu 4HI to demonstrate the presence of the V245A mutation. V245A 
creates a F m  4HI site in exon 7 and mutant alleles are cleaved into fragments of 230 and 
50bp.

Lane 1-2, 4-11; 
Lane 3;

Wildtype homozygote 
V245A heterozygote
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Figure 3.26; Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Ava I to demonstrate the presence of the R252W mutation. R252W 
removes an I restriction site in exon 7 while normal alleles are cleaved into fragments 
of 150 and 130bp.

Lane 1- 3, 6- 9; Wildtype homozygote
Lane 4, 5: R252W heterozygote
Lane 10; Negative control
Lane 11: Molecular weight marker
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Figure 3.27: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Hinf l  to demonstrate the presence of the R261Q mutation. R261Q 
removes a Hinfl  site in exon 7 while normal alleles are cleaved into fragments of 150 and 
llObp.

Lane 1, 2,4-14; Wildtype homozygote
Lane 3: R261Q heterozygote
Lane 15: Undigested PCR product
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Figure 3.28: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Acc I to demonstrate the presence of the Y277D mutation. Y277D 
removes an Acc 1 restriction site in exon 7 while normal alleles are cleaved into fragments 
of 90 and 50bp.

Lane 1-4, 6-8: 
Lane 5:

Wildtype homozygote 
Y277D heterozygote
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Figure 3.29: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion WxihMsp I to demonstrate the presence of the E280K mutation in exon 7. 
E280K removes an Msp I restriction site in an ACRS assay while normal alleles are 
cleaved into fi'agments of 180 and 20bp.

Lane 1, 5, 8: E280K heterpozygote
Lane 2, 3, 4, 6: Wildtype homozygote
Lane 7; E280K homozygote
Lane 9: Molecular weight marker
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Figure 3.30: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Alu I to demonstrate the presence of V245V, a silent polymorphism. 
V245V creates an Alu I restriction site in exon 7 and mutant alleles are cleaved into 
fi'agments of 124 and 30bp.

Lane 1, 2, 4, 7-10; wildtype homozygote
Lane 3, 5, 6: V245V heterozygote
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Figure 3.31: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Pvu II to demonstrate the presence of the F299C mutation. F299C 
creates a Pvu W site vrv eKon % and rrvutarvt a\\e\es are c\ea>/ed mto ftagrcvervts oi \40 arvd 
90bp.

Lane 1; F299C homozygote
Lane 2, 3,5. F299C heterozygote
Lane 4, 6: Wildtype homozygote
Lane 7: Molecular weight marker
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Figure 3.32: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Nla IV to demonstrate the presence of the L348V mutation. L348V 
removes an Nla IV restriction site in exon 10 and normal alleles are cleaved into fragments 
of lOObp, 60bp and 40bp. Mutant fragments are cleaved into fragments of 140bp and 
60bp

Lane 1:
Lane 2, 3, 5-7: 
Lane 4:

L348V heterozygote 
Wildtype homozygote 
L348V homozygote
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Figure 3.33: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Pfl MI to demonstrate the presence of the S349P mutation. S349P 
creates a 7 ^  MI restriction site in exon 10 and mutant alleles are cleaved into fi-agments of 
165 and 135bp.

Lane 1: Molecular weight marker
Lane 2, 5, 9, 11: S349P heterozygote
Lane 3, 4, 6-8, 10, 12, 13: Wildtype homozygote
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Figure 3.34 Ethidium bromide-stained polyacrylamide gel of PCR amplified products after 
digestion with Dde I to demonstrate the presence of the IVS10nt546 mutation. 
IVS10nt546 creates a Dcfe I restriction site in intron 10 and mutant alleles are cleaved into 
fragments of 220 and 80bp.

Lane 1, 6; 
Lane 2-5, 7, 
Lane 8;

IVS10nt554 heterozygote 
Wildtype homozygote 
Molecular weight marker
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Figure 3.35: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Bst NI to demonstrate the presence of the E390G mutation in exon 
11. E390G creates a Bst NI restriction site in an ACRS assay and mutant alleles are 
cleaved into fragments of 80 and 20bp.

Lane 1: 
Lane 2-7:

E390G heterozygote 
Wildtype homozygote

i
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Figure 3.36: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion withMw/ I to demonstrate the presence of L385L, a silent polymorphism. 
L385L creates an Mnl I restriction site in exon 7 and mutant alleles are cleaved into 
fragments of 190 and 20bp.

Lane 1-3, 6, 7, 9, 10; 
Lane 4, 5, 8:

Wildtype homozygote 
L385L heterozygote
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Figure 3.37: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Hae III to demonstrate the presence of the R408Q mutation. R408Q 
removes a Hae III restriction site in exon 12 while normal alleles are cleaved into 
fi'agments of 110 and 95bp.

Lane 1; 
Lane 2-6: 
Lane 7:

R408Q heterozygote 
Wildtype homozygote 
Molecular weight marker
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Figure 3.38: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Mva I to demonstrate the presence of the R408W mutation in exon 
12. R408W creates an Mva I restriction site in an ACRS assay and mutant alleles are 
cleaved into fi’agments of 160 and 20 bp.

Lane 1-3: Wildtype homozygote
Lane 4, 5: R408W heterozygote
Lane 6,7: R408W homozygote
Lane 8: Molecular weight marker



Figure 3.39: Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Rsa I to demonstrate the presence of the Y414C mutation in exon 12. 
Y414C removes an Rsa I restriction site in an ACRS assay while normal alleles are 
cleaved into fi'agments of 127 and 21bp.

Lane 3 . Y414C homozygote

Lanel. Wildtype homozygote :!
Lane 2 ,4,6,7;  Y414C heterozygote g

il
\ 
I
i
\ 
(

1
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Figure 3.40; Ethidium bromide-stained polyacrylamide gel of PCR amplified products 
after digestion with Rsa I to demonstrate the presence of the IVS12ntl mutation in exon 
12. IVS12ntl removes an Rsa I restriction site in an ACRS assay while normal alleles are 
cleaved into fragments of 195 and 21bp.

Lane 1,6; Wildtype homozygote
Lane 2-5, 7, 8. IVS12ntl heterozygote
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Figure 3.41: Partial sequence (forward) o f exon 2/intron 2 o f the PAH  gene showing 
a patient heterozygous for both
A. F39L (forward: C->G)
B. IV S2ntl9 (forward: t->c)
Both base substitutions are indicated by an asterisk.
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Figure 3.42: Partial sequence (forward) of exon 2/intron 2 of the I^AH gene showing 
a patient heterozygous for both
A. G46S (forward: G->A)
B. IVS2ntl9 (forward: t-»c)
Both base substitutions are indicated by an asterisk.
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Figure 3.43: Partial sequence o f exon 3 (forward) o f the PAH gene showing a patient 
heterozygous for A104D (forward: C-^A)
Base substitution is indicated by an asterisk.



1 2  3 4

Figure 3.45: Ethidium bromide-stained polyacrylamide gel o f PCR amplified products 
after digestion with Taq I to demonstrate the presence of the A104D mutation in exon 3. 
A104D creates a Taq 1 restriction site in an ACRS assay while normal alleles remain 
uncleaved

Lane I : Wildtype heterozygote
Lane 2-4: A104D heterozygote



i C A G  GC CA NC C A C A G G T  C 
160 170

Figure 3.45: Partial sequence (reverse) o f exon 7 o f the PAH gene showing 
heterozygous for A246D (forward. C—>A; reverse; G->T)
Base substitution is indicated by an asterisk.

a patient
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1 S0 i

Figure 3.46: Partial sequence (reverse) o f exon 7 o f the PAH gene showing a patient
C. Homozygous for L249F (forward: C ^ T ; reverse: G—>A)
D. Heterozygous for L249F (forward: C-^T; reverse: G—>A)
Both base substitutions are indicated by an asterisk.
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70

Figure 3.47; Partial sequence (reverse) o f exon 7 o f  the PAH  gene showing a patient 
heterozygous for R270K (forward; G -^A ; reverse; C ^ T )
Base substitution is indicated by an asterisk.
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Figure 3.48. Partial sequence (forward) of exon 7 o f the PAH  gene showing a patient 
heterozygous for P281L (forward; C-^T)
Base substitution is indicated by an asterisk.
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C C CAT  G T A T A C C C C C G  A A C C  NT G A G  T A C T G  T C C T
100 110 i p f

F i g u r e  3 .4 9 ;  Partial sequence of exon 7/intron 7 (forward) of the PAH  gene showing 
a patient heterozygous for IVS7ntl (forward: g ^ a )
Base substitution is indicated by an asterisk.
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GG CAT  A T  G G T  N C T  G G G  C T  C C T  GT  C A T  • 
0 90 100

Figure 3.50; Partial sequence (forward) o f exon 10 of the PAH  gene showing a 
patient heterozygous for A345S (forward; G->T)
Base substitution is indicated by an asterisk.
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CT A N A G T A C T G C T T  
70

Figure 3.51: Partial sequence (forward) of intron 10/exon 11 o f the PAH  gene 
showing a patient heterozygous for IVS10nt554 (forward: c-»t)
Base substitution is indicated by an asterisk.
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o A A A T T G G A A T C C T T T G C A G T G N C C T C C A G A A A A  
SP) m  /?)

Figure 3.52: Partial sequence (forward) o f exon 13 o f the PAH gene showing a 
patient
A. Homozygous for A447D (forward: C->A)
B. Heterozygous for A447D (forward: C->A)
Both base substitutions are indicated by an asterisk.
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Figure 3.53: Distribution of STR alleles on normal and mutant chromosomes
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Figure 3.54: STR fragment analysis of two patients 
A; Heterozygous for STR 242bp and 254bp;
B. Homozygous for STR 230bp
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Figure 3.55: Distribution of VNTR alleles on normal and mutant chromosomes
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Figure 3.56:
amplification

Lane 1 - 4 ,1-' 
Lane 5:
Lane 6,10. 
I.ane 11;

Etyiidium-bromide-stained polyacrylamide gel showing PCR mediated 
o f  the Hind III RFLP/VNTR m otif o f the PAH gene

); VNTR 8 homozygote
VNTR 8/VNTR 3 heterozygote 
VNTR 8/VNTR 7 heterozygote 
Molecular weight marker



Figure 3.57: Absolute allele frequencies of common HPA mutations 
found in Ireland by province
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Figure 3.58: Distribution of mutations at the PAH g^no. in Southern Ireland. The PAH  is represented by a box. Exons are 
represented by the closed boxes, numbered in black and are scaled to size. Introns are represented as lines following the 
exon. Mutations in each exon are written above the gene. Mutations affecting introns are written below the gene. 
Polymorphisms are written in red



Table 3.1: D istribution o f  base substitutions in the PAH  gene in Ireland  
identified by DG G E

I?  r  ^ -E ^ on  i  
S'*

f^iftsaet ectcd

1 10-55 0

2 10-60 71

3 20-60 63

4 15-55 0

5 25-65 1

6 20-65 16

7 25-65 87

8 20-60 22

9 20-65 2

10 10-60 41

11 15-60 25

12 20-60 251

13 20-60 6

* denaturant concentration



Table 3,2: Spectrum of mutations detected in the PAH  gene in Ireland to date 
and the relative frequencies

§y^epi£|tic^

R408W c.l222C->T E12 229 41.0 ACRS
F39L c.ll7C -> G E2 68 12.2 Natural
I65T c.l94T->C E3 58 10.4 ACRS
L348V c.l042C->G ElO 29 5.1 Natural
F299C c.896T-^G E8 22 3.9 Natural
R243X c.727C->T E7 19 3.4 ACRS
IVS12ntl c.l315+lg->a 112 13 2.3 ACRS
Y414C c.l241A-^G E12 8 1.4 ACRS
S394P c.l045T->C ElO 8 1.2 Natural
IVSlOnt-11 c. 1066-1 Ig—>a 110 7 1.2 ACRS
E280K c.838G ^A E7 6 1.1 ACRS
A447D c.l340C->A E13 6 1.1 Sequencing
L249F c.745C ^T E7 6 1,1 Sequencing
A345S c .l0 3 3 G ^C ElO 4 0.9 Sequencing
R252W c.754C->T E7 4 0,8 Natural
R261Q c.781C->T E7 3 0.5 Natural
A104D c.311C-»A E3 3 0.5 Sequencing
G46S c .l3 6 G ^ A E2 3 0.5 ACRS
lVSlOnl-3 c.l066-3c—>t 110 3 0.5 Sequencing
R270K E7 2 0.5 Sequencing
S67P c .l9 9 T ^ C E3 2 0.4 ACRS
P281L c.842C->T E7 2 0.4 Sequencing
E390G c.ll69A ->G E l l 2 0.5 ACRS
A246D c.737C->A E7 1 0.4 Sequencing
V245A c.734T->C E7 1 0.2 Natural
R408Q c.l223G->A 112 1 0.2 Natural
R158Q c.473G->A E5 1 0.2 ACRS
Y277D c.829T->G E7 1 0.2 Natural
lVS7ntl c.842+Ig—>a 17 1 0.2 Sequencing
Total 517 92.5

* Systematic names were assigned according to the method o f Antonarakis & the 
Nomenclature Working Group 
E: Exon; I: Intron
ACRS: Artificially Created Restriction site 
Natural: Naturally occurring restriction site



Table 3.3: Distribution o f STR alleles on normal (n=100) and PKU (n=140) 
chromosomes

iJSTR' fragment lei i^th ~ 1’KU Alleles Sprmal Alleles {%)

226 0 1

230 0 13

234 6 19

238 16 24

242 49 29

246 23 11

250 6 1

254 0 2

258 0 0



Table 3.4: Distribution o f VNTR alleles on normal (n=108) and PKU (n=140) 
clironiosonies

PKU alleles 1®/;) Nbrmal Aileles'1(%)

1 0 0

2 0 0

3 6 27

4 0 0

5 0 0

6 0 0

7 4 14

8 84 42

9 6 14

10 0 0

11 0 0

12 0 3



Table 3.5: Association of PAH  minihaplotypes with different mutations

h ‘ . 1 H lon»Jh'Vi>
w i^ li . ' '  V7

F39L 8 238 4
8 242 3
3 246 1

165T 8 246 6*
8 250 1
9 246 1

R408W 8 242 49
8 238 9
8 246 2

IVS-12ntl 8 242 2

F299C 9 234 6

R243X 3 234 4

L348V 8 242 1
7 250 1

* Two o f these alleles were from heterozygous patients



Table 3.6: Association o f  R 408W  with haplotypc 1.8 in European countries

P i^uen< ^ ' • ' .  .^RcfereiiQe-; -

Ireland ~ 100% O ’Neill e? a i,  1995

Northern Ireland ~ 100% Zschocke et a!., 1995

Scotland ~ 90% Tyfield et a l,  1991

England ~ 70% Tyfield et al., 1991

Norway ~ 50% Eiken et ah, 19965

Denmark ~ 10% Guldberg et al, 1993



Table 3,7; Type of mutations found at the PAH locus in the Irish population

'Mutatioii Kx<
Int

m f , Base change ‘' I 
roB '

C’pC site

F39L 2 TTC-^TTG Missense No
G46S 2 GGT^AGT Missense No
I65T 3 AAT-^ACT Missense No
S67P 3 TCT^CCT Missense No
A104D 3 GCC->GAC Missense No
R158Q 5 CGG-^TGG Missense Yes
R243X 7 CGA->TGA Nonsense Yes
V245A 7 GTG->GCG Missense No
A246D 7 GCT->GAT Missense No
L249F 7 CTT->TTT Missense No
R252W 7 CGG->TGG Missense Yes
R261Q 7 CGA-^CAA Missense Yes
R270K 7 AGA^AAA Missense No
Y277D 7 TAT->GAT Missense No
E280K 7 GAA-^AAA Missense Yes
P281L 7 CCg-^CTg Missense Yes
lVS7ntl 7 g->a Splice Yes
F299C 8 TTG->TGG Missense No
A345S 10 GCT->TCT Missense No
L348V 10 CTG->GTG Missense No
S349P 10 TCA-^CCA Missense No
IVSlOnt-11 10 g->a Splice No
lVSlOnt-3 10 c-^t Splice No
E390G 11 GAG—>GGG Missense No
R408W 12 CGG->TGG Missense Yes
R408Q 12 CCG->CCA Missense Yes
Y414C 12 TAC^TGC Missense No
lVS12ntl 12 g->a Splice No
A447D 13 GCC->GAC Missense No
Base pairs in exons are upper case; Base pairs in introns are lower case



Table 3.8: A comparison o f absolute allele frequencies o f PKU mutations between Ireland and Britain

Country sicreenec

.< Incidence  

1' ideficieii'cy"- R40^W  T ^ m  ' t m v  IV S l'2 n tl

Ireland* 578 1:4500 5.8(40.1) 1.6 (12.1) 1 .4 (10 .1 ) 0.8 (5.1) 0.3 (2.2)

N. Ireland^ 242 1:4500 4.2 (28.0) 1.5 (10.1) 3 .0 (2 0 .1 ) 0.8 (5.5) 0.5 (3.4)

\V Scotland^ 229 1:7500 3.6(31.0) 0.7 (5.7) 1.7 (14.8) 0.8 (7.0) 0.6 (4.8)

SW England'’ 124 1:12000 0.9(10.0) 0.3 (3.2) 0.8 (8.0) 0.5 (4.8) 2.5 (26.6)

SE England' 73 1:12000 1.4(15.0) 0.6 (6.8) 1.1 (12.3) 0.5 (5.5) 1.5 (16.4)

Wales' 64 1:13000 1.2 (14.0) 0.3 (3.1) 0.8 (9.4) 0.3 (3.1) 1.5 (17.2)

' Current study;  ̂Zschocke et ah, 1995b;  ̂Tyfield et al., 1997b



Table 3.9: Absolute allele frequencies o f PK U m utations between Ireland and Scandinavian countries

Country > 0 .  0 1  ' '  

a l l e le s ,  ̂ iO f - P K l

iSit'-' ■' ' ‘'V

Ireland' 578 1:4500 5.8 (40.1) 1.6(12.1) 1.4(10.1) 0.8 (5.1) 0.6 (3.9) c .2(1 .2) 0.3 (2.2)

N. Ireland^ 242 1:4500 4.2 (28.0) 1.5 (10.1) 3.0(20.1) 0.8 (5.5) 0.6 (3.9) 0.7 (5.0) - 0.5 (3.0)

Iceland'’ 31 1:10000 - - - - 1.3 (12.9) 0.7 (6.5) - 0.7 (6.5)

Denmark‘S 308 1:12000 1.6(18.2) 0.1(0.7) 0.1 (0.7) 0.1 (0.7) - 1.0(10.0) 0.2 (1.6) 3.4 (37.3)

Norway^ 236 1:13250 1.4(14.4) - 0.2 (2.1) - 0.6 (6.7) 1.0(11.0) 1.4(15.7) 1.3 14.7)

Sweden''

1 __  i

176

2-T.-I__ 1

1:20000 1.5 (21.6)

3/^. i j i__

-

4/".. 1 ju  .

-

5 T̂ M . .

1.3(18.8) 0.2 (2.3) 1.1 (2.3)

‘ Current study; ^Zschocke et al., 1995b; ^Guldberg et al., 1997b; '’Guldberg et al., 1993b; * Eiken et al., 1996b;  ̂Svennson et al., 1993a;



Table 3.10: A comparison of absolute allele frequencies of PKU mutations between Ireland and Mediterranean countries

W;ŝ «M •>. %r;r:..rx 

ned

Ireland* 578 1:4500 5.8(40.1) 1.6(12.1) 1,4(10.1) 0.8 (5.1) 0.2 (1.1) 0,1 (0.9)

Italy" 99 1:12000 0.1 (1.0) - - 2.1(23.2) 2.0 (22.2)

Sicily^ 106 1:2700 - - 0.2 (1.0) 2.9(15.1) 1.6 (8.5)

Spain"' 129 1:10000

1̂ ' -----
0.1 (0.8)

. . .It ,

0.9 (8.5) 1.5(14.7) 0.4 (3.9)

* Current study; ^Guzzetta et al., 1997; ^Guldberg et ah, 1996; '^Perez et al., 1997



Chapter 4
Genotype-phenotype correlations of PAH 

deficiency in the Irish population



4.1 Introduction

PAH deficiency is a highly heterogeneous disorder showing a broad continuum of 

phenotypes. Complete or near complete deficiency of PAH activity is designated 

PKU or classical PKU and results in profound and irreversible mental retardation 

unless dietary exposure to phenylalanine is drastically reduced. The capability to 

predict the phenotypic outcome in newborns with hyperphenylalaninaemia from their 

genotype would be an extremely useful tool for implementing the optimal dietary 

therapy for each individual patient. The aim of this study was to examine the 

phenotype-genotype relationship in the Irish HPA population and to attempt a 

correlation between the two parameters.

4.1.1 Background

In the 1960s, the term “variant PKU” was assigned to individuals with biochemical 

findings identical to those in classical PKU, but with little or any cerebral damage. 

The term atypical PKU was used to describe these variants by Cowie in 1951. At the 

Heidelberg symposium on PKU in 1969, Koch et al. (1969) classified patients into 

three distinct groups: (i) PKU (mentally retarded), (ii) Atypical PKU (normal 

intelligence); (iii) Hyperphenylalaninaemic variants (serum Phe levels o f 240- 

1200|iM). At the same symposium, Blaskovics & Shaw described two distinct 

groups: (i) Classical PKU and (ii) PKU variants (Guttler & Guldberg, 1994). In 

1967, using liver biopsy specimens, it had been shown that two patients with classical 

PKU showed no enzyme activity whereas two patients with variant PKU had 12-50% 

residual enzyme activity (Justice et al., 1967). In 1975, another group demonstrated 

that patients with classical PKU had no phenylalanine hydroxylase activity, patients 

with milder forms o f PKU showed 6% residual activity and patients with mild 

hyperphenylalaninaemia had 8-35% of normal values (Bartholome et a l, 1975).
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4.1.2 Classification of patients

Clinically based criteria (including pre-treatment Phe levels, velocity o f blood Phe 

normalisation after introduction o f a Phe-free diet and dietary Phe tolerance) are 

routinely employed in the classification of HP A patients (Dianzani el a l, 1995). 

Among these, dietary Phe tolerance (the maximal daily Phe intake consistent with 

maintaining blood Phe levels within the therapeutic range) has shown the best 

correlation with the degree o f PAH deficiency (Desviat et al., 1997). However it 

should be noted that dietary Phe tolerance is not a static but rather a dynamic 

parameter and that the assessment o f Phe tolerance is delayed after birth and is 

usually taken at five years. Currently, in the literature, there are many different 

systems in use for classifying HPA patients. Two predominant proposals exist 

defining the different forms of HPA based on dietary Phe tolerance (Kayaalp et a l, 

1997; Guldberg et a l, 1998b). The first one proposes three classes: PKU, variant 

PKU and non-PKU HPA (Kayaalp et al., 1997). Patients who can tolerate < 500 mg 

Phe/day are described as having PKU. If the patient is on normal diet with levels 

below 1000p.M, they are classified as having non-PKU HPA, Variant PKU is the 

category which lies between these two. The second proposes four classes based on 

Phe tolerance expressed in mg Phe/kg body weight/day: severe PKU, moderate PKU, 

mild PKU and mild HPA (Guldberg et al., 1998b). Classifications are based on 

dietary phenylalanine tolerance in patients with PKU, or on pretreatment blood Phe 

levels in patients with mild HPA. Patients with severe PKU can tolerate < 20 mg 

Phe/kg body weight/day (equivalent to 250-350 mg/day), patients with moderate 

PKU can tolerate 20-25 mg/Phe/kg body weight/day (equivalent to 350-400 mg/day) 

and patients with mild PKU can tolerate 25-50 mg Phe/kg body weight/day 

(equivalent to 400-600 mg/day). Patients with Phe levels < 600|j,M on normal diet 

are classified as having mild HPA. In Ireland, patients have previously been 

classified as having classical PKU or atypical PKU according to the dietary Phe 

tolerance criteria outlined by Naughten et al. (1987). The term classical PKU is 

applied to patients who have an initial Phe level o f greater than 1200|.iM, break 

through to greater than 1200|aM during illness and who cannot tolerate more than 

600mg Phe/day. Patients who can tolerate more than 600 mg Phe/day and who rarely
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break through to greater than 1000|j,M are classified as having atypical PKU. Patients 

who can maintain their Phe levels at less than 400|iM while on normal diet are 

classified as having non-PKU HPA (E. Naughten., personal communication). There 

is a significant difference between these three classification systems and it is 

interesting to note that a patient tolerating 450mg Phe/day would be classified as 

having PKU by Kayaalp et al. (1997) and Naughten et al. (1987) but as having mild 

PKU by Guldberg et al. (1998b). It is important to observe that an arbitrary 

classification system will not accurately represent the continuum of PAH phenotypes 

observed and will prove inadequate for classification of phenotypes that occur at the 

border between two different classes. It has also been noted that patients that have 

been classified according to pretreatment Phe levels do not show as good a 

correlation with genotype as do those classified according to Phe tolerance (Desviat 

e ta l ,  1997).

4.1.3 Classification of mutations

The effect o f a mutation in the PAH  gene on enzyme activity depends on the type and 

position of the mutation. Some mutations result in complete abolition of PAH 

enzyme activity due to their impact on the structure and integrity o f the enzyme. 

These mutations are described as null mutations. When an individual has inherited 

two null mutations the resulting phenotype is PKU. A hyperphenylalaninaemic 

patient that has inherited a null mutation on one chromosome can be regarded as 

fiinctionally hemizygous with respect to the mutation on the other chromosome. If 

the second mutation has some residual enzyme activity, it will determine the 

biochemical and hence the metabolic phenotype. It is generally very difficult to 

predict the influence o f missense mutations on enzyme activity. A missense mutation 

alters only one amino acid in a protein and the consequence o f this depends on the 

type o f amino acid substitution and the site o f the substitution. It is difficult to predict 

how mutations actually modify the gene product and alter the tertiary structure and 

catalytic activity o f the homotetrameric enzyme. Mutations can affect the enzyme 

activity, substrate or cofactor kinetics or the physical properties o f the enzyme which
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cause increased PAH aggregation (Waters et al., 1998b). Three different approaches 

are being used to assess the effect o f missense mutations in vivo (Waters et al., 

1998a):

(i) In vitro expression analysis o f  inherited mutations;

(ii) Site-directed mutagenesis and in vitro analysis of the corresponding mutant 

rat enzyme;

(iii) Analysis of phenylalanine metabolism in a subject with a classified mutant 

HPA phenotype.

At least 45 PAH  mutations have been expressed in vitro (reviewed by Waters et al., 

1998a). In vitro activities o f mutant PAH proteins expressed in mammalian cells are 

usually indicative o f the relative severity o f  mutations, however they cannot be 

directly translated into absolute in vivo hepatic activities (Waters et al., 1998a). In 

vitro activities are higher than those observed in Hver biopsies or in studies o f in vivo 

C-Phe oxidation and often represent substantial over-estimations (Waters et al., 

1998a). In several reports, an approximate predicted in vitro residual enzyme activity 

(PRA) has been derived by taking an average o f the in vitro activities associated with 

each o f the two mutations comprising a patient genotype (Burgard et al., 1996). PRA 

does not claim to exactly measure the in vivo activities but reflects the activities of 

different genotypic combinations relative to each other. The predicted residual 

activity does not take into account the possibility o f more complex interactions of 

different PAH subunits. The activity determined in vitro reflects a snapshot of the 

PAH protein level which will be continually changing as existing protein is degraded 

and transient synthesis o f new protein tails off.

4.1.4 Correlation between m utant genotype and biochemical phenotype in 

treated patients

Significant correlations have been described between the PRA and biochemical 

indices o f disease, including dietary Phe tolerance and pretreatment serum Phe levels
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(Burgard et al., 1996). However, there are complications inherent in understanding 

the phenotype o f the multimeric enzyme produced in compound heterozygotes 

(Svensson et al., 1992; Scriver et a l, 1995). These difficulties can be avoided by 

analysing the metabolic phenotypes solely in patients who are homozygous for a 

given mutation or who carry this mutation in combination with a null mutation. 

These patients are considered “functionally hemizygous” for the non-null mutation 

(Guldberg et a l, 1995b).

Okano and co-workers (1991b) found a strong correlation between the predicted 

residual activity (PRA) o f PAH and pretreatment serum Phe levels, dietary Phe 

tolerance and serum Phe levels after the administration of an oral protein load. The 

authors concluded that the biochemical phenotype and clinical outcome in patients 

can be inferred by determining the mutant genotype. They suggested that 

pretreatment serum Phe levels and dietary Phe tolerance levels would prove usefial in 

the diagnosis, treatment and prognosis of patients with HP A (Okano et al., 1991b). 

Svensson et al. (1993a) also showed a strong correlation between PRA and 

phenotypic classifications based on dietary Phe tolerance and on pretreatment serum 

Phe levels. The authors concluded that genotyping of patients could be used to assess 

the severity o f the disease and help to predict an ideal degree o f dietary restriction 

(Svensson et al., 1993a). A study of the relationship between mutant genotype and 

biochemical phenotype in a PKU population in Spain revealed a strong correlation 

between genotype (PRA) and phenotype based on Phe tolerance data. The correlation 

between genotype (PRA) and phenotype based on pretreatment serum Phe levels was 

weaker (Desviat et al., 1997 & 1999). In a recent European multicentre study of 

phenylalanine hydroxylase deficiency, mutant genotypes and corresponding 

metabolic phenotypes were analysed in 686 patients with PAH deficiency (Guldberg 

et a l, 1998b). Patients were assigned to one o f four arbitrary phenotype categories: 

severe PKU, moderate PKU, mild PKU, and mild HP A. The authors attempted to (a) 

assess the intrinsic severity o f 105 PAH  mutations and (b) test a simple correlation 

between PAH  genotypes and metabolic phenotypes of PAH deficiency. They 

concluded that there was both direct and indirect evidence of a simple genotype- 

phenotype correlation in most patients with PAH deficiency. A perfect match
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between genotype and phenotype was observed in almost 80% o f patients examined. 

It was also found to be significant that, in only 3% of cases, the observed phenotype 

was more than one category away from the expected phenotype.

Inconsistencies have been noted between patients with the same genotype. A study 

has been carried out in Canada on the genotype-phenotype correlations in 365 

patients with PAH deficiency (Kayaalp et a l, 1997). In this study, the authors found 

that PAH deficiency was more complex than would be predicted for a Mendelian 

disorder and that the PAH  genotype will not always reliably predict the phenotype. In 

a study on the phenotypic expression o f 12 mutations in the PAH  gene, Rey et al. 

(1996) found that mutant genotype does not help to predict either the phenotype or 

the long-term outcome of the patient. It must be noted that other loci can significantly 

influence the metabolic phenotype in some patients (Waters et al., 1998a). Tyfield 

(1997a) has suggested that a simple correlation may not always be present between 

mutant genotype and clinical phenotype in HPA patients and that other factors must 

be taken into account.

4.1.5 Correlation between mutant genotype and clinical phenotype in treated 

patients

Neither the biochemical phenotype nor the mutant genotype always correlate with the 

clinical phenotype as determined by cognitive development. Cognitive development 

and performance are the result o f the interaction o f many genes and environmental 

factors. A two stage model for damage to intellectual development in PKU has been 

proposed (Ramus et al., 1993). Stage 1 involves the deficiency of PAH activity 

leading to excess serum phenylalanine. It is this stage that is monitored when the 

biochemical phenotype is assessed and that responds to the restricted diet. In stage 2, 

the high levels o f  phenylalanine and its metabolites damage the neurological tissue 

and can cause mental retardation and other neurological manifestations. In addition, 

absence o f PAH activity results in reduced levels of tyrosine, the precursor of a 

number o f neurotransmitters, and reduced levels of neurotransmitters may be
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responsible for some o f the neurological phenotype. This second stage is susceptible 

to modification by the products of other genes as well as by environment. Specific 

modifying genes have not yet been identified. A family has been reported with three 

siblings with identical genotype and similar biochemical phenotype but very different 

intellectual development. The authors concluded that the clinical phenotype of this 

disease can be influenced or altered by additional genetic loci (Di Silvestre et a l, 

1991). In another family two brothers had used the restricted diet from birth to 18 

years o f age. On discontinuation o f diet one brother developed neurological 

problems, including spasticity and behavioural disturbances while the other brother 

developed normally. When the diet was recommenced, the symptoms in the first 

brother resolved (Di Silvestre et a l, 1991). Clearly genotype-phenotype correlations 

are strong when the biochemical phenotype is considered but are weaker when the 

intellectual state is considered. It has been observed that genotype is related to the 

degree of fluctuation in Phe levels during dietary therapy as reflected by the SD of 

phenylalanine concentrations measured during the first nine years of life (Lichter- 

Konecki, 1994a; Burgard et al., 1996). This may be explained by the fact that the 

FRA is effective at any Phe level and always influences the profile or by the fact that 

the PRA influences the profile by preventing peak values above a certain threshold 

(Burgard et al., 1996). A correlation between the fluctuation of individual Phe values 

and the IQ of the patients was also observed. Therefore, it was concluded that the 

genotype has an indirect effect on the intelligence of the patient (Lichter-Konecki, 

1994a). Although mean serum Phe levels were identical in patients carrying severe 

mutations and in patients carrying mild mutations, mean IQ was significantly higher 

in patients with a milder genotype (Lichter-Konecki, 1994a).

4.1.6 M utations in families with discordant phenotypes

Careful molecular analysis has shown that siblings inheriting identical PKU alleles 

can have very different phenotypes. Different phenotypes ranging from PKU to mild 

hyperphenylalaninaemia (MHP) have been described within a family. Guttler & 

Guldberg (1994c) investigated four families in which both MHP and PKU were
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observed and in each instance three different mutations were characterised including 

two associated with PKU and one associated with MHP. One parent harboured a 

PKU allele and an MHP allele and had previously unrecognised mild 

hyperphenylalaninaemia while the other parent was a carrier for a PKU allele. While 

this is one explanation for a range o f phenotypes within one family, molecular 

analysis has shown that siblings inheriting identical PKU alleles can have very 

different phenotypes.

4.1.7 Correlation between mutant genotype and phenotype in untreated PKU 

patients

Cognitive development and performance are the result of the interaction of many 

genes and neither the mutant genotype nor the biochemical phenotype always 

correlate well with the clinical phenotype (Guttler & Guldberg, 1996). In a study 

carried out by Ramus et al. (1993) of 42 patients with untreated PKU, it was 

discovered that patients with identical genotype had very different intellectual 

phenotypes, in several families, one sibling had profound retardation while the other 

was only mildly affected. This difference could not be explained by diet and 

therefore it was proposed that another gene or genes were modifying the intellectual 

phenotype o f untreated patients. Also some individuals predicted to have < 1% 

enzyme activity had only mild mental retardation. In a similar study carried out by 

Yuan et al. (1998), 27 patients with untreated PKU and consequent mental 

retardation were examined for a correlation between genotype and intellectual 

phenotype. It was found that the intellectual phenotype of 8 patients (30%) was well 

matched with genotype but not well matched in 19 cases (70%). For example, the 

enzyme activity o f Y204C was found to be 100% in vitro but three patients with a 

Y204C/Y204C homozygous genotype had severe mental retardation. The authors 

concluded that genotype cannot be used to predict the intellectual phenotype in 

untreated patients (Yuan et al., 1998).
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4.2 Methods

4.2.1 Phenotypic classification of patients

In all patients hyperphenylalaninaemia had been detected by the national newborn 

screening program carried out in the Children’s Hospital, Temple Street, Dublin 1. 

Since 1959, the policy for patients attending Temple Street Hospital has been a diet 

for life regime (Naughten et al., 1987). Phenotypic classifications were made blinded 

to the genotypic data. The two phenotypic variables examined in this study were:

(a) Dietary Phe tolerance at age 5̂ ;

(b) Pretreatment serum Phe levels during the neonatal period.

Patients who maintained Phe levels less than 400|iM while on normal diet were 

classified as having non-PKU HPA.

4.2.1.1 Classification based on dietary Phe tolerance

Dietary control o f phenylalanine intake in the Metabolic Unit is represented in terms 

o f “exchanges” . One exchange equals one gram of protein equals 50 mg o f 

phenylalanine. For example, a patient on five exchanges per day can tolerate 250 mg 

phenylalanine per day. Dietary Phe tolerance was determined in patients as soon after 

the fifth birthday as possible. Patients were assigned to one o f two arbitrary 

phenotypic categories (PKU and variant PKU) on the basis o f dietary phenylalanine 

tolerance in mg Phe/day according to the method described by Kayaalp et al. (1997).

(i) Patients with PKU tolerate < 500mg Phe/day;

(i) Patients with variant PKU tolerate > 500 mg Phe/day;

 ̂ It is important to obtain dietar>’ Phe tolerance during a non-gro\\1h period and therefore it is essential 

to obtain it at least 2 years after birth.
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Patients were also independently assigned to one of two arbitrary phenotypic classes 

(PKU and variant PKU^) on the basis of dietary phenylalanine tolerance in mg 

Phe/day according to the method described by Naughten et al. (1987):

(i) Patients with PKU tolerate < 600mg Phe/day;

(ii) Patients with variant PKU tolerate > 600 mg Phe/day,

4.2.1.2 Classification based on pretreatment serum Phe levels

Patients were also assigned to one of two arbitrary phenotypic categories (PKU and 

variant PKU) on the basis o f pretreatment levels according to the method described 

by Naughten et al. (1987):

(i) Patients with a pretreatment level > 1200|j,M were classified as having PKU;

(ii) Patients with a pretreatment level o f between 400 and 1200(.iM were

classified as variant PKU

In parallel with the classification of patients on a biochemical basis, patients were 

also classified on a clinical basis by the Senior Dietician in St. Ultan’s Metabolic 

Unit, Children’s Hospital, Temple Street, Dublin 1. Inclusion in the ‘classical’ 

category was justified in patients with a family history o f cognitive impairment 

related to PKU.

4.2.2 Genotypic classification o f patients

The predicted residual activity (PRA) was calculated by averaging the relative levels 

of PAH activity associated with each mutant enzyme in expression analysis and was

 ̂ Tliese two phenotypic groups were named classical PKU and atypical PKU by Naughten et al. 

(1987), but for ease of comparison in the following chapter the two phcnotypic groups will be called 

PKU and variant PKU.
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expressed as a percentage o f  the normal levels. The residual activity o f  in vitro 

expressed mutant proteins was obtained from previously published studies.

4.2.3 Statistical analysis

Anova analysis was carried out to determine the relationship between

(i) PRA and dietary Phe tolerance and

(ii) PRA and pretreatment serum Phe levels

Simple linear regression analysis was used to determine the relationship between 

dietary Phe tolerance and pretreatment serum Phe levels. Both analyses were carried 

out using Datadesk (Data Description Corp. Inc., Ithaca, NY, USA).
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4.3 Results

The genotypes and the observed biochemical parameters (Phe at diagnosis and Phe 

tolerance) in treated and untreated patients are detailed in Appendix ].

4.3.1 Classification of mutations

The residual activities o f mutant proteins expressed in vitro were obtained from 

previously published studies and were used to calculate the predicted residual 

activities o f genotypes. These activities are usually overestimates compared to the 

situation in vivo (Okano et a l ,  1991b). Table 4.1 lists the 29 mutations that have been 

detected in the Irish population and, where available, the activity o f the mutant 

enzyme. In vitro expression analysis has not been carried out for eleven of the 

mutations, namely F39L, S67P, V245A, A246D, L249F, R270K, Y277D, IVS7ntl, 

A345S, IVSlOnt-3, and A477D. Ten o f the mutations have no detectable activity or 

activity < 1% of normal and are as follows; G46S, R243X, R252W, E280K, P281L, 

F299C, S349P, lVSlOnt-11, R408W and IVS12ntl. The remaining eight have 

varying degrees of activity as follows;

R158Q: 10%, L348V: 25%, I65T; 26%, A104D: 26%, R408Q: 55%, E390G: 70%. 

The mutation Y414C has been found to have an in vitro activity o f 50%> in one study 

(Okano et al., 1991b) and 28% in another study (PAH mutation database). R261Q 

has also been found to have differing in vitro activities o f 27% {PAH mutation 

database) and 47% (Knappsog et al., 1995).
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4.3.2 Correlation between mutant genotype and biochemical phenotype based 

on dietary Phe tolerance levels

4.3 .2.1 Classification of patients based on dietary Phe tolerance levels

Out of the 279 patients included in the study, 235 patients (84.2%) have been fully 

genotyped. Dietary tolerance data at age five was available for 114 o f these patients. 

Dietary tolerance data was not available in the remaining 121 patients due to the 

following reasons: born pre-screening (n=3), missed on screening (n=3), non-PKU 

HPA (n=5), late detected (n=12), changed hospital (n=26), incomplete records 

(n=72).

Table 4.2 describes the phenotypic classes to which these patients were assigned 

according to Kayaalp et al. (1997). Ninety two patients were assigned as having PKU 

and twenty two were assigned as having variant PKU. Table 4.3 describes the 

phenotypic classes to which the patients were assigned according to Naughten et al. 

(1987). Ninety nine patients were classified as having PKU and fifteen as having 

variant PKU.

4.3.2.2 Correlation between mutant genotype and biochemical phenotype 

based on dietary Phe tolerance levels

Correlations between mutant genotype and biochemical phenotype were based on the 

classification system of Kayaalp et al. (1997). The data was also analysed according 

to the method described by Naughten et al. (1987) and these results can be seen in 

Appendix 2. Using this latter classification system, the results only differed in four 

patients.
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4.3,22.1 Homoallelic mutant genotypes

There were four different homoallelic mutant genotypes harboured by 25 individuals. 

Table 4.4 describes the mutant genotypes and the phenotypes o f individual patients as 

classified according to Kayaalp et al. (1997). R408W, a null mutation conferred the 

PKU phenotype in the homoallelic state in all patients (20/20), F299C, another null 

mutation, also conferred the PKU phenotype in the homoallelic state (1/1). The I65T 

mutant genotype was associated with two phenotypic groups, PKU and variant PKU. 

The F39L homoallelic mutant genotype was also associated with both PKU and 

variant PKU.

4.3.2.2.2 Heteroallelic mutant genotypes

The majority o f subjects 89/114 (78.0%) were heteroallellic. There were 43 different 

genotype combinations found in these patients.

4.3.2.2.2.1 Patients with two null mutations

Twenty patients had two null mutations in ten different combinations. Mutations 

included G46S, R243X, E280K, P281L, F299C, S349P, R408W and IV S12ntl. The 

biochemical phenotypes based on dietary Phe tolerance associated with these “null” 

genotypes are described in Table 4.5. All patients with two null mutations were 

defined as having PKU according to  the classification systems o f Kayaalp et al. 

(1997).
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4.3.2.2.2.2 Functionally hemizygous patients

Twelve different missense mutations were inherited with a putative null mutation by 

fifty five “functionally hemizygous” individuals. The phenotypic classifications 

associated with these genotypes according to Kayaalp et al. (1997) are described in 

Table 4.6. Six alleles, S67P, L249F, IVS7nt2, L348V and A447D, consistently 

conferred the PKU phenotype and two alleles, IVSlOnt-3 and E390G, consistently 

conferred the variant PKU phenotype. Four alleles, F39L, 165T, A345S and Y414C, 

were associated with two phenotypic groups.

4.3.2.2.2.3 Patients with two missense mutations

Fourteen patients inherited two missense mutations in nine different combinations. 

The biochemical phenotypes were classified according to Kayaalp et al. (1997) and 

are shown in Table 4.7. Seven of the genotypes were only seen once and therefore no 

trend could be established. Two of the genotypes, F39L:L348V and F39L:I65T, were 

seen in four and three patients respectively. However, each genotype was associated 

with both PKU and variant PKU.

4.3.2.3 Correlation between PRA and dietary Phe values in HPA patients

It was possible to obtain both the predicted residual activity and dietary Phe tolerance 

levels for 70 o f the patients. In order to make the dietary Phe tolerance data normally 

distributed, the log of dietary Phe tolerance levels were plotted as a flinction o f 

predicted residual activity. PRA was grouped into three intervals o f <1.5% (A), 12- 

13% (B) and 25-26% (C) as shown in Figure 4.1 :A. Analysis o f variance was carried 

out on this data and the Anova table can be seen in Figure 4.1 :B. A strong correlation 

was observed between the level of PAH activity predicted from the genotype and 

dietary Phe levels. The F-statistic was found to be 23747 with a p value o f < 0.0001 

which indicates a highly significant correlation.
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4.3.2.4 Correlation between dietary Phe values and pretreatment serum Phe

levels in HPA patients

Pretreatment serum Phe levels and Phe tolerance levels were compared for 105 HPA 

patients. Neither parameter was normally distributed and therefore a log-log plot was 

constructed and can be seen in Figure 4.2; A. A simple linear regression trendline 

was fitted to the data and, as can be seen in Figure 4.2, there was a strong correlation 

between dietary Phe tolerance levels and pretreatment serum Phe levels. From the 

plot o f the residuals vs. the predictor (Figure 4.2: B) it can be seen that there is an 

homogeneous distribution o f residuals. Least squares regression analysis was carried 

out on the data and the results are also shown in Figure 4.2: C.

4.3.3 Correlation based on pretreatment serum Phe levels

4.3.3.1 Classification based on pretreatment serum Phe levels

Pretreatment serum phenylalanine levels were available for 202 o f the 235 fully 

genotyped patients. Table 4.8 describes the phenotypic classes to which these patients 

were assigned. The majority o f  patients, one hundred and twenty five patients (62%) 

were classified as having PKU with pretreatment serum Phe levels greater than 

1200|j.M. Seventy seven patients (38%) were classified as having variant PKU with 

pretreatment serum Phe levels less than 1200|.iM. Information on the remaining 33 

patients could not be gathered due to one o f the following reasons: born pre

screening (n=3), missed on screening (n=3), late detected (n=12), incomplete records 

(n=15).
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4.3.3.2 Correlation o f mutant genotype (PRA) and pretreatment serum Phe

levels

It was possible to obtain both the predicted residual activity and pretreatment serum 

Phe levels for 129 o f the patients. The log o f  pretreatment serum Phe levels was 

plotted as a function o f predicted residual activity which was categorised into four 

distinct groups o f  0% (A), 12-13% (B), 25-26% (C) and 30-37% (D). The boxplot 

can be seen in Figure 4.3: A. A strong inverse correlation was observed between the 

level o f PAH activity predicted from the genotype and neonatal pretreatnient serum 

Phe levels. Analysis o f  variance was carried out on this data and the Anova table can 

be seen in Figure 4 .3 :B. The F-ratio for the analysis was 62.444 which gave a 

probability o f  < 0.0001.

4.3.4 Non-PKU HPA patients

O f the 235 patients that were fully genotyped, four (1.7%) were classified as having 

non-PKU HPA with serum Phe levels consistently below 400|j,M on normal diet. 

Table 4.9 describes the genotypes o f  these patients.

4.3.5 Untreated PKU patients

Table 4.10 summarises genotypic and phenotypic data for a small number of 

untreated PKU patients for whom genotypic and phenotypic data was available. In 

the group o f untreated patients, the intellectual phenotype varies, ranging from severe 

to mild mental impairment. Three patients had an R408W ;R408W  genotype. Two o f 

these patients presented with moderate cognitive impairment while the other patient 

suffered from very severe mental impairment. Four patients were flinctionally 

hemizygous for I65T. Two patients did not start on diet until they were at least 27 

years and only suffered from mild mental impairment. One patient started diet at 30 

years and suffered severe mental impairment. The other patient started diet at age 10
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and suffered moderate mental impairment. Two patients had an F39L: R408W 

genotype, one patient who was diagnosed at 38 years had severe mental impairment 

while the other patient had moderate mental impairment.
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4.4 Discussion

The main purpose o f this study was to determine whether a simple correlation existed 

between PAH  genotypes and metabolic phenotypes in the Irish population of 

deficient individuals. The capability to predict the phenotypic outcome in newborn 

babies with HPA would be useful in implementing an optimal dietary therapy, A two 

or three fold change in the oral Phe tolerance could represent a huge difference in the 

daily comfort o f the patient, A number of systems are currently in use for 

classification of PAH deficient individuals based on dietary Phe tolerance. Two of 

these systems (Naughten et al., 1987; Kayaalp et al., 1997) were used in the analysis 

o f genotype-phenotype correlations in the Irish population,

4.4.1 Correlation of phenotype based on dietary Phe tolerance with mutant 

genotype

In previous studies, the most significant correlations have been observed between 

dietary Phe tolerance and genotype (Guldberg et a l, 1998b; Perez et a l, 1999). 

Therefore, when analysing genotype-phenotype correlations in the Irish IIPA 

population, dietary Phe tolerance was considered to be the most important 

biochemical parameter. Figure 4,1 demonstrates the strong correlation observed 

between Phe tolerance and PRA in the Irish population.

4.4.1.1 Homoallelic patients

Homoallelic patients and functionally hemizygous patients are the most useful for the 

classification o f PKU phenotypes. For classification o f allele effect, the use of a 

functionally hemizygous genotype is less robust than a homoallelic genotype. All 

other things being equal, the corresponding in vivo phenotypes
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of homoallelic patients should reflect an effect o f the mutation on the HPA 

phenotype. Forty nine patients with an R408W:R408W genotype have been 

identified in this study. Phe tolerance information was available in 20 patients and all 

patients were classified as having PKU. Only one patient with an F299C:F299C 

genotype was classified according to Phe tolerance data and had PKU. This 

phenotype was expected due to the complete abolition of enzyme activity caused by 

the mutation. The two patients with an F39L:F39L genotype had different 

phenotypic classifications. The patient described as having PKU could tolerate 450 

mg of Phe per day and was in the upper limits of this classification. However, it is 

important to note that, in the clinician’s opinion, this patient had classical PKU while 

the other patient had variant PKU. Two patients had a genotype o f I65T;I65T and 

were classified in two different groups, PKU and variant PKU, according to the 

classification system of Kayaalp et al. (1997). I65T in a homozygous state has 

previously been seen in patients with severe PKU, in patients with variant PKU and 

in patients with non-PKU HPA (Kayaalp et al., 1997).

4.4.1.2 Heteroallelic patients

4.4.1.2.1 Two null mutations

All patients that inherited two null mutations were classified as having PKU. In 

previous studies, E280K and R252W were found to have an enzyme activity of 0.5 

and 0.9% respectively. These results suggest that all ten mutations (G46S, R243X, 

R252W, E280K, P281L, F299C, S349P, IVSlOnt-11, R408W and IVS12ntl) result 

in the absence of enzyme activity. In another study, a patient with unrecognised 

Maternal PKU who had attended school for ten years and passed her exams had 

inherited two mutations that completely abolish PAH activity (IVS12ntl/R408W) 

(Guttler & Guldberg, 1994).
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4.4.1.2.2 Functionally hemizygous patients

In compound heterozygotes, assessment o f the severity o f one uncharacterised 

mutation is only possible if the other mutation completely abolishes enzyme activity 

and has no influence on the expression of the unknown allele. A fiinctionally 

hemizygous patient carries a mutation which results in no translation product that 

could influence the second mutation. As a result of the analysis o f the fiinctionally 

hemizygous patients in this study, five alleles, L348V, A447D, S67P, L249F and 

IVSTntl, were assigned to the PKU phenotype. L348V was found in 7 fiinctionally 

hemizygous patients. All patients were classified as having PKU. This is interesting 

because expression analysis studies have attributed a 25% enzyme activity to this 

mutation. Looking at the data obtained in this study, the activity o f L348V appears to 

be considerably less in vivo. A447D was found in two patients and both were 

classified as having PKU. S67P, L249F and IVS7nt2 were only found in one 

functionally hemizygous patient each and, therefore, their assignment to a particular 

phenotypic category may be somewhat uncertain.

Two alleles, IVSlOnt-3 and E390G, were assigned to the variant PKU phenotype. 

IVSlOnt-3 appears to be a mild PKU mutation because, in combination with a null 

mutation, it resulted in variant PKU in both cases. Liver biopsy in a French patient 

with a R261Q:IVS10nt-3 genotype showed a residual enzyme activity o f 1.5% of 

control, attributable to the mild R261Q mutation. IVSlOnt-3 has therefore been 

classified as a severe mutation (Abadie et al., 1993). E390G was only found in one 

fiinctionally hemizygous patient but it has an in vitro expressed activity o f 70% and 

patients that are fiinctionally hemizygous for this mutation would be expected to have 

a mild phenotype.

O f 19 patients that were fiinctionally hemizygous for F39L, 18 patients (95%) had 

PKU and 1 patient (5%) had variant PKU. The patient classified with variant PKU 

had a Phe tolerance o f 700mg/day. In a similar study (Guldberg et a l, 1998b), a 

mutation was assigned to the phenotypic group in which it most often appeared. 

Using this methodology, F39L would be assigned to the PKU phenotype.
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Four mutations were associated with two or more phenotypic groups. There were 13 

patients functionally hemizygous for I65T. O f these, 7 (54%) were defined as having 

PKU, 6 (46%) as having a variant form of PKU. However, of the six with variant 

PKU, one was borderline and two patients were defined as classical according to 

clinical opinion. The association of I65T with three phenotypic classes has also been 

seen in other European countries (Kayaalp et a l, 1997). A potential cause o f these 

inconsistencies may relate to the biological properties and functions o f the mutant 

protein. I65T affects a residue that may reside in the putative regulatory 

phenylalanine binding site of PAH. This may suggest that the activity o f the enzyme 

is subject to regulation by the substrate. Therefore the phenylalanine tolerance in 

patients may depend on the target phenylalanine levels.

A345S was found in three functionally hemizygous patients. Two of the patients had 

variant PKU while the other had PKU. No information either regarding the activity of 

this mutation or its effect on phenotype has been recorded. Two patients with 

identical genotype R408W:A345S could tolerate 300 and 700mg Phe /day 

respectively.

Y414C has been reported to have an in vitro activity of both 50% (Okano et al., 

1991b) and 28% {PAH mutation database). Most studies have considered it to be 

50%. Therefore it would be expected that, in combination with a null mutation, a 

mild phenotype would result. Of the three subjects in this study found with an 

R408W;Y414C genotype, two had PKU and one had non-PKU HPA. In real terms 

this meant that while two patients required strict dietary therapy to keep their levels 

within therapeutic range, the other patient was on a normal diet. It has been noted that 

the in vitro activities of some mutant proteins are almost certainly higher than their 

corresponding activities in vivo. Y414C has been frequently represented in discordant 

genotype-phenotype associations.
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4.4.1.2.3 Two missense mutations

In patients with two mutations with some residual activity, it is more difficult to 

correlate genotype with phenotype. For example in functionally hemizygous patients, 

F39L and L348V acted as PKU mutations. However, of four patients with an 

F39L:L348V genotype, three had variant PKU and one had classical PKU. Of the 

three patients with a genotype o f I65T;F39L, two had PKU while one had variant 

PKU. It is very difficult to predict the effect of one mutation on the other and each 

mutation will result in a translation product that could influence the second mutant 

product.

4.4.2 Correlation between pretreatment serum Phe levels and genotype

Pretreatment serum Phe levels have been found to have a more limited value in 

genotype-phenotype correlations (Guldberg et al., 1998b; Desviat et al., 1999). In 

this study, a strong correlation was observed between pretreatment Phe levels and 

genotype as reflected in predicted residual activity (Figure 4.3). However it must be 

noted that a wide range o f Phe levels at diagnosis were observed for the same 

genotype, especially for patients with 0% activity. This can possibly be explained by 

the different ages at diagnosis, different diet and feeding patterns and other individual 

characteristics. In Ireland, a high risk screen is performed on newborns that have 

siblings with PAH deficiency. In such instances, blood is taken early and therefore 

Phe levels will be lower. Variation in pathways of phenylalanine uptake or 

metabolism may contribute to the variation in pretreatment serum Phe levels in 

patients with predicted levels o f PAH activity o f 0% since such activity is no longer 

the determinant o f their serum Phe levels. A comparison between pretreatment 

serum Phe levels and dietary Phe tolerance levels for 105 patients is given in Figure 

4.2. A significant linear relationship exists between the two parameters. However, a 

wide range of Phe levels are noted for patients that can tolerate the same amount o f 

phenylalanine daily. This highlights the limited usefulness o f pretreatment serum 

Phe levels in classifying HPA patients.
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4.4.3 Correlation between genotype and phenotype in untreated PKU patients

In this small group of untreated PAH deficient patients, the intellectual phenotype 

ranged from mild to severe mental impairment. In patients with identical genotype, 

the phenotype varied broadly. Three patients with a genotype o f R408W:R408W 

were analysed and two were found to have suffered moderate mental impairment 

while the other patient suffered severe mental impairment. In four patients 

functionally hemizygous for I65T, the intellectual phenotype ranged from mild to 

severe mental impairment. Two patients with an R243X;I65T genotype, who had 

been diagnosed in their late twenties, had differing intellectual phenotypes. One 

suffered mild mental impairment while the other suffered severe mental impairment. 

This, however, may relate to the discordant results seen in relation to I65T. The age 

at diagnosis appears to play an important role in determining intellectual outcome. In 

two patients with a genotype of R408W:F39L, the patient diagnosed at 2 years 

suffered moderate mental impairment while the patient diagnosed at 38 years 

suffered severe mental impairment. In general, no simple correlation between 

genotype and mental phenotype was observed. Treacy et al. have shown that 

although there is an identical hydroxylation of phenylalanine to tyrosine in patients 

with the same genotype, there can be variation in phenylalanine use through 

additional pathways involved with phenylalanine homeostasis (Treacy et al., 1996). 

The results o f this study support the suggestion made by Ramus et al. (1993) that, in 

untreated patients, a simple correlation between genotype and phenotype does not 

exist.

4.4.4 Outcome of genotype-phenotype correlations

From the results obtained in this study, it is apparent that there is a strong correlation 

between genotype and phenotype in the Irish HPA population. In patients with two 

null mutations, it has been found that the resulting phenotype is always PKU. This 

demonstrates that the most important determinant o f phenotype in HPA patients is 

the genotype. In functionally hemizygous patients, there is also a strong correlation
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and nine out o f  thirteen mutations (70%) could be assigned unequivocally to one 

phenotypic group. No attempt was made to correlate genotype with phenotype in 

patients with two missense alleles. The effect o f particular mutations on enzyme 

structure is currently being studied and this will provide a stronger understanding o f 

the interaction o f  the two distinct mutant proteins. One param eter that was not 

considered in this study was the fluctuation o f Phe values during treatment. It has 

been postulated that long term Phe level variation might be related to the residual 

enzyme activity and the outcome o f therapy. Highly significant correlations have 

been found between the PRA and the fluctuation o f the Phe values during treatment 

(Burgard et a l, 1996). Control o f blood Phe concentrations is far easier to  achieve in 

subjects with mild PKU (Smith, 1994). In certain instances it does not appear that 

patient genotype can predict the phenotype. I65T and Y414C were found to be 

associated with both PKU and non-PKU HPA in functionally hemizygous patients.

The basic defect in PAH deficiency is well known, however there may be other 

causes for the heterogeneity seen in PAH deficiency: cofactor requirements, 

regulation o f synthesis, differences in urinary excretion o f  Phe, differences in Phe 

transaminase activity, o-hydroxylation, differences in distribution between 

intracellular and extracellular water compartments and the possible requirement o f a 

carrier dependent mechanism for the transport o f products out o f the cell (Guttler & 

Guldberg, 1996). It has been proposed that, in vivo, enzymes do not act in isolation 

and are kinetically linked to other enzymes by substrates and products. They also 

proposed that response to variation at one locus acts over the whole system (Guttler 

& Guldberg, 1996). It is also important to note that the PA H  gene harbours an array 

o f polymorphic sites, including at least 18 silent mutations, eight RFLPs and two 

multiallelic sites (STR and VNTR). These polymorphisms might influence PA H  gtne  

transcription and expression significantly.

At present, the existence o f  individuals whose phenotype deviates significantly from 

that predicted by their genotype prevents the use o f genotype determination as the 

primary diagnostic test for HPA. Patients whose phenotypes are poorly predicted 

from their PAH  genotypes can be studied to determine the possible effect o f  other
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factors on genotype. Further studies may expand our understanding o f  the role o f 

environmental conditions such as dietary compliance, early discontinuation o f diet 

and maternal serum Phe levels, or genetic factors such as gene dosage, allelic 

complementation and multilocus effects on the ultimate manifestation o f the disease 

phenotype.
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A.
A <1.5%
B 12-13%
C 25-26%

PRAgroup

B.

Source df Sums of squares Mean square F ratio Prob
Const 1 440.599 440.599 23747 <0.0001
Model 2 0.244164 0.122082 6.5798 0.0025
Error 67 1.243130 0.018554
Total 69 1.487290

Figure 4.1; Phe tolerance as a function o f PRA

A: Boxplot o f log (Phe tolerance) as function of PRA sub-categorised as A, B & C; 
B: Analysis o f variance table for log (Phe tolerance).
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Figure 4.2; Phe tolerance as a function o f pretreatment serum Phe levels

A: Log-log plot o f Phe tolerance as a function of pretreatnient serum Phe pretreatment levels. 
B: Plot of residuals v’s predicted;
C; Least squares regression table.



A.
A <1.5% 
B 12-13% 
C 25-26% 
D 30-37%

3 .6  --

3 .2  --

2.8  - -

2 .4

PRA group

B.

Source df Sums of squares Mean square F-ratio Prob
Const 1 409681801 409681801 1516.9 <0.0001
Model 3 50595025 16865008 62.444 <0.0001
Error 125 33760467 270084
Total 128 84355492

Figure 4.3: Prelreatment serum Phe levels as a function of PRA

A: Boxplot of log (Pretreatment level) as a function o f PRA sub-categorised as A, B, C & D; 
B; Analysis o f variance table for pretreatment levels.



Table 4.1: M utations found in the PAH  gene in Ireland and corresponding in 
vitro activities

' '  |i|utafiott" , PA

: < , in

/ /  activity V 

v i t r p i V ^ n
F39L NA -
G46S 0 Eiken et al., 1996

I65T 26 Jolin et al., 1992

S67P NA -

A104D 26 PAH  mutation database

R158Q 10 Okano et al., 1990

R243X 0 Knappsog et al., 1995

V245A NA -

A246D NA -

L249F NA -

R252W 0.5 Knappsog et al., 1995

R261Q 27
47

PA H  mutation database 
Knappsog el a l ,  1995

R270K - -

Y277D NA -

E280K 0.9 Knappsog et al., 1995

P2811. ND Dworniczak et al., 1991

IVS7ntl NA -

F299C - -

A345S NA -

L348V 25 Eisensmith e /a /. ,  1995

S394P ND Knappsog et al., 1995

lVSlOnt-11 0 -

IVSlOnt-3 NA -

E390G 70 Consortium, 1997

R408W <1
2.7

DiLella et al., 1987 
Svensson et al., 1992

R408Q 55 Svennson et al., 1992

Y414C 50
28

Okano et al., 1991 
Benit et al, 1997

IV S12ntl 0 Marvit et al., 1987

A447D NA -

NA = not available 
ND = not detectable



Table 4.2: Phenotypic classification of 114 HPA patients based on dietary Phe 
tolerance at age five as according to Kayaalp et al. (1997)

" w l  ,,hc,„ten.„cc '
Class (mgPhc/day) No.<

321± 63.2PKU 

Variant PKU

<500

>500

92 (80%) 

22 (20%) 631± 87.5



Table 4.3: Phenotypic classification of 115 HPA patients based on dietary Phe 
tolerance at age five as according to Naughten et al. (1987)

Mean Phe tolerance

Class (mgPhei^ay) No. bf p ^ i ^ t s
. ± std. deviation 

(nig Phe/day)

Classical PKU <600 100 (87%) 336± 94

Atypical PKU >600 15(13%) 681± 112



Table 4.4: Homoallelic subjects (n=25) and corresponding HPA phenotype, 
(based on Kayaalp et al., 1997) related to available data from in vitro expression 
in mammalian cells

: ;pi.eno^ 

RRA(%) PK U

^pe

-V ari.„ ,

R408W R408W 0 20

F39L F39L 7<t> 1 1

I65T I65T 26 1 1

F299C F299C 0 1 -

‘Taken from Waters et al. (1998)
* predicted enzyme activity of F39L has not been determined



Table 4.5: Correlation of PRA and phenotypes (based on Kayaalp et al., 1997) 
patients with two predefined null mutations (n=20)

-  "

G46S R408W 0 1

R243X R408W 0 3

P281L R408W 0 1

F299C R408W 0 4

F299C IVS12ntl 0 1

S349P R408W 0 1

S349P IVS12nt-l 0 1

R408W IVS12ntl 0 5

R408W E280K 0 2

IVSlOnt-11 R252W 0 1



Table 4.6; Correlation o f PRA and phenotype (based on Kayaalp et al., 1997) in 
functionally hemizygous patients (n=55)

~ ‘ )*■"■> r-f
' ^ 'cl!” I?*"' " "/

■y'
10m:

R243X F39L ? 1 -

F299C F39L ? 2 -

E280K F39L ? 1 1

R408W F39L ? 15 -

IVSlOnt-11 F39L ? 1 -

R243X 165T 13 - 1'*’

R408W I65T 13 7 2''

E280K I65T 13 - 1

S349P I65T 13 1 1

I VS 1 Ont-11 I65T 13 - 1

R243X A345S ? - 1

R408W A345S ? ) 1

R243X L348V 15 2 -

R408W L348V 15 5 -

F299C IVSlOnt-3 7 - 1

R408W IVSlOnt-3 7 - 1

R408W L249F ? 1

R408W S67P ? 1 -

R408W IVS7nt2 ? 1 -

F299C E390G ? - 1

R408W Y414C 25 2 -

S349P V245A - -

R408W A447D 7 2 -

’ Null allele 
* Borderline
''One patient was classical according to clinical opinion



Table 4.7: Correlation of PRA and phenotype (based on Kayaalp eta/.,  1997) in 
patients with two misscnse mutations (n=14)

Allele I : Allele 2 ■ In vitn ' yhebbtype*

F39L I65T ?/26 ? 2 1
F39L S67P ?/? ? 1 -

F39L L249F ?/? ? - 1
F39L A345S ?/? ? - 1
F39L L348V ?/25 ? 1 3 a

I65T A246D 26/? ? - 1

I65T L348V 26/25 25.5 1 -

R158Q A447D 10/? ? - 1

L348V Y414C 25/50 37.5 1 -

* One patient was classical according to clinical opinion



Table 4.8: Phenotypic classes o f 202 patients based on pretreatment serum Phe 
levels

125 (62%) 1909.3± 515.3>1200

Variant PKU <1200 77(38% ) 761.2 ±207.8



Table 4.9: Correlation of mutant genotype with phenotype in patients with non- 
PKU HPA in the Irish population

In vitro 
activities 

(% )

PRA P n
(%) s.

= ■' V > L"  ̂ '-J •

jtr^ tm en t 
jrum  Phe 

levels
POl F39L E390G ?/70 uk 200

PK14 R408W Y414C 0/50 25 374

PD7 S349P V245A ?/? uk 500

PM30 R408W I65T 0/26 13 400

uk=unknown



Table 4.10: Correlation of m utant genotypes and biochem ical and clinical phenotypes found in untreated PK U patients in the 
Irish population

Patient.; ni

PE5 R408W R408W 0 NA 4 yrs. Uk Severe mental impairment

PFl R408W R408W 0 NA 8 mths. Uk Moderate mental impairment

PT2 R408W R408W 0 1340 Uk Uk Moderate mental impairment

PH15 R408W I65T 13 NA 10 yrs. Pre Screen Moderate mental impairment

PE3 R408W I65T 13 >1000 27 }TS. Pre Screen Mild mental impairment

PB14 R243X I65T 13 1394 27 >TS. Pre Screen Mild mental impairment

PW8 R243X I65T 13 1693 30 yrs. Pre Screen Severe mental impairment

PRl R408W F39L ? 1582 38 yrs. Pre Screen Severe mental impairment

PR8 R408W F39L ? NA 2 yrs. Late Detected Moderate mental impairment

Uk= unknown



Chapter 5
GMPD analysis of common PAH  mutations



5.1  Introduction

5.1.1 Background

Routine diagnostic mutation analysis requires fast and inexpensive methods. High 

specificity and sensitivity are also o f particular importance for a diagnostic test. 

Mutation analysis system must be able to handle small numbers of samples 

frequently (Cotton, 1993). A large range of PCR-based assays for the detection of 

mutations have been developed including Allele Specific Oligonucleotide assay 

(ASO), Oligonucleotide Ligation Assay (OLA), Allele Specific Amplification 

(ASA), Restriction Enzyme Analysis (REA) and the Amplification Refractory' 

Mutation System (ARMS). Certain methods have been used more frequently in the 

detection of HPA mutations. In particular, REA has been used extensively in the 

detection of known HPA mutations (Eiken et a i,  1991 & 1993). More recently, 

heteroduplex analysis (HA) has been used in the classification of PKU genotypes 

(Wood et al., 1993) and has been used to detect a number o f mutations in the PAH 

gene.

The aim of this section of the project was to develop a novel process for the detection 

of known HPA mutations using a relatively new technology, the Glycosylase 

Mediated Polymorphism Detection (GMPD) process (Vaughan & McCarthy, 1998 & 

1999; Vaughan, 1999),

5.1.2 Principle of GMPD

This method is based on the fact that the normal four nucleotides which constitute 

DNA can be specifically and individually replaced by related modified nucleotides. 

The modified bases are introduced into DNA during PCR amplification. These 

modified bases are then susceptible to the action of specific DNA glycosylases which 

excise the modified base from the DNA and the resultant abasic site can be cleaved 

either enzymatically or chemically. The DNA glycosylase used in the present study is
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uracil-DNA-glycosylase (UDG) which is a highly specific DNA repair enzyme 

which cleaves the N-glycosidic bond between the base uracil and the sugar 

deoxyribose in a DNA molecule and generates an apyrimidinic (AP) site. The AP site 

can then be cleaved either enzymatically or chemically. The corresponding modified 

nucleotide, which is incorporated into the DNA, is dUMP this is achieved by 

supplying dUTP to the PCR reaction. The sample DNA is amplified using three o f 

the four normal precursor nucleotides (dGTP, dATP and dCTP) and one modified 

precursor nucleotide, dUTP which replaces dTTP. One primer used in the 

amplification reaction is radioactively or fluorescently labelled and is referred to as 

the diagnostic primer. The other primer is referred to as the non-diagnostic primer. 

The oligonucleotide primers contain dG, dA, dT and dC and are resistant to cleavage 

by UDG. The modified base, in this case uracil, is then excised with Uracil DNA 

glycosylase which generates an apyrimidinic (AP) site. The phosphate linkages at the 

AP sites are then cleaved with 5 ’ or 3’ specific agents. Cleavage o f  the amplified 

DNA will yield a DNA fragment o f specific length which is a measure o f the distance 

between the 5 ’ end o f the diagnostic primer and the first site o f incorporation o f  

dUMP upon extension o f  the 3 ’ end o f  that primer. The presence o f  a mutation results 

in the appearance o f a cleavage fragment following denaturing polyacrylamide gel 

electrophoresis which may be larger or smaller than the wild type fragment 

depending on whether the mutation results in the loss or gain o f a dUMP 

incorporation site respectively. A heterozygous sample will result in the observation 

o f the two fragments. A schematic representation o f the process is shown in Figure 

5.1.

In this study the GMPD method was applied to the detection o f  R408W  and I65T, 

two PAH  mutations that occur at high frequencies in the Irish population. Both o f  

these mutations involve C<->T transitions.
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5.2 M ethods

5.2.1. Patients

In order to validate the GMPD technique, patients were chosen whose genotype had 

previously been determined in the course o f this study. For the R408W assay, five 

homozygous patients and seven heterozygous patients w ere chosen. For the I65T 

assay, two homozygous patients and seven heterozygous patients were chosen. Ten 

normal controls and fifteen additional patients whose mutant genotype had not been 

determined w ere also chosen.

5.2.2 Primer design

Diagnostic primers were designed so that, during extension, the position o f the first 

uracil incorporated into the extended primers differs depending on whether a 

mutation is present or absent. There must be no uracil incorporation site between the 

3 ’end o f  the diagnostic primer and the mutation site. Figure 5.2 shows the position o f 

the diagnostic primes relative to the mutation in each assay.

5.2.3 GMPD analysis

Full details o f the assay protocols are given in Chapter 2.
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5.3 Results

5.3.1 Validation o f GM PD method

GMPD analysis was performed on five patients homozygous for R408W, five 

patients heterozygous for R408W and an unknown mutation, two patients 

heterozygous for both R408W and I65T, two patients homozygous for I65T, five 

patients heterozygous for I65T and an unknown mutation and ten normal controls. 

The results can be seen in Table 5.1.

R408W results in a C to T base substitution in the upper strand and a corresponding 

G to A substitution in the lower strand. Two primers were chosen to amplify a 171bp 

region o f  exon 12. The upper primer was designed so that, in the normal allele, there 

is an extension o f  6bp before the incorporation o f the first dUMP. In the mutant allele 

there is no extension o f the primer as the base immediately 5’ to the mutation is 

another T. Analysis o f  the amplified product from a normal individual following 

glycosylase mediated cleavage generates a 30bp fragment while a 24bp fi-agment is 

present in an R408W  homozygous individual. Both the 30bp and the 24bp are present 

in a heterozygous individual. Due to sequence constraints, the mutant band is the 

same size as the primer but this is overcome by digestion with Exonuclease I which 

will degrade any unincorporated primer present. Figure 5.3 shows the result o f the 

GMPD analysis for R408W in six patients.

I65T results in a T to C substitution in the upper strand o f  codon 65 o f  the PAH  gene 

and a corresponding A to G substitution in the lower strand. Two primers were 

chosen to amplify a 130bp region o f exon 3. The upper primer was designed so that, 

in the normal allele, there is an extension o f  8bp before the incorporation o f  the first 

dUMP. In the mutant allele there is an extension o f 9bp before incorporation of the 

first dUMP. Analysis o f  the amplified product from a normal individual following 

glycosylase mediated cleavage generates a 34bp fragment while product amplified 

from an I65T homozygous individual generates a 35bp fragment. Figure 5.4 shows 

the result o f the GMPD analysis o f  I65T in exon 3.
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5.3.2 Screening for R408W  and I65T in patients with unknown genotypes

Fifteen patients with an unknown genotype, representing thirty uncharacterised 

mutant alleles, were screened for R408W and I65T. O f these, a mutation was found 

on 17 (56%) o f the mutant alleles. R408W  was found at a frequency o f  43% and I65T 

at a frequency o f  13% in this sub-population. Three patients were found to  be 

homozygous for R408W , two were compound heterozygotes for R408W and 165T, 

five were compound heterozygotes for R408W  and an unknown mutation and two 

were compound heterozygotes for I65T and an unknown mutation. Figure 5.3 shows 

the GMPD analysis o f  R408W  in three unknown samples and three controls, normal, 

heterozygous and homozygous for R408W. Figure 5.4 shows the GMPD analysis o f  

I65T in three unknown samples and three controls, normal, heterozygous and 

homozygous for I65T. Results from the GMPD analysis o f  patients with an unknown 

genotype were subsequently confirmed by restriction enzyme assays as described in 

chapter 3.

5.3.3 Multiplex detection of R408W and I65T

The GPMD assays for R408W and 165T were designed to facilitate multiplexing. In 

order to demonstrate this, aliquots o f  R408W and I65T cleavage products were mixed 

and electrophoresed in a single lane. A patient that was a compound heterozygote for 

R408W and I65T could clearly be identified following electrophoresis o f  the 

cleavage products (Figure 5.5: D). This genotype was subsequently confirmed by 

restriction enzyme analysis.
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5.4 Discussion

5.4.1 Introduction

Glycosylase M ediated Polymorphism Detection (GMPD) is a recently described 

mutation detection technique which has been reported to offer significant advantages 

over existing mutation detection systems (Vaughan & McCarthy, 1998 & 1999). The 

objective o f  the GMPD process is to determine if a particular mutation is present or 

absent at a specific location in a DNA sample. It is based on the fact that the normal 

four nucleotides which constitute DNA can be individually replaced by modified 

nucleotides which can then be cleaved by DNA glycosylase enzymes

5.4.2 Detection of R408W and 165T

Two mutations that occur at high frequency in the Irish population, R408W and 165T, 

were analysed using GMPD. R408W and I65T together account for greater than 50% 

o f mutant HPA alleles in the Irish population. R408W is a CGG—>TGG transition in 

codon 408 o f the PAH  gene and was the most common mutation found in the Irish 

population. For the GMPD assay o f  R408W, the diagnostic primer was designed so 

that, when it was extended during the amplification reaction, the first dUTP residue 

incorporated into the extended primer was at the mutation site if the mutation was 

present or distal to  the site if  the mutation was absent. I65T is an ATT->ACT 

transition at codon 65 in the PAH  gene and is the third most common mutation found 

in Ireland. For this assay, the diagnostic primer was designed so that, when it was 

extended during the amplification reaction, the first dUTP was at the mutation site in 

the normal allele and adjacent to the mutation site in the mutant allele.

Using this technique, it was possible to distinguish between normal individuals, 

heterozygous individuals and homozygous individuals for each mutation in 100% o f 

cases following resolution o f the digestion products by electrophoresis on the 

ALFexpress^^ automated sequencer (Table 5.1). Once this was established it allowed
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HPA patients o f  unknown genotype to be screened for the presence o f R408W  and 

165T. R408W was found at a frequency o f  43% of mutant alleles and I65T was found 

at a frequency o f 13% among the group o f  patients studied.

It was also possible to detect the presence o f  both R408W and I65T in a patient by 

multiplex loading in a single lane. The design o f  the primers for both assays allowed 

a size discrimination between the cleavage products o f  R408W and 165T. A 

compound heterozygote for the two mutations could clearly be seen (Figure 5.5: D).

5.4.3 Application of the GMPD process to the detection of HPA mutations

Twelve possible point mutations can occur in DNA and ten o f  these result in the loss 

or gain o f  a T residue. With the GMPD process described here using uracil 

glycosylase, all mutations involving the loss or gain o f  a T residue can be detected. 

The remaining tw o point mutations are G—>C and C—>-G. O f the twenty nine 

mutations identified to date in the Irish population, only three (10.3%) are C-»G or 

G -^C  and thus the remaining 26 mutations could be detected using the GMPD 

methodology outlined. O f the 29 mutations detected in Ireland to  date, five are not 

detectable by restriction enzyme assays and require sequencing for their 

identification. The GMPD method offers the chance to detect 90% o f HPA mutations 

in Ireland using a single enzyme. This would significantly reduce costs and save 

time.

The GMPD process also facilitates multiplex mutation analysis since large or small 

amplification products can be created. Diagnostic and non-diagnostic primers can be 

designed to allow for different sized cleavage products. M ultiplex fluorescent dyes in 

conjunction with differential diagnostic primer sizes should allow the simultaneous 

analysis o f multiple mutations. It should also be possible to analyse the digested 

products on an ABI 310 automated sequencer thereby which would eliminate the 

need for a gel based system and reduce electrophoresis times significantly.
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5.4.4 Advantages of GMPD analysis

The GMPD process has been reported to have significant advantages over several 

current technologies for the detection o f known mutations such as direct DNA 

sequencing, restriction enzyme digestion, single strand conformation polymorphism 

analysis, chemical cleavage o f  mismatch. The following is a summary o f  the 

advantages associated with the method.

• The key advantage o f the GMPD process lies in the use o f a single enzyme. This 

would significantly reduce costs compared to individual digests with individual 

restriction endonuclease enzymes.

• The conditions for GMPD analysis are standard regardless o f the mutation 

involved.

• Uracil DNA glycosylase works efficiently in PCR reactions whereas certain 

restriction enzymes have as little as 10% activity with PCR products.

• The process can be performed directly on any DNA sample and the process is 

robust. In this study, Guthrie cards were used as the source o f  DNA and were 

added directly to the amplification reaction. This did not interfere with the 

subsequent digestion.

• GMPD offers the specificity o f  direct DNA sequencing but it is a much simpler 

process with almost all mutations being detected using a single enzyme.

• The annealing o f primers is not dependent on stringent or differential 

hybridisation conditions.

•  Overall sequence information on just 20-25 nucleotides on either side o f  the 

mutation is needed in order to design appropriate primers for the amplification 

process.
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Figure 5.1: Schematic representation o f  the GMPD assay for detection o f  a C->T 
transition. Primers are denoted by arrows and an asterisk indicates the end labelled 
diagnostic primer. The mutation site (C/G—> T/A) is shown in bold type. Sites o f  
dUMP incorporation during extension o f  the diagnostic primer are shown for the 
upper strand only and are denoted by U.



(a) R408W inExon 12

c te agG AAC TTT GCT GCC ACA ATA CCT CGG CCC TTC TCA GTT 
R408W Ehagnostic Primer T

(b) I65T in Exon 3

ctc etc tag GAG AAT GAT GTA AAC CTG ACC CAC ATT GAA TCT 
I65T Diagnostic primer C

Figure 5.2: Positions o f the diagnostic primers relative to the mutation in
(a) the R408W assay and
(b) the 165T assay.
The diagnostic primer is underlined and the position o f  the mutation is highlighted in 
yellow. Base in introns are indicated in lower case and bases in exons are indicated in 
upper case.
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Figure 5,3: GMPD analysis o f the R408W mutation in 6 patients. Cleavage products were 
electrophoresed on a 15% gel and analysed with AlleleLinks' '̂^ software.

A: Normal control; B: R408W heterozygous control; C: R408W homozygous control; 
D: Unknown 1; E; Unknown 2; F: Unknown 3.
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Figure 5.4: GMPD analysis o f  the 165T mutation in 6 patients. Cleavage products 
elcctrophoresed on a 15% ge! and analysed with AlleleLinks^*^ software.

A: Wildtype control; B: 165T heterozygous control; C: I65T homozygous control;
1): Unknown 1; E: Unknown 2; F; Unknown 3.
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Figure 5.5: Multiplex GMPD analysis o f  R408W and I65T. Cleavage products were 
electrophoresed on a 15% gel and analysed with AlleleLiiiks^^ software.

A-C: Controls for I65T assay; A: Normal; B: I65T homozygous; C; I65T heterozygous
E-F: Controls for R408W assay; E: Normal; F: R408W homozygous
1); Multiplex loading o f  an 165T and an R408W  product from a single patient



Table 5.1: Validation o f  G M P l)  technique in the detection o f  R408W  and J65T

R408W GMPD -
'<5efiolyne n'?% ) ■. . otyp .

,65TGMPD

R408W/R408W 5/5 (100%)

R408W/? 5/5 (100%) -
R408W/I65T 2/2(100%) 2/2(100%)

I65T/I65T 2/2(100%)

I65T/? 5/5 (100%)



Chapter 6 
Conclusion



PKU and related HPAs are caused primarily by a loss o f the activity o f  the enzyme 

phenylalanine hydroxylase (PAH). There are varying degrees o f 

hyperphenylalaninaemia ranging from severe PKU to non-PKU HPA not requiring 

dietary treatment. This phenotypic heterogeneity can be explained by a multiplicity 

o f  mutations at the PA H  locus. Over 400 mutations have been identified at the PAH  

locus to date and these mutations combine to form a wide range o f phenotypes 

(Nowacki et al., 1997). Many European populations have been extensively 

investigated with respect to PAH  gene mutations. In Ireland, phenylketonuria (PKU) 

is the most common inherited defect o f amino acid metabolism and occurs at a 

frequency o f 1/4,500 live births. A previous study carried out in Ireland determined 

the relative frequencies o f six mutations (O ’Neill et al., 1994). The primary aim o f 

this study was to identify the spectrum o f mutations causing PAH deficiency in 

Southern Ireland and to determine their relative frequencies in the population.

I'he method o f choice for mutation detection in this study was DGGE followed by 

restriction enzyme analysis and sequencing. The majority o f  mutations in the PAH  

gene are single base pair mutations (Guldberg & Guttler, 1994) and the sensitivity o f 

DGGE in detecting these point mutations is reportedly 95% or greater when 

performed with GC-clamping and PCR products o f less than 500bp (Blank et al., 

1996). DGGE does not require the use o f  fluorescent, chemi-luminescent or 

radioactive labelling for performance o f the assay. Dried blood on Guthrie cards was 

used as the only source o f DNA in this study. No extraction procedure was carried 

out and the blood spots were added directly to the PCR reactions. The use o f Guthrie 

cards reduced the yield o f PCR product but proved successflil for both DGGE and 

restriction enzyme analysis. However, for direct sequencing o f  PCR products, the 

use o f  Guthrie cards was not ideal and in some cases the quality o f DNA was not 

suitable for fluorescent sequencing.

Following the mutational analysis o f  279 patients with respect to the PAH  gene, 92% 

o f mutant alleles were identified. Twenty nine different mutations were identified in 

eleven o f  the thirteen exons. Three mutations, R408W, I65T and F39L accounted for 

the vast majority o f mutations identified. O f the alleles which remain
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uncharacterised, it is possible that certain mutations will be found which are ‘unique’ 

to the Irish population. However, in a study of mutations in Northern Ireland 

(Zschocke et a i,  1997), nearly total ascertainment of mutations revealed only one 

novel mutation in a spectrum of 34 different mutations. This led the authors to 

suggest that the extent o f mutation characterisation in Europe has reached a level 

where detection of novel mutations is rare. In the fiature, whole blood may be 

collected from the patients that were incompletely genotyped in this study.

The most common mutations in Ireland have been identified as R408W, I65T and 

F39L which together account for greater than 60% of mutations in the Southern Irish 

population. At present, three independent restriction enzyme assays exist for the 

detection of these mutations. In order to reduce the attendant workload, a rapid 

muhiplex assay for their simultaneous detection is needed in the routine diagnostic 

laboratory. Glycosylase mediated polymorphism detection is a recently developed 

mutation detection technique (Vaughan, 1999) and was used in this study for the 

detection of common PKU mutations. It was found to be a useful and simple assay 

with potential for use in the diagnostic laboratory. It may also be possible in the 

future to facilitate carrier detection using DGGE. The accuracy for carrier diagnosis 

is high. In a study o f Danish HPA mutations, it was shown that for a Danish person 

in whom a mutation was not demonstrable in the DGGE-based scanning assay, the 

probability o f being a carrier was 1 in 5000, compared with the a priori risk o f 1 in 

50 (Guttler & Guldberg, 1994).

PKU is an extremely useful disorder for population genetic studies. It is possible, due 

to the nature of PKU, to identify marker mutations in a country such as Ireland and to 

analyse the distribution o f the mutations in other populations. From this, it may be 

possible to infer the genetic relationship between Ireland and other countries both in 

Europe and elsewhere.

Following the mutational ascertainment o f PAH  deficiency in Southern Ireland, 

genotype-phenotype correlations have been determined. This analysis will contribute 

to the current knowledge regarding phenotype-genotype correlations Provision of an
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optimal dietary therapy remains a key task in the treatment o f  PKU and once the 

PAH  genotype is known it may help to predict prognosis o f  a recently diagnosed 

PKU or HPA child. This knowledge may also be usefial in the clinical management 

of the disease and will be o f  direct benefit to patients. However, it is clear from this 

and other studies that while there is a strong correlation between genotype and 

phenotype in patients with HPA, other factors contribute to the overall phenotype, 

including genetic, constitutional and environmental factors.
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Appendix I



Coding of variables for Appendix I

Pretreatment level 

Tolerance @ age 5 

D O B  

na

Un in exon 7 

No shift detected

Serum Pretreatment Phenylalanine level (|xM) 

Dietary Phe tolerance at age 5 (mg Phe/day) 

Date of birth 

Not available

Unidentified shift in exon 7 

No shift detected in DGGE analysis



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ age 5 Birthplace D.G.B.
PM42 A345S R243X 800 550 Wexford 5/7/86
PP2 A447D A447D 600 na Offaly 16/9/77
PC22 F299C E390G na 600 Cork na
PB3 F299C F299C 1202 250 Waterford 19/05/90
PGl F299C F299C >1000 na ? England 29/4/76
PM46 F299C F299C 970 na Dublin 7/10/78
PF4 F299C IVS10nt554 879 600 Donegal 21/06/86
PM18 F299C IVS12ntl 1551 300 Leitrim 20/10/84
PM38 F299C L348V 1800 na Dublin 09/06/68
P021 F299C L348V 1200 na Dublin na
PC15 F299C R252W na na Kerry na
PM24 F299C Y277D 2460 na Donegal 20/5/80
PM15 F39L A345S na na Cork 22/4/92
PK8 F39L A447D 500 na Offaly 6/3/97
PG14 F39L E280K 562 700 Cork 25/7/90
PM33 F39L E280K 1754 350 Dublin 23/5/88
POl F39L E390G 200 na Limerick 13/4/82
PC13 F39L F299C 1575 200 Monaghan na
PK9 F39L F299C 1418 300 Offaly 7/3/86
P013 F39L F299C 3600 na Cork 22/1/69
P028 F39L F299C na na Wexford na
PD13 F39L F39L 870 na Dublin 06/07/75
PD2 F39L F39L 400 na Waterford na
PF12 F39L F39L 412 700 Cork 30/06/90
PM32 F39L F39L 1609 450 Cavan na
PC17 F39L I65T 1636 150 Dublin na
PT3 F39L I65T 1176 800 Dublin 26/5/82
PW3 F39L I65T 1006 300 Lao is 18/1/87



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PD9 F39L IVS10nt546 1527 300 Wicklow 25/11/85
PW6 F39L L249F 558 600 Wicklow 9/10/84
PB7 F39L L348V 1000 600 Wicklow 19/11/93
PF7 F39L L348V 500 1000 Kerry 14/04/84
P025 F39L L348V 720 550 Cork 2/5/79
PB25 F39L P281L na na Carlow 08/06/90
PK12 F39L R243X 2157 350 Dublin 5/7/82
PR3 F39L R243X 515 1000 Dublin 7/12/79
PFIO F39L R252W 1081 na Dublin 22/12/04
PM22 F39L R261Q 2424 na Kerry 24/10/70
PS14 F39L S349P 514 350 Dublin 22/4/95
PM29 F39L S67P 1515 300 Meath 2/1/78
PF13 F39L Un in exon 11 30mg% na Dublin 26.10.73
PHIO F39L Un in exon 11 1757 500 Dublin 12/2/79
PLl F39L Un in exon 11 4598 na Cork 16/6/71
PB24 F39L Un in exon 7 567 600 Wexford 18/07/91
PN4 F39L Un in exon 7 21 mg % na Dublin 29/12/73
P018 F39L Un in exon 7 10 mg % na Dublin 10/01/69
P03 F39L Un in exon 7 14mgs% na Wexford 10/06/68
PG9 F39L No shift detected 6mg% na Dublin 03/05/69
P K ll F39L No shift detected 2662 na Dublin 22/9/76
POlO F39L No shift detected 1309 650 Dublin 13/5/86
P09 F39L No shift detected 15 mg % 900 Lao is 21/1070
PR5 F39L No shift detected 204 na Meath 4/5/95
PS12 F39L No shift detected 2046 400 Limerick 12/10/90
PH6 I65T A246D 1700 600 Donegal 24/4/84
PG6 I65T E280K 935 550 Dublin 3/7/92
PCS I65T I65T 1030 450 na 24/01/86



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PG13 I65T I65T 851 500 Dublin 3/9/96
PT8 I65T I65T >20mg% na Donegal na
PDIO I65T IVS10nt546 1878 na Carlow 25/05/71
PW7 I65T IVS10nt546 3000 na Carlow 27/07/69
PB26 I65T IVS10nt554 606 800 Dublin 10/12/79
PB28 I65T L348V 1515 na Meath 21/02/77
PC2 I65T L348V 1090 na na 14/03/69
PS2 I65T L348V 879 400 Kildare 22/6/95
PB14 I65T R243X 1394 na Meath 09/07/59
PM17 I65T R243X 1650 na Cork 20/3/65
P022 I65T R243X 1036 500 Offaly 7/12/94
PW8 I65T R243X 1693 na na 1/1/54
PC24 I65T S349P 600 350 Cork 18/12/94
PH16 I65T S349P 2606 550 Galway 23/3/84
PS3 I65T Un in exon 11 1212 na Limerick 27/2/80
PCI I65T Un in exon 7 1133 250 Dublin 10/04/94
PM4 I65T Un in exon 7 700 na Donegal 24/5/78
P016 I65T No shift detected 405 550 Cork 7/2/89
P04 I65T No shift detected > 20 mg % na Westmeath 15/11/73
PWlO I65T No shift detected 800 650 Cork 29/10/92
PC12 IVS10nt546 A447D 315 na Galway na
PB17 IVS10nt546 R252W 1370 350 Kilkenny 20/09/95
PK6 IVS10nt546 Un in exon 7 na na Wexford 21/1/62
PR7 IVS12ntl IVS12ntl na na England 19/1/82
PM50 L249F L249F na na Wexford na
PR14 L249F Un in exon 6 1912 300 Kildare 8/1/89
PH8 L348V IVS12ntl 2700 na Kildare 7/3/75
PM52 L348V L348V 2000 na Dublin 4/1/75



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 I Birthplace D.O.B
PG5 L348V R243X 766 300 Dublin 19/10/93
PW2 L348V R243X 1418 250 Dublin 29/3/83
P02 L348V Un in exon 7 11.5 mg % 600 Cork 29/9/79
PS13 L348V Un in exon 9 1236 300 Cork 19/3/87
PP4 L348V Y414C 1391 na Waterford 19/3/68
PC26 R158Q A447D 497 600 Mayo 31/12/84
PM41 R243X R243X 2524 na na 22/8/93
PM8 R243X R243X 1757 na Galway 22/4/59
PM9 R243X S349P na na Waterford na
PB6 R261Q No shift detected 1376 250 Kilkenny 06/08/91
PB29 R408W IA104D 2580 na na na
PH12 R408W A104D 485 na Dublin 11/6/80
P014 R408W A104D 970 na Cork 11/12/70
PM47 R408W A345S 1372 na Kildare 10/9/97
PM53 R408W A345S 900 700 Carlow 12/10/82
PB9 R408W A447D 480 350 Westmeath 24/03/76
PG12 R408W A447D 1224 350 Roscommon 30/9/82
PF14 R408W E280K na 600 na 02/01/87
PL9 R408W E280K na na UK na
P023 R408W E280K na 350 Limerick 9/3/81
PK5 R408W F299C 3030 175 Dublin 18/11/74
PMIO R408W F299C 848 750 Dublin 24/10/80
PM12 R408W F299C 1466 300 Dublin 8/2/89
PNl R408W F299C > 1000 na Louth 16/2/75
P027 R408W F299C 2000 250 Cork 6/1/82
PBIO R408W F39L 1224 450 Wexford 30/11/82
PB12 R408W F39L > 1000 350 Dublin 04/12/87
PB13 R408W F39L 545 250 Dublin 27/12/74



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PB15 R408W F39L 3000 na Louth 22/10/69
PC14 R408W F39L 1400 450 Kildare na
PC16 R408W F39L 1491 na Dublin na
PC7 R408W F39L 1640 500 Offaly 05/09/86
PDl R408W F39L 1345 400 Dublin 23/06/84
PDl l R408W F39L 600 450 Kildare 20/03/81
PD5 R408W F39L 1575 300 na 04/02/91
PG3 R408W F39L 2242 na Kildare 11/6/75
PK13 R408W F39L 1000 350 Dublin na
PL2 R408W F39L 2235 300 Mayo 2/1/88
PM13 R408W F39L 1491 300 Sligo 21/7/885
PM14 R408W F39L 170 600 Dublin na
PM3 R408W F39L 1273 550 Cork 24/9/83
PM43 R408W F39L 480 na Dublin 17/3/80
PM59 R408W F39L 1609 na Dublin na
P019 R408W F39L 1655 350 Longford 6/12/87
PRl R408W F39L 1582 na Louth 10/10/54
PR8 R408W F39L na na Meath 1/4/75
PS9 R408W F39L 945 na Dublin 6/3/60
PW12 R408W F39L 507 na Dublin 22/12/90
PD17 R408W G46S 2400 na Dublin 25/01/79
PF3 R408W G46S 910 350 Dublin 07/03/96
PM20 R408W G46S 2000 na 10/4/83
PB20 R408W I65T 1600 na Cork na
PC21 R408W I65T 1575 750 Tipperary 23/04/74
PC25 R408W I65T 500 650 Kerry 11/12/82
PC27 R408W I65T 1800 na Monaghan na
PD6 R408W I65T 1000 na Donegal na



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PE3 R408W I65T > 1000 na Dublin 02/08/56
PF5 R408W I65T 1750 300 Donegal 13/09/88
PG2 R408W I65T na na Mayo na
PHI 5 R408W I65T na na Kilkenny 8/12/61
PH9 R408W I65T 2424 na Cork 11/2/67
PK4 R408W I65T 1200 na Cork 19/10/67
PL7 R408W I65T na na Dublin na
PL8 R408W I65T 971 na Dublin na
PM16 R408W I65T > 1000 na Limerick 28/10/61
PM2 R408W I65T 1479 300 Clare 23/6/85
PM21 R408W I65T 2060 na Donegal 22/6/84
PM23 R408W I65T > 1000 na Laois 1/4/59
PM30 R408W I65T 400 na Monaghan 6/9/81
PM36 R408W I65T 1233 250 Mayo 10/9/94
PM56 R408W I65T na na Louth 5/9/79
PM58 R408W I65T 291 na Cork na
PM7 R408W I65T 2339 na Dublin 28/3/80
PPl R408W I65T 600 na Dublin na
PRIO R408W I65T 2873 350 Dublin 2/8/89
PSIO R408W I65T 945 350 Westmeath 7/10/83
PS4 R408W I65T 600 na Dublin 06/02/71
PS7 R408W I65T 840 na Dublin 01/01/74
PT4 R408W I65T 1693 na Sligo 30/4/71
PT9 R408W I65T 949 350 Dublin 16/9/94
PM39 R408W IVS10nt554 >1000 500 Sligo 17/10/85
PM44 R408W IVS10nt554 720 na Dublin 27/11/68
PBl R408W IVS12ntl 1700 300 Tipperary 11.10.80
PB8 R408W IVS12ntl 1006 450 Tipperary 06/09/85



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
P C ll R408W IVS12ntl na na Sweden na
PM26 R408W IVS12ntl 2484 300 Donegal 13/1/83
PM34 R408W IVS12ntl 1848 275 Roscommon 4/11/93
P08 R408W IVS12ntl 1103 500 Dublin 2/1/85
PW9 R408W IVS12ntl 1200 na Cork 31/3/80
PG18 R408W IVS7ntl 1391 200 West Meath 1/8/95
PM55 R408W L249F 2142 250 Westmeath 29/9/93
PM57 R408W L249F na na Manchester na
PBl l R408W L348V 1927 na Clare 07/10/80
PD3 R408W L348V 900 na Carlow na
PD4 R408W L348V na 450 Cavan 11/06/89
PG15 R408W L348V 1515 na Wexford 01/03/71
PH16 R408W L348V 424 na Dublin 25/9/97
PK7 R408W L348V 2242 na 6/5/55
PL5 R408W L348V 1156 200 24/8/96
PM37 R408W L348V 1200 na Dublin 30.9.68
PM51 R408W L348V 1081 400 Kerry 12/9/85
P017 R408W L348V 900 250 Limerick 17/12/87
PSl R408W L348V 1970 350 Mayo na
PT6 R408W L348V na na Monaghan na
PC4 R408W P281L 2757 300 Monaghan 07/09/82
PD12 R408W R243X na na Dublin 23/06/64
PD16 R408W R243X 1115 300 Dublin na
PG4 R408W R243X 750 na Dublin 28/5/80
PM49 R408W R243X 2424 na ? England 6/2/76
P012 R408W R243X 2300 300 Donegal 24/3/87
PW4 R408W R243X 1021 300 Galway 27/8/94
PF16 R408W R252W 2182 na Offaly 05/11/79



Database of PKU patients

Code AUele 1 AlleJe 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PCI 8 R408W R261Q 448 na Kildare na
PP3 R408W R270K 1000 na Galway na
PF15 R408W R408Q 867 na Dublin 06/06/96
PA2 R408W R408W na 150 Galway 15/06/79
PB19 R408W R408W >1000 na Roscommon 07/07/67
PB2 R408W R408W 1757 300 Wicklow 11/11/82
PB22 R408W R408W 700 na Donegal 12/03/78
PB23 R408W R408W na 350 Limerick 17/08/74
PCIO R408W R408W 2700 na Dublin na
PC19 R408W R408W 1733 250 Louth 16/11/84
PCS R408W R408W >20mg% na Louth ?? 08/12/66
PC9 R408W R408W 1785 na Dublin na
PD14 R408W R408W na na England na
PD15 R408W R408W 2000 300 Louth 17/05/81
PEI R408W R408W 2700 200 na 04/09/91
PE2 R408W R408W 715 na Dublin 19/04/77
PE4 R408W R408W 750 250 Longford 26/01/93
PE5 R408W R408W na na Dublin 10/08/60
PFl R408W R408W na na Kildare 13/04/72
PFl l R408W R408W 300 na Kilkenny 07/03/67
PF2 R408W R408W 2000 400 Dublin 04/07/85
PF6 R408W R408W 680 300 Dublin 27/05/94
PGl l R408W R408W 909 na Kildare 6/1/77
PG7 R408W R408W 2600 na Meath 18/5/75
PG8 R408W R408W 2512 250 Kildare 23/12/94
PHl l R408W R408W 480 na Kerry 29/5/79
PH13 R408W R408W 636 na Dublin 30/7/78
PH2 R408W R408W >20mg% na Sligo 30/5/68



Database of PKU patients

Code Allele 1 AUele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PH4 R408W R408W 6060 na Galway 15/3/78
PH7 R408W R408W 2424 na Cavan 16/9/77
PKIO R408W R408W na na Sligo 28/10/78
PK15 R408W R408W 1893 na Longford na
PK2 R408W R408W 480 na Dublin 10/1/76
PK3 R408W R408W 1200 na Dublin na
PL3 R408W R408W 2114 300 Dublin 5/7/91
PMl R408W R408W 1757 na Roscommon 27/4/76
PM25 R408W R408W na 250 Westmeath 23/3/94
PM35 R408W R408W 2509 na Dublin 30/12/83
PM40 R408W R408W 463 200 Leitrim 26/5/89
PM48 R408W R408W 2965 na Kildare 14/6/76
PM54 R408W R408W 1418 na Dublin 25/8/55
PM6 R408W R408W na na Kildare na
PM60 R408W R408W 1212 na Monaghan na
P015 R408W R408W 1345 250 Louth 19/5/95
P020 R408W R408W 1937 400 Longford 1/9/83
P026 R408W R408W >20mgs % na Longford 29/7/68
P07 R408W R408W 1212 450 Waterford 12/7/80
PR13 R408W R408W 1500 300 Dublin 8/11/91
PT2 R408W R408W 1340 na Dublin na
PT5 R408W R408W 1905 400 Meath 9/1/88
PT7 R408W R408W 720 300 Louth 18/10/79
PWl R408W R408W 842 350 Dublin 17/4/96
PN3 R408W S349P 4000 250 Dublin 19/8/82
PS5 R408W S67P 1188 400 Limerick 23/4/86
PAl R408W Un in exon 11 1931 200 Limerick 07/10/92
PBS R408W Un in exon 11 1400 na Limerick na



Database of PKU patients

Code Allele 1 Allele 2 Pretreatment level Tolerance @ year 5 Birthplace D.O.B
PMl R408W Un in exon 11 2360 na Kilkenny 17/3/96
PH3 R408W Un in exon 7 na na Limerick na
PS6 R408W Un in exon 7 1371 200 Kildare 28/11/95
PB27 R408W Un in exon 9 652 450 Dublin 06/06/95
PC23 R408W Y414C 1500 na Longford 06/11/84
PC6 R408W Y414C 1200 na Lao is 21/09/77
PG17 R408W Y414C 836 300 Wicklow 7/10/89
PK14 R408W Y414C 374 na Dublin 16/2/91
PTl R408W Y414C 1612 350 Kildare 11/6/87
PB4 R408W No shift detected 1400 250 Limerick 31/10/85
PF8 R408W No shift detected 2802 150 Limerick 09/03/92
PKl R408W No shift detected na na Dublin 14/2/97
PL6 R408W No shift detected 870 300 Wexford 30/10/92
PM28 R408W No shift detected na na Kildare 20/3/84
PM5 R408W No shift detected na na Dublin 17/8/64
PN2 R408W No shift detected > 1000 na Dublin 7/2/49
P R ll R408W No shift detected 20mg% 450 Dublin 5/1/70
PR4 R408W No shift detected 750 850 Dublin 8/7/89
PS8 R408W No shift detected > 1000 200 Kilkenny 27/11/91
PGIO R408W IVS12ntl 3209 na Galway 22/9/78
PG19 R408W Un in exon 7 1963 450 Dublin 25/3/83
PL4 S349P IVS12ntl 1232 275 Cork 10/3/95
PD7 S349P V245A 500 na Donegal 07/02/82
PM27 S349P No shift detected 24.5 mg % na Mayo 23/09/71
PH5 Y414C L348V 1394 325 Dublin 20/07/68
POl l Y414C No shift detected 1030 350 Tipperary 5/2/84
PR6 No shift detected No shift detected 715 500 Limerick 3/6/84



Appendix II



Table A l: Correlation of PRA and phenotype (based on Naughten et aL, 1987) 

in functionally hemizygous patients (n=69)

Allele 1“ Allele 2 PRA (%) PKU

Phenotype 

Variant PKU Non-PKUHPA
R243X F39L ? 1 -

F299C F39L ? 2 -

E280K F39L ? 1 1

R408W F39L ? 15 -

IVSlOnt-11 F39L 7 1 -

R243X 165T 13 1 -

R408W I65T 13 7 2 *  2

E280K I65T 13 1 -

S349P I65T 13 2 -

IVSlOnt-11 I65T 13 - 1

R243X A345S 7 1 -

R408W A345S 7 1 1

R243X L348V 15 2 -

R408W L348V 15 5 -

F299C IVSlOnt-3 ? - 1

R408W IVSlOnt-3 7 1 -

R408W L249F 7 1

R408W S67P ? 1 -

R408W lVS7nt2 7 1 -

F299C E390G 7 - 1

S349P V245A 7 - 1

R408W Y414C 25 2 1

R408W A447D 7 2 -

“Null allele
*Not in agreement with clinical opinion



Table A2: Homoailelic subjects (n=25) and corresponding HPA phenotype 
(based on Naughten et aL, 1987), related to available data from in vitro 
expression in mammalian cells

Aliele 1 Allele 2 PRA(%)‘ PKU

Phenotype*

Variant PKU Non-PKU HPA
R408W R408W 0 20 -

F39L F39L «̂<t> I 1

I65T I65T 26 2 -

F299C F299C 0 1 -

“Taken from Waters et al. (1998)
* based on dietary Phe tolerance 

predicted enacyme activity of F39L has not been determined


