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ABSTRACT

lknaturing gradient gel c1ectrophoresis (DGGE) and sequencing of the PAH

locus has found 38 different mutations on 141 chromosomes in the PKU patients resident

in Quebcc; mutation analysis is now 92.5% complete. Two novel disease producing

a1leles (K42I, R157N) and one silent a1lele (IVS6 nt-55) were discovered in this project;

these mutations remain unique to the Quebec population. Three novel mutation­

[haplotype] combinations were also found (S67P [HI]. G218V fH2]. V245A (H7]); they

are not at hypermutable sites and are therefore compatible with a single homologous

recombination event between (wo different haplotypes. Whereas mutation types

(missense 64%. nonsense 6%. spiice 9"10, frameshifts 6%, silent 15%). resemble those in

world populations, the Quebec a1lele profile differs from that ofany European population,

reflecting range expansion, founder effects, genetic drift and assimilation. Furthermore,

when analyzed by geographic region a stratification ofPAH a1leles is apparent, reflecting

the different dernographic histories of Western and Eastern Quebec and Montrea1.



•

•

RÉSDut

Les techniques de sequençage et d'dectrophorese sur gradient de gel denaturant

ont identifiées 38 mutations differentes; l'analyse des mutations est mùintenant complete à

92.5% pour les 141 chromosomes de patients 4uebecois atteints de la PCU. Ce projet a

permis de decouvrir des mutations specitiques à la population quebécoise. soit une allele

silencieuse (IVS6 nt-55) et duex nouvelles allèles (K421 et R15ïN 1 causant la maladie

De plus. trois nouvelles associations de mutations et de haplotypes ont été decouvertes

(S67P [HI]. G218V [HZ]. V245A [H7J); ces mutations ne sont pas à des sites

hypermutables et sont donc compatbles avec une recombinaison homologue simple entre

deu.x haplotypes différents. Même si les types de mutations retrouvés (fau.x-sens (64%).

non-seru. (6%), épissage (9"/0), décalage du cadre de lecture (6%), silencieuse (15%»

ressemblent à ceux de la population mondiale. le profil allélique québécois diffère de celui

de toutes populations européennes et suggère des causes de migration, d'effets fondateur,

de dérive génétique et d'assimilation. D'ailleurs, lorsque le Québec est séparé on rég;ons

distinctes, une stratification des allèles PAH est apparente. ce qui correspond a\IX

diffèrents passés démographiques de Montréal, de l'ouest et de l'est de la province du

Québec,
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Chapter 1
Introduction

1.1.0 Ristorv of the hvperphenvlalaninemias (RPA) 1934-1996:

In 1934 Fôlling described an autosomal recessive disorder of phenylalanine

metabolism which was found in persons with profound mental retardation (FôlIing 1934).

Penrose confirmed this tinding by publishing a pedigree and narned this disease

phenylketonuria (pKU) due to the phenylpyruvic acid found in the urine of affected

individuals (penrose 1935). In 1946 Penrose suggested that this disease was potentially

treatable and questioned ils non-random distribution and 2 percent carrier frequency in

Europeans (penrose 1946). In 1953 the tirst atternpt at treating PKU was undertaken by

placing a mentally retarded patient on a diet low in phenylalanine (phe) (Bickel et al.

1953). Based on the moderate yet measurable success of the low phenylalanine diet, this

method oftreatment for PKU was further investigated. It was discovered that diagnosis

at birth and precise control of phenylalanine intake are required to avoid all

neuropsychological consequences of hyperphenyla1ninemia (HPA) (Smith et al. 1974).

Today, a newbom screening program and a complex diet therapy have become available

for HPA (Scriver et al. 1980a; 1980b). This screening test and diet therapy have become

IWO ofthe MOst widely praeticed genetic tests and therapies with near total ascertainment

of atreeted individuals in many populations. The questions posed by Penrose in 1946

(non-random distn1>ution of PKUand e1evated carrier frequencies) are still studied and

pondered today.
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1.2.0 The hiochemistrv of L-phenvlalanine h"droxvlation:

With live genes that are responsible for HPA (McKusick OMIM 261600) (Scriver

et al. J995). genetic heterogeneity exists (Figure 1-1). In order for catalytic

hydroxyJation of L-phenylalanine to occur. both phenylalanine hydroxylase (PAH; EC

1.14.14.1) and a tetrahydrobiopterin cofaetor «6R)-L-erythro-5. 6.7. 8­

tetrahydrobiopterin. or BH. ) must be present and the pterin cofaetor must then be

recycled (reduced) to aet as a catalyst in the hydroxylating reaetion. Thus other loci are

involved. To reduce BH.. pterin-4a-carbinolamine dehydratase (PHSIPHD) and

dihydropteridine reduetase (DHPR; EC 1.6.99.7) are required. Additional loci are

required to synthesize BH,; these are guanosine triphosphate cyclohydrolase 1 (GTPCH;

EC 3.5.3.16). 6-pyruvoyltetrahydropterin synthase (6-PTPS; EC 4.6.1.10), and

sepiapterin reduetase (SR; EC 1.1.1.153), each acting sequentilulj (Kaufinan 1993).

While mutations at five of these genes can cause HPA (PAR, PCDIDCOH. QDHR.

GTPCH and PTS) (Scriver 1994), mutations at the PAH locus account for 99"10 of

hyperphenylalaninemias and contribute to both c1assica1 PKU and non-PKU

hyperphenylalaninemia (non-PKU HPA) (Danks et al. 1979).

1.3.0 The screening test for HPA:

A newbom screening program for HPA is now in effect in many populations.

Testing for HPA was first accomplished through an assay of urinaIy metabolites of

phenylalanine (Moncrief et .si. 1968). As this method proved to be ÏI1Seœitive it was

succeeded by a more accurate method wbich screens blood phenylalanine and misses only

one in seventy infants with PKU (Holtzman et al. 1986). Measuring blood phenylalanine
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is accomplished using a microbiologie inhibition assay (Guthric tcst). Iluoromctrv or

chromatography (Scriver et al. 1973; 1989). This test can hc pcrllxmcd on liGuid or

dried blood spots on filter paper, the latter is more frequcntly uscd duc to casc of

handling and stability (Spieto et al. 1985). In Quebec, the newbom screening program

has achieved a cooperation rate of greater than 97% (Grenier et al. 1980). and has a

sensitivity of 100010 (Lamben 1994).

The HPA screening program has implications on the molecular and population

studies of HPA in that ail chromosomes genotyped are acquired from affected individuals

detected through the newbom screening prograrn. A1lele frequencies and distributions

are therefore biased as only those chromosomes which cause a noticeable phenotype are

detected. The requirement ofa noticeable phenotype disqualifies ail alleles causing milder

phenotypes, polymorphisms and 'Jnique mutations found only in carrier. These alleles will

remain undetected until, by chance, they are combined with a severe disease causing allele

in a proband with an HPA phenotype.



• Figure ]- I. The hydroxylation of L-phenylalanine and its dependence on BH..
biosynthcsis and rcgeneration. Taken ITom Scriver et al. 1989.
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1.4.0 Human P.4H gene structure:

Phenylalanine hydroxylase belongs to a làmily of related gene products. the

aromatic L-amino acid hydroxylases. Qther members of this làmily include :~Tosine

hydroxylase (TYH) and tryptophan hydroll:ylase (TPH) (Scriver et al. 1995). There are

strong similarities in the primary sequences of these three proteins both within and

between species (Figure 1-2) (Ledley et al. 1990; Grenelt et al. 1987; Dahl et al. 1986)

Intronlexon boundaries are conserved in the three genes (Stoll et al. 1991). and a single

gene encodes both TPH and TYH in Drosophila (Neckameyer et al. 1992). From these

findings it has been suggested that these three genes have evolved !Tom a common

ancestral gene by duplication and divergence (Grenett et al. 1987).

Using humanlrodent cell hybrids containing different combinations of human

chromosomes the human PAR cDNA was used to probe for the chromosome which

harboured the PAR gene (Lidsky et al. 1984). This technique mapped PAR to

chromosome 12 (GenBank U49897) (Lidsky et al. 1984; 1985). Further experiments

used both deletion chromosome mapping and in situ hybridization to further localize the

human PAR locus to region q22-24.l (Lidsky et al. 1985).

The gene is approximately 90 kb in length and contains 13 exons separated by

introns ofvarying size. The introns found in the 5' region of the gene are large (up to 23

kb) and those in the 3' region are much smaller in size (1 to 2.5 kb) (Figure 1-3) (Scriver

et al. 1995). The locus codes for a 2.4 kb mature messenger RNA which is transcribed

into a 452-amino-acid-protein.
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Figure 1-2. A1ignment of amino acid sequences of human phenylalanine hydroxylase
(PAH). rabbit tryptophan hydroxylase (TRH) and rat tyrosine hydroxylase (TYH). Boxes
indicate conserved re2ions. Taleen !Tom Grenett et al. (1987) .
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The 5' regulatory region ofPAH is now weil characterized (Konecki et al. 1'1'1::)

Five potential CAP sites. a feature of housekeeping genes. have been reponed upstrcam

of the methionine translation initiation codon in exon one. funhermore. sequenc~'S

similar to Ge. CACCC and CCAAT boxes. activator protein 2 (Ap-2) sites. partial

gIucocorticoid response elements (GREs). and partial cyclic AMI' response elements

(CREs) have also been identified (Konecki et al. 1992). This would imply transcription

regulation by multiple transcription factors (Scriver et al. 1994). The use of a pAH-CAT

fusion gene has revealed that the 5' f1anking region is required for stage and tissue

specifie expression the l'AH gene in developing transgenic miee (Wang et al. 1992).

Seventeen non-disease producing restriction fragment length polymorphisms

(RFLP) are present at the PAR locus. Ten ofthese sites (cut by the enzymes BgI n. Pvu

II, Eeo RI. XmnI, Hind III, Eco RV. SphI, Dde 1 and Alu I) (FigtJre 1-3) are highly

polymorphie making them usefuI in assigning PAR haplotypes to mutant and nonnal

chromosomes; The 3' untrans1ated region (UTR) contains a muitiallelie variable number

oftandem repeats (VNTR) which can by anaIyzed by PCR (Goltsov et al. 1992). There

is both length (3,6,7,8,9,11,12 and 13 copies) and sequence variation within this 30 bp

cassette (Byck et al. 1994). The 5' region ofthe gene conta:.1S a muitiallelic short tandem

repeat (STR) (Figure 1-2) (Goltsov et al. 1993), Together these sites can define al least

384 different haplotypes, but due to the strong 1inkage disequiUibrium between certain

sites only about 70 of these haplotypes have been observed (Feingold et al. 1993). Still

these baplotypes reveal a very high degree ofbeterozygosity making them usetùl for the

study ofpopulation structure, carrier testing and prenatal diagnosis
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1.5.0 Mutations and mutation detection in the P.4H gene:

In 1987 the tirst two l'AH mutations were eharaeterized (lYS 12 ntl Marrit el al

1987; R408W; DiLella et al. 1987). Sinee then. over ~OO l'AH mutations have oc-cn

reported to the PAH mutation analysis database (Figure 1-4 l'A H mutation analysis

database). The large number ofmutations refleets the great amount ofinterest in the l'AH

gene. the increase in membership of the PAH Consortium and the inereasc-d cffieicne)' of

mutation detection techniques (PAH mutation analysis database; Scriver et al. 1996a).

The efficiency of mutation detection depends on the method used and with the

same method may vary between genes (Cotton 1993). Many mutation detection

techniques have been used to find PAH mutations including haplotype analysis with

subsequent sequencing or restriction digest, single strand conformation polymorphism

(SSCP) (Rozen et al. 1994) and chemical c1eavage methods (Forrest et al. 1991). The

technique that has attained the highest efficiency of PAH mutation detection in any one

population is denaturi;-3 gradient gel electrophoresis (DGGE). Based on the differential

melting temperatures of hetero- versus homoduplex polymerase chain reaction (PCR)

produets (Myers et al. 1987) the sensitivity of DGGE depends on the quality of primer

design. Per Guldberg has designed Ge c1amped primers which have detected greater

!han 9S % ofPAR mutations in populations such as Sicily and Denmark (Guldberg et al.

1993a; 1993b). The increased efficiency ofmutation deteetion has had a great impact on

population studies, alIowing regional comparisons in a single population, revea1ing

'genetic geography' or stratification (Eisensmith et al. 1992; Konecki et al. 1991a).



• Figure 1-4. :"umber ofPAH mutations reported annually, by publication and direct
communication to the PAH Mutation Analysis Database. Many mutations !ire reported
multiple times in different populations. Prepared with the assistance ofKaran Manhas.
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Of the 300+ PAH alleles only about 10·. are "prevalent" (relative trequencies ~­

30%) and the rest are "rare" (Scriver et al. (996) The distribution ofmuta:ions is n,'n­

random in the PAH gene. with the majority of mutations being found in the 3' half of the

gene between exons 5 and 12 (PA.H Mutation Analysis database) Exon 7 has been ruled

out as a mutational hot-spot (Dwomiczak et al. 1992) and the apparent clustering of

mutations reflects an ascertain;nent bias combined with the impol1ance of the

corresponding domain for proper protein function. This region of the gene encodes

domains such as the putative active site and the BH.. binding site. both impol1ant tor

normal PAH activity (Scriver et al. 1995).

Although missense point mutations are most prevalent at the PAH locus.

nonsense mutations, sp1icing mutations, de1etions (usually small) and insertions (with and

without fiameshifts) are a\so present (PAR mutation ana\ysis database; Scrïver et al.

1996a). 24 of the 48 CpG sites in the PAR gene harbour a missense mutation ofwhich

19 are companble with methylation-mediated deamination ofa S-methylcytosine (Byck et

al. 1996). Since CpG dinucleotides are hyperrnutable (Cooper et al. 1988; Cooper and

Krawczak 1993), 12 ofthese 19 mutations found on multiple haplotype5 are companble

with a recurrent mutation mechanism. ln ana\yzing polymorphie sites at the PAR locus

the R408W and E280K mutations have been shown to be companble with the recurrent

mutation mechanism (Byck et al. 1994; Byck et al. 1996).

AIl PAR mutations are eatalogued in the PAR mutation ana\ysis database (Hoang

et al. 1996), This database is maintained by the PAR Mutation Analysis Consortium (86

members in 28 counoies), is updated from the Montreal Children's Hospital, and can by



•

•

12

found on thc \\orld \\idc \\cb (hltp\n\\\ mcgill.ca'pahdb) or in a stand alone. Fox Pro.

lB:'.l format Thc databasc providcs such information as mutations at the l'AH locus.

mutation/population associations. mutation/haplotypc associations. RFLP information and

publications The electronic publication acquircd l'rom a submission to the l'AH mutation

analysis databasc will be regarded as an authentic publication and can be referenced as an

"electronic publication" (Hoang et al. 1996).

1.6.0 Maintenance of disease producing alleles at an ele\'ated aggregate freguenC\':

The aggregate frequency of PKlJ mutaions approaches 1 percent in most

temperate-zone populations in the northern hemisphere (Scriver et al. 1994). The severe

mental retardation associated with untreated PKlJ makes the disease a virtual genetic

lethal. with two mutant alleles potentially being lost with every aftècted indi\;dual. With

the loss of mutant alleles one would e.xpect allele frequencies to decrease to an equilibrium

maintained by mutation (Woolf et a1.19i5; \\Toolf 19i8; 1986), Still, PKlJ remains one of

the most common inborn errors of metabolism in man. Why this is sc was asked a half

century ago (Penrose 1946) and continues to be asked today (Scrivcr et al. 1996b).

Mutation rates of 1 in 5000 to 1 in 20 000 genes per generation would be required

to maintain the incidence of PKU in many European populations (Ledley et al. 1985).

These mutation rates are unusually high for eukaryotes. The PAH gene bas not been found

to be hypennutable when analyzed by various methods. Only 19 mutations are

compatible with methylation-mediated deamination and the MUTPRED profile (Cooper

and Krawczak 1993) of the PAH gene shows that there are not an abundance of

hYPermutable CpG sites within the gene (Byck et al. 1996: this study). In addition. a
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calculation of the e\'olutionary distance between human and rat PAH has demonstrated

PAH to have an estimated mutation rate of 7 accepted point mutations per 100 million

years; an average value for proteins ofhigher eukaryotes (Ledley et al. 1985).

Founder effects and genetic drift have been documented in severa! populations

(Avigad et al. 1990; John et al. 1989; Lyonnet et al. 1992; Eisensmith et al. 1992a). A

founder effect originating in the capital of Yemen before 1762 can explain the e1evated

frequency of an exon 3 deletion in Yemenite Jews (Avigad et al. 1990). Likewise. the

R408W mutation on haplotype one in French-Canadians seems to have Celtic origins

(Treacy et al. 1993) and it is possible that the high relative frequency of the MI V allele in

French-Canadians is due to a founder effectlgenetic drift (John et al. 1989). Although

these mechanisms can explain a smaII number ofmutant alleles, the presence of numerous

mutant PAH alleles in different populations implies that founder effects alone cannot

account for the elevated frequency of PKU (Scriver et al. 1995). Also, random genetic

drift can be discounted since it would have to affect a number of mutant PAH aIIeies

concordantly (Scriver et al. 1995).

Since founder effect and drift may explain the high frequency ofonly sorne alleles

(Scriver et al. 1996b), heterozygote advantage is the other possible mechanism that can

account for the high relative frequency of the remaining mutant PAH alleles. In faet,

heterozygote advantage could theoretically explain the presence of multiple PAH alleles,

the maintenance of the high cumulative frequency of these aIIe\es and the variation in

frequencies between populations (selective agents and forces differ between populations)

(John 1991). However, it is almost impossible to identifY the exact selective agents that

may effeet the:>AH locus since i) they may have Oeen present in the past but may no
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longer exist, ii) the effects ofheterozygote selection may be too small to detect or define,

or iii) the selective agent may be different between populations (Scriver et al. 1995).

Nonctheless, a small number of selective agents have becn hypothesized.

Ochratoxin A., an abortifacient mycotoxin found in contaminated grains and

lentils, has becn proposed to be one a selective agent allowing for PKU heterozygote

advantage (Woolf 1986). A pregnant woman eating these contaminated foods may

miscarry, but ifshe is heterozygous for PKU her elevated blood phenylalanine levels may

protxt the fetus. In the 1970's it was caIculated that the reduetion offetal mortaIity in

the PKU families of Ireland and west Scotland constituted a heterozygote advantage of

5%. Since an advantage of 1.3% would maintain the incidence ofPKU in the population

studied, this suggests that the frequency ofPKU may be increasing in these areas (Woolf

1978; 1986).

AIthough it may be possible to account for the frequency and distribution ofPKU

aIleles by implicating genetic hypermutability, genetic drift, founder effects and selection

all mechanisms are likely to contribute at sorne time. The problem is then complicated

with what weight to apportion to each (Flint et al. 1993), thus explanations for this matter

remain difficu1t. To resolve this problem soon would be an advantage for at least two

reasons; i) as human populations merge and fracture the genetic structures upon which

the arguments rest will change and ü) it would aIlow both parents and patients to better

cope with this disorder ifthey knew the u1timate cause (Scriver et al. I996b).
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1.7.0 Hyperphenvlalaninemia and the Ouebec population:

French Canadians are one of the best documented populations in the world

(McEvedy et al. 1978). Seulement of New France began in the carly 1600·s. by 16-10

approximately 160 French Europeans had immigrated and by 1750 sellIers numbered

about 15 000; An expansion that took place in relative genetic isolation. At the present

time over 5 million people claim French-Canadian ancestry (Scriver et al. 1996b).

Not all Quebec residents are French Canadian. In the late 18th and up to the carly

20th century continued migration saw English, Scots and Irish setders come to Quebec.

ln the 20th century settlers from eastern then southern Europe and mosl recently Asia

migrated to Canada. Today, approximately 1 million Quebec residents claim non-French

Canadian aneestry (Scrïver et al. 1996b).

ln 1971 Quebec introduced universal screening for HPA. since then the te~t has

gained 100 % sensitivity and has allowed the incidence of PKU in the province to be

calculated at 1/24985 live births (Lambert 1994). Molecular analysis of the PAH locus

has dernonstrated recurrent mutation, founder elfect and genetic drift in Quebec. Using

the rare disease-producing PAH alleles of Quebec it can be iIIustrated that the

demographic hislory and the hislory of genes are contingent (Rozen et al. 1994; Scrïver

1993).

Severa\ novel mutations and mutationlhaplotype associations have been found in

Quebec. MolecuIar research of these rare a1leIes bas iIIustrated the origins of the

mutations as well as the origins of the population. R408W haplotype 2 «(H2l) and

E280K [Hl] are both prevalent in Europe (Eisensmith et al. 1992), but in Quebec these

mutations occur about ha1fthe time on [Hl] and (H2] respectively (John et al. 1990;
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T reacy et al. 1993; Rozen et al. 1994; this study). It was hypothesized that R408W [HI]

could have evolved via a single recombination between haplotypes 1 and 2 (or vice

versa), or it could have originated by recurrence at the hypermutable CpG dinucJeotide of

this codon (John et al. )990). To distinguish between the two hypotheses polymorphie

markers 5' and 3' relative to codon 408 were analyzed on both Quebec and European

R408W chromosomes (Byck et al. 1994). The 5' STR markers were found to be

different on the two haplotypes harbouring R408W. As weil, the fifth cassette of the 3'

VNTR 8 allele differentiated mutant and normal [HI] chromosomes. It was then

concJuded that the occurrence of R408W on multiple haplotypes could be best explained

by a recurrent mutation mechanism (Byck et al. 1994). The corresponding study was also

performed for the E280K mutation which also occurs at a hypermutable CpG

dinucJeotide. It was alse concJuded that the occurrence ofE280K on multiple haplotypes

is compatible with recurrent mutation (Byck et al. 1996).

Genea1ogica1 studies were performed on Quebec families harbouring the novel

R408W [HI] allele and the I65T mutation which was also identified first in Quebec (John

et al. 1992), (Treacy et al. 1993). It was discovered in a1I Quebec families harbouring

these mutations that an Irish or Scottish ('Celtic') ancestor could be identified (Treacy et

al. 1993). Upon further studies of the Scotland, Ireland and northwestern European

populations these alleles were found at high frequencies indicating that R408W [HI] and

I65T are migration traces in Quebec (Scrîver et al. 1996b). This is just one example

ilJ.ustrating that the history of the population and the history of genes are contingent in

the Quebec population.
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1.8.0 The questions of this thesis

My Masters thesis involves a systematic molecular characterization of the

phenylalanine hydroxylase locus in the residents of Quebec. This study will attempt to

characterize ail PKU and variant-PKU causing alleles in the Quebec chromosomes

available for study. This study is a continuation ofthree previous studies which have also

attempted to characterize Quebec PAH alleles (John et al. 1990; Treacy et al. 1993;

Rozen et al. 1994). These previous studies have fully and partially (one allele) genotyped

severa! Quebec farnilies, but were also unsuccessful in genotyping severa! families. The

advantage of this study is the introduction of a denaturing gradient gel eleetrophoresis

(DGGE) system of mutation scanning to the Quebec population. In visiting the John F.

Kennedy laboratory in Denmark, 1 have lcarned this technique trom its pioneer in the

PAH gene, Per Guldberg. The J.F.K laboratory has used DGGE to reveal 99"10 of the

PAH mutations in Denmark (Guldberg et al. 1993b) and in theory the technique should

give close to the same resuits in the Quebec population. Therefore, 1have used DGGE to

fully genotype the partially and ungenotyped farnilies trom previous studies, and have

added new PKU farnilies to this study through a collaboration with the Centre Hospitalier

l'Université de Laval, L'Hôspitai Sainte-Justine and the Montreal Children's Hospital.

1.8.1 The signifiance ofthis thesis

This projeet will aIIow better regionai comparisons of allele trequencies, and thus

further e1ucidate the stratification of aIIe1es within Quebec. This will assist in

understanding how the history of each region within Quebec is unique and how the

bistory of the genes in each region are contingent with the history of the population.
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Furthennore. the events that may have contributed to the genetic structure of Quebec

(founder effect. genetic drift, range expansion) can be more accurately hypothesized.

By revealing rare mutation/haplotype associations that are unique to Quebec, the

origin of these mutations (recurrent mutation, recombination, gene conversion) can be

hypothesized.

By introducing an efficient PAH mutation scanning technique a centre for PAH

genotyping could evolve. To know the PAH genotype has c1inical relevance since most

PAH mutations are predictive of the phenotype and thus stringency oftherapy.
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Chapter 2
MATERIALS AND METHODS

2.1.0 Sources ofDNA

DNA for this study was collected from three major centres which follow individuals

with hyperphenylalaninemia (HPA); The Montreal Children's Hospital, Hospital Sainte-Justine

and Centre Hospitalier de l'Université de LavaI. Informed consent and patient data were

collected under the supervision of the clinic doctor. Ancestry of probands was determined

from sumame anaIysis and from parents when possible. No probands were known to he

closely related to another and (WO were known to have consanguineous parents.

Two families not from Quebec, and therefore not included in the population portion of this

study, were referred to me for genotypic anaIysis. The DNA ofthe first farni1y, who resided in

the United States and was ofChinese ancestry, was provided by Or. Rima Rozen. The DNA

ofthe second farni1y, who resided in Iraq and was ofBedouin ancestry, was provided by Or.

Ahmed Teebe.

2.1.1 Oiniea1 Diagnosis

The diagnosis of phenylketonuria (PKU) was delined by a blood phenylalanine of

greater than 1000 mmollL withoU! a phenylalanine restrieted diet and a dietaIy tolerance of

less than 500 mglday phenylalanine (see Saïver et al. 1995); These criteria may incorporate

sorne patients with variant PKU-Iike genotypes. The clinic doctor at each centre classifiecl

patients as c\assical and variant PKU, or non-PKU HPA Although sorne patients with non-

PKU HPA were genotyped, only those with PKU were used in the population study.
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2.1.2 Regional division orthe Quehec province

The province of Quebcc was roughlv di\idcd into threc regions using the catchment

from which patients are dra"l1 to cach hospital. Patients who are followed by the Montreal

Children's Hospital make up the Montreal region. Patients followed at L'Hôspital Sainte­

Justine constitute the Western Quebcc recion. Likewise. patients of the Centre Hospitalier de

l'Université de Laval make up the Eastern Quebec region.

2.1.3 Inventorv ofONA

For ail PKU families included in previous Quebec studies (John et al. 1992) (Treacy et

al. (993) (Rozen et al. 1994) DNA had been isolated and quantitated. With the help ofLiem

Hoang. a Foxpro database was designed to catalogue ail HPA DNA samples available from

these studies as weil as new DNA samples obtained for this study. The database groups

fàmilies into the three regions ofQuebec and contains a unique fàmily identifier number. family

me.nber for which DNA is available. and patelnal. maternai mutationslhaplotypes if available.

This database is maintained on the molecular geneties f100r of the Montreal Children's

Hospital. it is not static but is updated and modified as new DNA samples are received or

mutationlhaplotypes are determined. To ensure patient confidentiality and privacy the database

can on/y be accessed by myselfand other selected researchers. A total of 141 chromosomes

were used to detennine relative frequencies of mutations and effectiveness of mutation

scanning. This number was achieved after subtraeting ail chromo.>omes that could not

undergo mutation anaIysis (cg. insufficiel1l DNA. not PCRable etc.) from the total number of

Quebec PKU chromosomes collected by three centers (Figure 2-1).
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Figure 2-1. Quebec chromosomes available for DGGE analysis.
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2.2.0 0:-';,\ analvsis

2.2.1 Isolation of 0:-';'\

For samples obtained during this study. genomic DNAs were isolated !Tom blood

using a rapid procedure adapted From John et al.. 1991. Whole blood was collected in

vacutainer tubes containing EDT,\ as an anticoagulant. Blood was then transferred to a

capped 50 ml conical tube using RSB (I0mM Tris pH 7.6. !OmM Kcl. 10ml\1 MgCb.).

Nucleated cells were Iysed using a non-ionic detergent (BRL's Nonidet p40) and then pelleted

by centrifugation. White cell nuclei were then lysed by resuspending in a buffer containing

SDS (Solution 2) (IOmM Tris pH 7.6, 10mM KcI. !OmM MgCh-. 0.5M NaCI. 0.5% SDS.

8mM EDTA). Proteins were removed !Tom the lysate using organic extractions. The DNA

was then precipitated using ice cold 99"/0 ethanol. dried and resuspended in sterile water.

DNA concentrations and purity was determined speetrophotometrically (Maniatas et al.•

1982).

2.2.2 Polvmera.~ Chain Reaction

i) Polymerase chain reaetion ŒCR) for Denaturing Gradient Gel electrophoresis

(QGGE)

Ali thineen exons of the phenylalanine hydroxylase (PAH) gene were amplified

simultaneously using PCR (Saiki et al. 1985. 1986) with a Perkin Emer Cetus Thermocycler.

The primers, obtained from the Sheldon Biotechnology Centre, were based on sequences

provided by Dr. Savio Woo and were modified by adding a Ge clamp (Sheffield et al. 1989)

constructed by Per Guldberg (Guldberg et al. 1993).

Amplification was performed in 25 J,l1 containing -1 /.Ig ofDNA. 10 mM Tris-HC1 (pH 8.0)•
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50 mM ""CI. 1.5 mM :'>lgCI,. 0.0::0
0 (\V",.) gclatin. 0:: m:'>( ofeach d);TP. 0 OS m'\ll,feach

primer and 1 unit ofTaq DNA pol\111erasc {Gibco BRU

Samples were heated to 94 '"C lor 5 minut~'S. lollowed by 40 cydes at 94 '"C lor \

minute. 55 "c for 1minute and 72 "c lor 1 minute. Samples were then incubat~'d at 72 "C lor

7 minutes to ~1end PCR products and 98 "c lor 5 minutes to create heteroduplexes.

Amplification products were confirmed by running 10% of amplification products on a 1.4%

agarose (Gibco BRL) gel and staining with ethidium bromide.

ii) PoI\merase Chain Reaction for Dir~~cmçins

Amplifications were performed in \00 J.l1 containing -1 ~lg genomic DNA. \0 mM

Tris-HeL pH 8.0.50 mM KCl. \.S mM MgCb 0.0\% (w/v) gelatin. 0.2 mM ofeach dNTP.

0.4 mM ofeach primer and 2.5 units Taq polymerase (Gibco BRL).

Samples were heated at 97 "c for 7 minutes and then cooled to the annealing

temperature (T,v of the e.xonic primer (Figure 2-3) for 5 minutes al which time the Taq and

PCR buffer was added. Thermo cycling was then performed; 92 oC for 1 minute. T, for \

minute and 72 oC for \.5 minutes; 3S cycles. PCR products were then extended by heating to

72 oC for S minutes. Amplification prodUClS were contirmed by visualizing 10 /lIon a 1.4%

agarose gel.
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• Figure 2-2. PAH exonic primers and their annealing ternperatures used in peR
amplifications. Primers are !ocated in the f1anking intronic regions.

1A GCTTTACTGTGCGGAGATCACCAC } TA =5aoc1 B CTTATGAAACCAGGAAGCAC

2A GAGTTCATGCTTGCTTTGTG } TA ==6a Oc2B CCAGATCCTGTGTTCTTTTC

3A CTTAGGTTTTCCTGTTCTGG } TA ==S2 Oc
3B CTTATGTTGCAAAATTCCTC

4A ATGTTCTGCCAATCT } TA ==40 Oc
4B CAAGACACAGGCCATGGACT

SA TCATGGCTTTAGAGCCCCCA } TA ==64 OcSB TCATGCTQGTATTTTCATCC

5A CACAGGTTCTGGTCCCCGAC } TA ==SA Oc5B CTCTCCTCTCCTCAATCCTC

7A CTCCTAGTGCCTCTGACTCA } TA ==60 Oc7B ACCAGCCAGCAAATGAACCC

8A CCTCATGTAGAAAGACTGAG } TA =48 Oc
88 CTCTTGCAGAGGGCAT

9A TCTGGCCACCCATCACCTTT } TA ==6a Oc9B CTATAGCACTCCACCATCCA

10A CCCAaTCAAGGTGACACATA } TA ==66 Oc108 ACAAATAGGGTTTCAACAAT

11A TGAGAGAAGGGGCACAAATG } TA ==sa "c11 B GTAGACATTGAGTCCACTCT

12A ATGCCACTGAGAACTCTCTT } TA ==S2 Oc12B AGTCTTCGATTACTGAGAAA

13A GACACTTGAAGAGTTTTTGC } TA ==62 Oc138 TTTTCGGACTTTTTCTGATG

•
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2.2.3 :\llIt3tion Detection !Ising Ot'n:lI!1ring Gmdit'nt Gd F.leclmphort'Sis:

Al Identification of mUlatil'!Lc.P1l1,!inin~e~Qn

A moditk'll lorm Denaturing Gradient Gel Ekctrophorl'Sis (DGGE) (:\lYl'fS el al .

19Sï); .Broad Ranl:e' DGGE (Guldberl: el al. I9'H. 1'19-1) \Vas usc.-d to dell'lTlline exons that- -
harboured abnormall'AH sequences

il Gel Casting

The denatllring gradient gel was ea;,1 and run on a Prolcan II xi Vl'l1ical

Electrophoresis apparatus (Bio Rad). The Prolcan II was tirst moditk-d by rl'l110\;ng the

central coeling core. This modification a1lows OOth sides of the glass plates to he maintained

al the same temperature (65°C). 16 cm glass plates were first treated with Kodak Photo Flo

600 and assembled with O.5mm spacers and sandwich clamps. First. 6.3 ml of b%. 9.5M llrea

polyacrylamide gel was poured to create a constant denaturant at the 0011001. of the gel. A

model 385 gradient former (Bio Rad) was then used to create the denaturing (urea) gradient.

The gel was a 6% polyacrylamide gel with a vertically increasing concentration of Llrea (0 to

9.5M) iTom top to 0011001.. Once poured a O.5mm. 25 well con,b was inserted and the gel

polymerizes for one hour.

ii) Ronning ofDenaturing Gradient Gel

The denaturing gradient gel was run in a -25 gallon tank containing 1X TAE. The

TAE was circuIated and kept at a constant temperature of60 oC with a HAAKE E2 Thermo

CircuIator. 15 J.l1 ofeach sample was run on the gel al 155 volts for 4 112 hours. The gel was

then stained with EtBr and photographed under U.V. transillumination (300nm).
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Bl Identification ofmutation wough seguencing :

Once mutant exons were determined from DGGE analysis they were then ampIified

and sequenced using the dsDNA Cycle Sequencing System (GIBCO BRL).

il DNA purification

To purifY PCR reactions for dsDNA cycle sequencing (GIBCO BRL) the GlassMAX

DNA isolation spin cartridge system (GIBCO BRL) was usee!. 90 J.Ù of a 100 J.Ù PCR

reaction was mixed with Na! binding Solution. llùs mixture was then run through a

GIassMAX spin cartridge by centrifugllion (13000 rpm for 30 sec.) and washed four tirnes

with cold wash buffer. DNA was then e1uted with 40 J.Ù of65 oC sterile water and 100/0 ofthe

product was run on a 1.4% agarose gel. Purification yields and DNA concentration was

performed by comparing 100/0 ofthe purification product to a cjlX HaeIII DNA ladder.

in Sequencing reactÎons and sequencing gel

PAR primers (Figure 2-3) (1 pmol) were end labelled with gamma 32p ATP. These

primers werP. then usee! in radioactive PCR reactions wlùeb use the purifiPi PCR produets (50

finol) as a DNA template. The Sanger dideoxy chain temùnation procedure was usee! to

temùnate PCR reactions al each nuc\eolide (Sanger et aL, 1977). Electtophoresis was

performed by loading 3 J.Ù ofPCR produets on G% po\yaaylamide gels (SequaGel; National

Diagnostics). Extended sequence information was obtained by long and short gel runs (4.5

hrs and 2.5hrs respectiveIy) and by sequencing in bath sense and anrisense directions. The

gels were dried for 2 how's al 85 oC on a Bio Rad gel dryer and autoradiographed with Kodak

BioMax film overmgbt.
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2.2.4 Mutation Confinnation

Al A1lele sPecifie oligonucleotide anaIysis

jLEnd labeling ofProbe

AIIe1e specifie oligonucleotides were end labelled with y'~ pATP. 20 J,iM of probe

(fable 2-1) was added to 7 units T4 Kinase (Gibco BRL) and 1.4 J.L1 Kinase buffer (350 mM

Tris-HCI (pH 7.6). 50 mM MgCh. 500 mM KC\. 5mM 2-mercaptoethanol). This mi.xture

was then incubated at 37 oC for 1 hoUT. After incubation the probe was purified using a P4

Biogel column (Bio Rad). The sample was loaded onto the column and spun for five minute'S

at 3000 rpm. An aIiquot ofthe e1utant was then counted on a scintiUation counter.

ID. Applying ONA to membrane

Amplified ONA was Iinked to a membrane by first adding 10 - 20 J.L1 of an

amplification produet to 100 J,l1 ofdenaturing solution (0.4 N NaOH, 25 mM EDTA Naz) and

vortexing for 30 seconds. Samples were applied to pure nitroee1lulosc membranes (Schleicher

& Schue\1) using a dot blot manifold (Bio Rad). Each we\1 was first washed with 100 J,l1 20X

SSPE (3 M NaC~ 20 mMN~. pH7.4 and 20 mM EDTA) samples were then applied to

the membrane and the we\1s were again washed with 20X SSPE. The ONA was cross Iinked

to the membrane by exposure to UV light for 3 minutes and baking at 80 oC for 1 hoUT.

ÜJ) Hybritli7ll!Ïon

For hybridization with aIIe1e specifie oligonucleotide (ASO) (mutant probe).

membranes were p1aced in sea\able plastie bags and 10 ml of prehybridization buffer (5X

SSPE, 0.50/0 SOS and SX Denhardt's) and 20 million counts oflabelled probe were added and

p1aced at Tm -2"C for one boUT. The membrane was then washed twice at room temperature

with wasbing buffer (2X SSPe, 0.1% SOS) and once for 10 minutes at Tm -2"C with the same
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buffer after which the membrane was autoradiographed with Kodak XAR film (Table 2-1,.

Membranes were stripped by washing with a mild stripping solution (1 M NaCl. 0.5 M

NaOH) until geiger counter readings were very low or undetectable. Membranes were then

rcprobed with a 'normal' probe.

B) Restriction Digests

Dcpending on PCR amplification succcss. usually 17 III ofa 100 ml PCR reaction was

digested with 2 III 10X react buffer and 1 ml (1-10 units) ofrestriction enzyme. Digests were

incubated at 37 oC overnight or for three hours at 65 oC depending on the restriction enzyme.

After digestion was complete 4 ~ù of 5X loading buffer (30% glyœrol, 0.2% bromophenol

blue and 0.2% xyIene cyanol) was added and the entire reaetion volume was run on either

agarose or acrylamide gels depending on fragment size (Table 2-2).

Cl Artificially created restriction site fACRS)

Primers were designed to introduce a single base change that. in conjunction with a

putative PAH mutation, would change a restriction site (Table 2-3). After amplification (see

se..1ion 2.1 ii) with these primers 17~ ofa 1OO~ PCR amplification was digested (see section

2.32). The entire 20 ~ ofdigest was then visuaIized on an 8% polyacrylamide gel.
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Table 2-1. The sequences and conditions usee! for dot blot analysis of single nucleotidc
changes.

ASO T. Wash Wash Sequence 5'· 3'
ldentity ("C) Temp("C) Tune

(min)

K42INormal 52 50 10 CTCACTCAAAGAAGAAGTI

K421Mutant 54 52 10 CTGATCTICTCACTCATAGA

Table 2-2. Restriction enzymes and gel type usee! to confinn various mutation in the PAH
gene.

MUTA.TIONor •.• ..

ENZYME GEL TYPE and %

..... .•• :POYYMORP:HISM··"
. . . ..

F39L MOOn Acrylamide (8%)

L48S Mscl Acrylamide (8%)

IvsS nt-54 Bsml Agarose (1.4%)

R1S7N BsaW! Agarose (1.4%)

RIS8Q" Mspl Acrylamide (8%)
(ACRS)

Q232Q Ddel Acrylamide (8%)

V245V Alul Acrylamide (8%)

V245A BsoFI Agarose (1.4%)

Ivsl2 nt! Rsal Acrylamide (8%)
(ACRS)

L385L Mnll Acrylamide (8%)
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Table 2-3. ACRS primers and restriction enzymes to perforrn ACRS mutation confinnation
in the PAH gene. Primers!hat introduce base changes are used with normal PAH primers (see
Fih'llre 2-3).

MUTATION ACRS PRIMERS 5'_3' ENZYME

RI58Q ATCCTGTGTACCGTGCAAGC + PAH SB MspI

Ivsl2 ntl PAH 12A+ RsaI
CTCGTAAGGTGTMATTACGTA
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2.3.0 1\11 utation nomenclature

The nomenclature for designating mutations that has been uSt.'d in this th~'Sis and has

been adopted by the l'AH mutation analysis database gcncrally follows that set out by

Beaudet and Tsui (1993) with a few modifications.

The database has specified trivial and systcmatic nomenclature to designate missense

mutations. The trivial name uses the single leller code and the amino acid position to describe

the amino acid change and position of the mutation (ie K421). The systernatic name is more

exact., using the nucleotide position in the cDNA and stating the specifie change at this

position (ie. c125 A~T).

Nonsense mutations are designated like missense mutations. except that X is used to

indicate a termination codon.

Splicing mutations use the abbreviation IVS (intervening sequence) (Antonarakis and

McKusick 1994) followed by the number of the intron in which the mutation is located. This

is followed by the number of the nucleotide that is mutated. Since the entire intronic l'AH

sequence is not known. the nucleotide number is designated by counting from the first 5' or 3'

f1anking intronic nucleotide depending on which side of the exon the mutation fulls. If the

mutation is 5' to the exon then a minus ( - ) is used before the nucleotide number. Lastly the

specific nuc1eotide change is stated. again using the one (etter code and an arrow (indicating

from Y -+ to Z) (Figure 2-3).
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Fi~ure 2-3. Two hypothetical splice mutations m mtrons 5 and 6 indicating the
nomenclature that would be used for splice mutations 5' and 3' to an exon.

Exon 6

5'
1

... aagctgaATTCGC

l
1

TTCTAGagtagcta ... 3'

•

IVS5 nt-7 T-lA IVS6 ntl G-lA
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2..4.0 Predicted mutabilitv orthe Phenvlalanine Hvdroxylase gene

The predieted mutability profile of the PAH gene (cDNA) was obtained using the

MUTPRED program (Cooper, Krawczak 1993). The cDNA sequence of the PAH gene was

entered into the program and a plot of points is then given based on relative mutability

caIculations. These points were then imported into the Harvard Graphies program to produce

a graphical representation ofthe realtive mutability ofthe PAH gene.
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Chapter3
RESULTS

3.1.0 Types or mutations round on Ouebec chromosomes

In the 300+ mutations of the phenylalalnine hydroxyaIse (PAH) gene missense,

nonsense, termination, splice, insertion, deletion, frameshift and silent mutations are all

present. As in most genes these mutation types are found at varying frequencies (i.e.

CFTR). Missense mutations make up the majority ofmutations in the PAR gene (64%),

they are followed by splice mutations (11%), deletions (3 base pairs +) (10/0), nonsense

mutations (6%) and silent polymorphisms (5%). While the number of mutations in

Quebec is only one seventh that of global PAR mutations these 40 mutations are an

accurate representation of the global spectrum of mutations (Figure 3-1). Quebec's

majority of mutations are also missense mutations equaIing the global frequency at 64%.

Also equaling global frequencies are nonsense mutations and frameshift mutations (6%).

Splice mutations are slightly Jess frequent (9%) wbile silent mutations are slightJy more

(15%). No large deletions bave been identified in Quebec (Figure 3-1).

3.2.0 Mutation map ofOue!Jeç PAR mutations

The 46 disease producing and neutral mutations found in Quebec are randomly

disttibuted throughout the gene (Figure 3-2). Two exons, 4 and 13, bave no known PAR

mutations in the Quebec population. Exon four harbors only 8 mutations on the global

map ofPAR mutations (Figure 1-3, Introduction), and bas one CpG dinucleotide (Figure

3-9 section 3.3). Likewise, exon thirteen bas only one mutation reported to the
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consortium and has no CpG sites (Figure 3-9 section 3.3). The rest of the Quebec PAH

mutations are evenly distributed throughout the gene. The four studies (John et al. 199:!;

Treacy et al. 1993; Rozen et al. 1994; current study) of Quebec PAH mutations has

identified 10 novel mutations (boxed mutations Figure 3-2). Five of these mutations

(1<421. R157N, E280K[H2], D338Y and Ivs6nt-55) rernain unique to the Quebec

population (PAR mutation analysis database 1996).

3.3.0 Mutation Analysis

Seventy one phenylketonuria (pKU) farnilies were analyzed. Ail thineen PAH

exons were amplified using the polyrnerase chain reaction (PCR). Individual exons were

then lS1l81yzed using 'Broad Range' Denaturing Gradient Gel Electrophoresis (DGGE).

Exons which revea1ed heteroduplex fonnations were directly sequenced (see rnaterials

and methods sections 2.1.1 to 2.1.3). 38 ditl'erent PAR mutations in 40 different

mutationlhaplotype combinations were identified in the Quebec population. Two

mutations in the United States and one mutation in Kuwait were a1so identified.

FoUowing is a summary of these findings which are ail published in the PAH

mutation anaIysis database (http//www.mcgiU.caIpahdb).

3.3.1 Novel Mutations:

Four mutations (l<42I, RI57N, IVS6 nt-55, R241C), three ofwhich are beIieved

to be disease cansing (l<42I, R157N, R241C), were previously unreported. No other

changes were found on chromosomes which barboured novel mutations (except for silent

polyrnorphisms on some chromosomes), furthermore these novel mutations were not
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found on more than 100 normal chromosomes (data not shown). The novel mutations that

were identified in the Quebec population (K·t!I. R157;'1;. IVS6 nt-55) are presented here.

a. The 1(421 mutation

DGGE analysis identified a heteroduple.x formation in exon two (figure 3-3). Upon

sequencing an A to T transversion at nucleotide 125 was detected (figure 3-4J. The

substitution changes the codon ITom Lysine (MA) to lsoleucine (ATA). This result was

confirmeJ by Dot Blot analysis with an allele specifie oiigonucleotide (see table 2-1.

section 2.1.3) (figure 3-5). K421 was found on the paternal a11ele of the proband.

haplotype 21 (determined ITom previous study) and on only one chromosome in the

Montreal region. The other mutation found in this proband was E280K; a mutation

associated with c1assical PKU (PAH expression database) (Kayaalp et al. in progress). The

compound heterozygosity of these two mutations produces a PKU phenotype. This

mutation has been given the trivial name ofK421 and the systematic name cl25 A-T.
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Figure 3-3. DGGE pattern for nonl mutations.

GC-clamped amplifications of exons 2 and 5 were run on a denaturing gradient

gel. The unique banding pattern of the novel K421 mutation (lane 2) was compared 10

nonnal (Iane 1), F39L (lane 3), and L48S (Jane 4) banding patterns. Likewise. in exon

5, the unique banding pattern of the novel RI57N mutation (lane 6) was comparcd to

nonnal (lane 5) and R158Q (lane 7) banding patterns.
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Figure 3-4. Seguencing of the K421 mutation

Partial sequence ladders for PAH ;",on 2 from a proband heterozygous for the

novel K42I mutation and a normal control carrying no mutation. The Lysine to

!soleucine change at codon 42 ;s indicated.
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A CGT A CGT
1 1 1

3' 3'

Glu43 [~L F~J Glu43

A

~n
[ A/T-- Lys42Lys/Ile42

[~JLeu41 ~J Leu41

5' 5'
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Figure 3-5. Dot Blot confirmation of the 1\:421 mutation

A) Amplified exon 2 fragments were dot blotted and screened with a nomml

probe. The probe bound to both normal exon two amplifications and to a proband

heterozygous for a putative K421 mutation.

B) The blot was stripped and screened with a probe specifie for the K421

mutation. The probe bound only to the arnplified fragments from the proband who was

heterozygous for the K421 mutation.



•

•

A

B

NORM/ K42I/ NORM/
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K42I1
NORM

NORM 1 K421 1 NORM 1
NORM NORM NORM

K42I1
NORM
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b. The R157N mutation

DGGE analysis revealed a heteroduplex formation in exon tive (figure 3-3). Upon

sequencing a rare dinucleotide (double base pair) change was found at nucleotides 470

and 471 in codon 157. The first nucleotide change in this codon is a G to A transition

followed by an A to C transversion (figure 3-6). The two nucleotide changes in

combination change the codon trom an arginine (AGA) to an asparagine (MC) and

introduce a Bsa WI restriction site in Cleon five. The mutation was confirmed using

restriction analysis of amplified Cleon five with Bsa WI (data not shown). This mutation

was found on the paternal al1ele of the proband and on an unknown haplotype. It is a rare

mutation being found on only one chromosome located in the Eastern Quebec region.

The other allele carried by tbis proband was F299C; a null mutation associated with

c1assicaI PKU (PAR expression database) (Kayaalp et al. in progress). The compound

heterozygosity of these two mutations produces a PKU phenotype. To date, this is the

only double base pair mutation in a single codon reported to the PAH mutation analysis

database. The mutation bas been designated a trivial name of RI sm and the systematic

name of c470/471 GA-+AC.
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Figure 3-6. Seguencing of the RI57N mutation

Partial sequence ladders for PAH exon 5 from a proband heterozygous for the

novel R157N mutation and a normal control carrying no mutation. The dinuc1eotide

substitution and the arginine to asparagine change at codon 157 are indicated.
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c. The IVS6 nt-55 mutation

A unique banding pattern was identified by DGGE analysis of exon six (data not

shown). When sequenced a single nucleotide change was found in intron tive, 55

nuclcotides upstrcar,1 from the tirst nucleotide of exon tive (figure 3-7). The nucleotide

change is an A to C transversion and introduces a Bsm 1 restriction site. The mutation

was conlirmed using Bsm 1 digestion of amplitied exon 6 (data not shown). This

mutation was found on three chromosomes, two ofwhich harboured previously identitied

mutations. This, a10ng with the fuct that the mutation is deeply intronic leads to the belief

that IVS6 nt-SS is a silent (neutral) mutation. Since the mutation was found on three

chromosomes in 141 it has a frequency of 1.4% and is at a polymorphie frequency in

Quebee.

3.3.2 Novel mutationlhaplotype associations: Using the diallelie haplotyping

system (previous studies), 3 nove! mutationlhaplotype associations (S67P (HI]; G218V

[H2]; V24SA [H7]) were found on Quebec chromo:omes (Table 3-1). Eaeh ofthese

novel haplotypes could be easy formed by recombinations within and around the PAR

locus (sec discussion section section 4.2). However, other mutation mechanisms

(recurrent mutation, gene conversion) cannot be ruled out.
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Figure 3-7. ~eguencingof the IVS6 nt-55 poh"morphism.

Partial sequence ladders for l'AH exon 6 l'rom a proband heterozygous for the

novel IVS6 nt-55 mutation and a normal control carrying no mutation. The intronic

thymine to cytosine change is indicated.
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• 3.3.2 Novel mutation / haplotvpe associations

Table 3-1. Mutations found in Quebec which have a novel mutationlhaplolype
association. AIl mutations are c:>mpared with other populations which have reported
mutationlhaplotype associations.

•

Mutation
S67P

G218V

VUSA

Haplotvpe
4
4

4.3
1
1
1
1
2
3
3
3
7

PopulationlLocation
Walcs
Il:1.1y
S.W. England
Montreal
Dcnmark
France
Bclgiwn
Western Oucbcc
Denm:uk
N.1rcland
Spain
WcstcmOucbcc

Reference
1)1icld el aI. 1993
Dianzini el aI. 1995
Tyfield L. 1995 to Consortium
Cana K. 1996 to Consortium
Guldberg el aI. 1993
Rey F. 1995 10 Consonium
Miehiels 1.. 1995 10 Consonium
Caner K. 19% to Consonium
Guldberg ct aI. 1994
Zschoche ct al. 1994
Pcrc-z ct aI. 1994
Canacta!.1995
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3.3.3 Mutations round in Quebec and other populations:

Nineteen mutations that were previoulsy unre!'orted in the Quebec population

were round using the DGGE technique. 15 or these mutations are disease causing alleles

ofwhich Il are rare (relaTive frequency < 1%) and 4 are common in Quebec (Table 3-2;

Table 3-4). The other 4 mutations are pol}morphic (relative frequency > 1%) neutral

mutations which have no known phenotypic effects. These neutral po1ymorphisms are

associated with only a small number of polymorphie haplotypes and are commonly found

with various disease causing alle1es (Table 3-3).



.JS

• Al The disease causing PAH mutations round in Quebec and other populations

Table 3-2. Disease causing alleles were previously identified in other
populations. These are listed with their diallelic haplotypes (ifknown) in both Quebec
and the e.xtemal o ulations.
Mutation uebec OtherPo ulations Ba 10
F39L Eastern Qucbcc Australia Lb 1.8

Westem Quebec Denm:uI<. 1
Spain d 2·U
New England r ND
Bclgiumh 1
S.W. Eng!aDd i 1
C=h Rcpublic J 1.8
W. Stol1:llld i ND.8
N.lrclan4Ï> ND.8

L48S Western Qucbcc ~ Turkcy .... ~

Montreal ND Gcnnany n.q,u 31 ~.3

Sicily <op 28.3
Spain d.o ~.3

Romania, ND
BcIgium h 3/~

Australia b ~.3

halYI ~

C=h Rcpublic J ~.3

S.W. England j ~.3

W. Stotland i ND.8
France. ND.~

mû WestcmQuebec ND Europcw 1
Sicily ... 1.8
Poland.. 1
F~. 1
JtaJy. 1
~u ND
BeI • NI'

S67P Montreal 1 Walcs y 4
11aIy. 4
S.W. England; 4.3
N.1rcland • ND.3

ND ElInlJlClIII w 1
DcnïnuIc. 1.
Sicily. ND
ThCNether!mvIs • ND
France. ND

RIUX Western Quebec ND Chincsez 4 !
Denm:uI<. 4 1-

•
Sicily <op 4.3/28.3 1
Japancsc. ND 1•
Mid West USA 3 ND ••1
S.W.En S.S 1

R176X, WestcmQuebec ND SiciIy•. ND• ... Egypt. ND.. ' ......... -.
Bclgjumll ND
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• Mutation -OuebecRe2ion
UI2P Eastern Qucbcc
G218V WCSlern Qucbec

Eastern Quc:bcc

E221D222f. Eastern Quc:bcc
dclAG

V24SA WCSlcm Quc:bcc
Eastern Quc:bcc

HaDlotvoe
ND
2

ND

ND

7
ND

Other PODuJations Ha
USA.. ND
Dcnmark, 1
France. 1
BcIgium, 1
Walcs. ND.S
Denmark, 4
Tanaria 1: ND
Nethcrlands h ND

~, 3~S i
spain.3.S,
FriinCè • . ND .. i
Gcnnaay. .NI) ... .. 1
POIand,ND . i
BcIo'ium, .... NIj ..... i

Ivsll nU Montreal 4 USA. ND
N. IrcJand. ND.3

K363f. Montn:aI ND USA,. .... ND .1
Germ8nyu: ·ND :: i

.liiiJv; ....:. .. .'NIj .. :. i
France. 4
Spain. 6.7
S.E. EngJand. ND
Czcch Rcpublic 1 4.3
Chi1c o 6.7
N. IrcIand. ND
BcIgium, ND
Poland.. ND

NDWCSlcrn Quc:bcc

.. ~cstt:IJI~c. 'ND~;'" ,::···.~ND... ;8.i
l.. ··:'~*ii;.. ...:.):: ...

. '::: ...:.,;, ......:.,... '..:::,::~:;; .. :..:".,": .... ::1:),::':: mi!\
...'.... .:)) .... :,··::••.'..i·::.·.••.,··.,'.,.~,Cl.•.• ·.;.··.· •.~.~.~:.h.·.·•. :.,R.·•.~.·•. ·:.··~.:.··.·:...·c·:.'•.• •.•.•.'.•.... ',•. ;.: :::::;::l'·.L ....:>:... ,:...•...:.:' ..':: ., .. •.• :.:,'.•..... :,. :,',:'.•. :,.:,....•.'.' .,',',:,. ',L4'·:3·~,:.·',' ..•.,',••,;,..•.: ..,'.....•..' •.1

1
,"" ..:"':"" .." .. .......:f~~.

.. . < <..... •....•..,·'.Gêrïii3ôYW ..•.. :..:.•:.• '.: ..•..•...•...•.:.•.i .•. ·.:.:.i·.• ·.•
liln
ND•••....•.'.' ..• :.....'.:'.,' •.11., .•. :::'·,::·::Y ,.::.:": '>:'P'6Ïim;ÜH .....

1\'510 nt-3

A403V'

•

°Forrestctal. 1991
'Ramus cl al. 1995
• Guldberg ct a. 1993
• Pcn:z ct al. 1994
• Pcn:z ct al. J995
'Guldberg ct al. 1994.
• Guldberg ct al. 1994.
'Michic1 S 199510

Consortium
iTytic1dL. 1995 10

Consortium
1 Kozak L. 1995 10

Consortium
• Zschockc ct al. 1995
1Zschoc:bc ct al. 1994
la Licbtcr-Konccki et al. 1990

• Konccki ct al. 1991 ' Huang ct al. 1990
°Ka1aydjiCllll ct al. 1993 2Talallada ctal. 1993
P ROlIIllIIo ct al. 1994 >Kaul et al. 1993
• Aulcbla-Scbolz 199410 • Go1tsovetal. 1994

Consortium ' ZcIamowski 1995 10
'Popcscu et al. 1994 Consortium
•MartiDcz-Panlo et al. 1994 • Guldberg etai. 1995
1 Dianzini etai. 1995 1 GuldbergP. 1993!?
°Guldbcrg P. 199510 Consortium

Consortium • Abadie 1993 10 Consortium
• Rey 1995 10 Consonïum • Cadiou 199410 Consortium
wHorstetai. 1995 ,. JarozeIskaetai. 1995
• Zygulska et al. 1994 Il ZcIamowski 199610
• Tytic1d et al. 1993 Consortium
• PIoos Van Ams1cII9941o 12 Kuzmin c: al. 1995

Consortium



•
50

Hl Polvmorrhic neutral mutations round in Ouebec and other populati9ns

Table 3-3. Polymorphie neutra! mutations that have been previou31y identilied
in other populations. Polymorphisms are listed along with their diallelie haplotypes (if
known) in both Quebec and the population in whieh they had becn previously identified.

l\futaôonQlIebecRe2ion
Ivs2 Dt19 Montn:al

HaDlotvDe
ND

Other PODulatioDS
European,
ElMJIb
Bclgiurn.
ltalv d

BaDlotvDe
11.5.6
ND
11,5
ND

IvsJ Dt-22 Montreal ND
Western Qucbcc IA.3.ND
Eastern Qucbcc IA.3

L38SL Montreal 1
Wcstcœ Qucbcc 1,3.8
Eastern Qucbcc 3.S,ND

.... ...
Y414Y Montreal 1

Bclgium,
NonV3~' •
ltalv d

AuslIa1ia,
Portugal.
Bclgium.
Polandh
ltaIian "
England,
Bclsriurn.

lA
4.3
ND
ND
ND

1,3,7
ND
ND
ND
li

•

, Lichtcr-Koncclci et ah 1994
b EiscDsmith R.C. 1994 to Consortium
• Michiels L. 1995 to Consortium
d Dianzani ct al. 1995
• Apold J. 1995 to Consortium

'Forrcstctal. 1991
• Leandro ct al. 1993
h ZeIcanowski C. 1995 10 Consortium
1 Tyficld L. 1994 to Conortium
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3.4.0 Relative Frequency of Quebec PKU mutations

Previous data (Rozen et al. 1994) and mine were combined to denve relative

frequencies of l'AH mutations in Quebec (Table 3-4). The relative ITequency is obtained

by dividing the number of independent chromosomes bcaring a particular mutation by the

numbcr of independcnt mutant chromosomes in cach region (see section 2.03, Figure 2­

2). French Canadian PAH mutations have a different relative ITequency ITom those

found in France, the country of ongin for French Canadian ancestors (Harris and

Mathews 1989) (Table 3-4).



• Table 3-4. Relallve freQucncles ofFAH mutallons In Probands with PKU or Vanan!.
Pro,ince' W. Quebee Montreal E. Quebee France'

Chromosome n 141 57 37 47 372

Mutation

•

MIV

F39L

K421

L4&5

F55fsdeiT

F55L

lvs2ntS

165T

S67P
R685

dcll94

AI04D

RlllX
HI46Y

R157N

RI58Q
Gl71A

RI76X
EI780
L212P

0218V

E22ID222fs

02395

R241H
R24~~

R243Q
V245A

L249F

R252W

R252Q

A259V

R261Q
C2650

0272X
S273F
Y277D

E280K (HI]

5.7

4.3

0.7

2.3

0.7

o
o

4.3

0.7

o
o

0.7

0.7

o
0.7
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Province' W. Quebec Montreal E. Quebec France b

Chromosome n 141 57 37 47 372

Mutation

E280K IH2) 3.5 5.3 0 4.3 0

P211IL 2.1 1.8 2.7 2.1 P

F299C 6.4 10.5 5.4 2.1 P

A300S 0.7 1.8 0 0 P

IVS8NTI 0.7 0 2.7 0 -
A309D 2.8 5.3 0 2.1 -
L311P 0 0 0 0 0.5

P314H 0 0 0 0 P

F331L 0 0 0 0 P

D338Y 1.4 3.5 0 0 -
LSSFfsdelll bp 0 0 0 0 P

L348V 1.4 3.5 0 0 P

S349P 5.7 1.8 2.7 12.8 P

S350T 0 0 0 0 P

10000eiG 1.4 1.8 2.7 0 -
1OS4155dc1G 0.7 0 2.7 0 -
IVSlOnt-11 1.4 0 2.7 2.1 P

rvSIOnt-3 0 0 0 0 P

A373fsdc1GC 0 0 0 0 P

E390G 0 0 0 0 P

IVSllnti 0 0 0 0 P

A403V 0.7 1.8 0 0 P

P407fsdc1C 0 0 0 0 P
R408W [HI] 7.1 5.3 10.8 6.4 0.3

R408W[H2] 4.3 1.8 10.8 2.1 5.6
R408Q 0 0 0 0 -
R413S 0 0 0 0 P
Y414C 0 0 0 0 P
IVSI2nti 17.9 15.8 10.8 17.0 5.6

Identilied % 92.5 %.4 94.6 89.3
Symbois: O. scarchcd for and absent:

-. not scarchcd for;
p. present but rcaItïvc frcquency unknown.

.) Qucbcc data inc1udcs data adaptcd from Rozen et al. 1994; ncw data provided by Carter le.
(this Sludy; unpub\isbcd matcria1).

bl Data from (Abadie et al. 1993):(Bcnit et al. 1994);(Guldbcrg P. unpub\isbcd data) Rey F and Rey J
have c.'1cudcd the fmdings in France (sec Database); differences betwœn Qucbcc and France still
rcrnain.
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3.4.1 Stratification of Quebec PKU mutations

The distribution of both prevalent and rare alleles is non-random. bolh by

geographic region and by population. When relative frequencies are shown by region or

subpopulation the non-random distribution or stratification of mutations is apparent.

This stratification becomes more obvious when the efficiency of mutation detection

approaches 100%. Since mutation detection in Quebec has atlained 92.5% (Table 3-4)

mutations at an elevated relative frequency can be compared. In cach of the three Quebcc

regions the four mutations with the highest relative frequencies were compared (Figure 3­

8). Stratification is obvious as cach region has a different set of PAH mutations which

are at a raised frequency. The distribution of PKU mutations are different between

French Canadians (East and West Quebec) and non-French Canadians (Montreal) and

aise between French Canadian probands ITom eastern and western regions ofQuebec.
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Figure 3-8. Relative frequency graph for the four most prevalent PAH mutations in
each of three regions in Quebec.

Mutations
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3.5.0 l\1utabilitv of th... PAH g...n...

The mutatbility profile for the l'AH gene \Vas ascenained using the Mutpred

program (Cooper and Krawczak. 1993) (Byck ct al. 1996) (Figure 3-9) The profile

shows 24 codons containing Cpg dinucleotides. Also indicated in the profile arc the CpG

sites which contain Cpg type mutations: CG>TG or CG>CA (lé). CpG sites without

mutations (7) and CpG codons without CpG type mutations (5). CpG sites are

hypermutable (Cooper and Youssoufian 1988) and those l'AH mutations which occur at

high frequencies and al CpG dinucleotides could be recurrent .
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Figure 3-9. Mutpred mutation preclictability spread ofPAH cDNA.
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3.6.0 Mutation Detection in other populations

Mutation detection was perfonned on a family from the USA and a family from

Kuwait. A novel mutation was discovered on one chromosome trom the USA and a ncw

mutation population association was discovered in the family trom Kuwait. Bclow are

the results ofthe mutation detection in each family.

3.6.1 Mutation detection on a Chinese ramily rrom the USA

AIl thirteen e.'Cons of the PAH gene were screened for mutations using DGGE.

Two different heteroduplex fonnations were discovered in e.'Con seven (data not shown).

Upon sequencing one known (R241C) and one novel mutation was discovered (data not

shown). One chromosome carried a single nucleotide change in codon 257 of exon

seven. The G to A transition changes the codon trom glycine (GGC) to aspartic acid

(GAC), creates a Bst En and abolishes a Hae m restriction site. The mutation was

confirmed by restriction digest of amplified exon seven with Hae m (data not shown).

G257D was found 011 haplotype four on a proband with Chinese ancestry living in the

USA.

3.6.2 Mutation Detection in a Bedouin ramily

DNA trom a Bedouin family was sent from Kuwait for mutation deteetion. It is

the hope ofresearchers to find mutations which are at e1evated frequency in this area and

from this implement a screening program. Upon DGGE ana1ysis it was apparent that

each patient in this family was homozygous for a mutation in the PAH gene (data not
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shown). Sequencing revealed an IvsIO nt-Il mutation (data not shown). This mutation

is the second most prevalent mutation in the PAH gene and is found in 25 populations on

six different haplotypes (PAH mutation analysis database 1996). The fact that the

affecled children in this family w~re homozygous is not surprising due to the high

inbreeding co-efficient oftheir pedigree.
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Chapter4
Discussion

4.1.0 Multiple mutations round:

Since the 1994 study (Rozen et al. 1994). 18 mutations were added to the Quebec

PKU mutation spectrum. Wlùle a majority (10/18) of these mutations were found only

once, in total they make up 12.2% of the Quebec PKU mutations. To date. 38 different

PKU mutations in 40 different mutationlhaplotype combinations have been identified in

Quebec (see section 3.0), nine were tirst identified in Quebec and four remain unique to

this population (see section 3.1). Approximately halfthe mutations reported to the PAH

mutation analysis database are unique to a single population (155 mutations). Molecular

and biochernical studies can deterrnine if these mutations are disease causing.

Genealogical studies combined with molecu1ar haplotype studies can help to detennine

the origins of these mutations (Treacy et al. 1993). 1 will now discuss the Iwo disease

causing alleles unique to Quebec and identified in this thesis project.

a. The K42I mutation

Mutation scanning identified a cl25 A-T transversion in codon 42 of the PAH

getle (Figure 3-2 section 3.01). The substitution alters the codon for Lys42(AAA) to De42

(ATA) and is confinned by dot blot analysis (Figure 3-3 section 3.01). The systematic

name ofthis mutation is cl25 A-+T; the trivial name is K42I.

The change is inherited with a variant PKU phenotype in one compound

heterozygote (K42I/E280K). It was not round on any nonnal chromosomes (n >100)

screened with DOGE, and no other changes (except for silent polymorphisms) were
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found in the coding. or tlanking intronic regions of the PAH gene. Together this suggests

that K421 is functionally important and rcsults in dccreased PAH enzyme aetivity.

K421 occurs in a small stretch of conserved amino aeids in human. rat and mouse

PAH as weil as rabbit tryptophan hyrdoxyiase (TRP) (Figure 4-1) (Ledley et al. 1985,

1990; Dahl et al. 1986; Grennet et al. 1987). This region of the PAH ellZ}me is not

gencrally eonsidered to be a part of the catalytie core but instead eontributes to substrate

speeificity and regulation (Diekson et al. 1994). For this reason K421 nùght not be

expected to greatly decrease enzyme specifie activity. However. it could cause decreased

enzyme stability. as do the majority of PAH mutations this far studied by in vitro

expression (PAH expression analysis database). /11 vivo 13C_phenylalanine oxidation

studies on the proband carrying tbis novel alIele reveal oxidation levels 6% that of a

normal control (Treacy et al. 1996). These oxidation levels are relatively high for a

compound heterozygote in wbich the other alIe1e is associated with very low activity

(E280K <1% in vitro activity. in COS; PAR expression database). This would suggest

that the K42I protein retains considerable enzymatic aetivity and would be associated

with a nùld PKU or non-PKU hyperphenylalaninenùa (HPA) phenotype in the homoallelie

state. We intend to measure in vitro enzyme aetivity for K42I in expression studies (E.

Coli and Cos).

The K42I mutation bas been identified on one chromosome in Montreal (sec

Table 3-4 section 3.). but bas not been found in other populations. It is associated with a

rare haplotype [H21] in Quebec. Its origin in the French Canadian population is as yet

unknown.
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b. The R157N mutation:

A new mutation was found in codon 157 of exon 5. The change is a dinuck'otide

substitution changing the first nucleotide (nt 470) of the codon trom a G to an A and the

second (nt 471) trom an A to a C (Figure 3-4 section 3.01). R157N creates a Bsa Wl

restriction site which could be used for diagnostic or screening purposes. The systematic

name ofthis mutation is c470-471 GA->AC; the trivial name is RI57N.

The change was inherited with PKU in a heteroallelic genotype (R157NIF299C)

and was not found on any normal chromosomes (n >100) screened with DGGE. No

other changes (except for silent polymorphisms) were found in the coding, or flanking

intronic regions of the mutant gene. These findings suggest that R157N is functionally

important and leads to a deerease in enzyme activity.

R157N occurs in a region ofhigh homology between human. rat and mouse PAH

as well as rabbit TRH and rat tyrosine hydroxylase (TYH) (Figure 4-2) (Ledley et al.

1985, 1990; Dahl et al. 1986; Grennet et al. 1987). Amino acid 157 is suspected to be at

the boundary of the catalytic core of PAH (Dickson et al. 1994) For this reason it is

difficult to speeulate what effect this mutation might have on enzymatic activity, substrate

binding, regulation of enzyme activity or stability. Preliminary expression analysis in a

human kidney cell line shows that the mutation is likely to resu!t in -5 % normal

enzymatic activity (p. Waters and S. Hewson pers comm.). This level ofenzyme activity

shows that R157N is not a null mutation but is much lower PAH aetivity!han mutations

associated with non-PKU HPA (pAH expression ana1ysis database). It is therefore Iikely

that the R157N mutation would confer either a cIassica1 or variant PKU phenotype in a

homozygous stlte.
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The two individual nucleotide changes that make up the R157N mutation had not

been previously reported to the PAH mutation anaJysis databasc. It is ünknown if the

dinucleotide change is the outcome of two separate events or is the result of a single

event ofunknown mechanism.

R157N wa~ foul1lÏ on a single chromosome in the Western Quebec region. It is

associated with an unknown haplotype and has not been found in any other populations.

Its ongin in the French Canadian population is as yet unknown.
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Figure 4-1. Panial amino acid sequence for the human. mouse and ra, phenylalanine
hydroxylase (PAH) enzyme as weil as the rabbit tryptophan hydroxylase (TRH) and rat
tyrosine hydroxylase (TYR) enzymes. The numbers refer to the codons in the respective
proteins. The boxed amino acids are conserved; the dotted box is the site of the K421
mutation. Adapted from Ledley et al. 1985, 1990; Dahl et al. 1986; Grennet et al. 1987.

. 42

Human PAH 38· Ile Phe Ser Lee: Lys :- .. Glu Glu ·44

lieuse PAH 38· Ile Phe Ser Leu: Lys :-.- Glu Glu -44

Rat PAH 38· Ile Phe Ser Leu: Lys :..• Glu Glu ·44

Rabbit TRH 38· Ile Phe Ser Leu: Lys :..• Asn Glu ·44

Rat TYH 38· Leul Phe Ser LeulArg Gly Thr Lys ·45

Figure 4-2. Partial amino acid sequence for the human, mouse and rat phenylalanine
hydroxylase (PAH) enzyme as weil as the rabbit tryptophan hydroxylase (TRH) and rat
tyrosine hydroxylase (TYR) enzymes. The numbers refer to the codons in the respective
proteins. The boxeè amino acids are conserved; the dotted box is the site of the R157N
mutation. Adapted from Ledley et al. 1985, 1990; Dahl et al. 1986; Grennet et al. 1987.

: 157:

Human PAH 153· Val Tyr Arg Ala: Arg: Arg Lys Gln ·160

Meuse PAH 153· Val Tyr Arg Ala: Arg: Arg Lys Gln ·160

Rat ?AH 153· Val Tyr Arg Ala: Arg: Arg Lys Gln ·160

-' : ~
·160Rabb1t TRH 153· Val Tyr Arg Lys Arg: Arg Lys Tyr

Rat TYH 153· Val Tyr Arg Gln Arg: Arg Lys Leu ·160
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4.2.0 Silent Substitutions:

Seven silent substitutions were identified. Two of these (Q232Q, V245V) had

alrcady been described in Quebec and are frequent in French Canada (John et al. 1991).

One silent substitution (IVS6 nt-55 t->g) is novel and has not been described in any other

populations (see section 3.0(,); four (IVS2 ntl9, IVS3 nt-22, L385L, Y414Y) have been

previously descnbed in other populations (see section 3.4, Table 3-3).

Three of these polymorphisms were found on only a small number of

chromosomes in Quebec. IVS2 ntl9, IVS6 nt-55 and Y414Y were found on 2,3 and 1

chromosomes respectively. Because of their low frequencies, these sites may not he

useful for ana\ysis of PKU chromosomes in French Canada; Frequency is not known in

non-PKU families. The other four polymorphisms (Q232Q, V245V, IVS3 nt-22, L385L)

are all frequent in Quebec, absolute frequencies are unknown but are listed here in rank

order of approximate relative frequency. The four sites are associated with ? 'JIIIa1l

number of haplotypes both in Quebec and other populations which, when added to

PCRable haplotyping sites can aid in haplotype detennination (S. Byck in progress). In

doing so, time-consuming Southem blotting could sometimes be avoided.

4.3.0 Sorne mutation. are round on novel haplotypes:

Identical PAR mutations have previously been reported on two or more difIèrent

haplotype [H] backgrounds. This study bas identified four mutations whicb are present

on novel haplotypes, bringing the total novel mutationlhaplotype associations found in

Quebec to six. The fact that one mutation occurs on two haplotypes can be explained by

one of three mechanisms: i) two independent mutational evcnts recurring al the same

nucleotide, ü) gene conversion event or fi) a homologous recombination between the
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two haplotypes during meiosis (Okano et al. 1990). 1 will discuss each of these

mechanisms with regards to the novel mutationlhaplotype associations found in Quebec.

Al The mutations:

The S67P mutation is associated with haplotype 1 in the Montreal region of

Quebec (Table 3-1, section 3.02). Prior to this study, it had becn reported to be in

complete linkage disequilibrium with haploytpe 4 in Waies, ltaly and South West England

(see Table 3-1 section 3.02).

The G218V mutation was found to associated with haplotype 2 in the Western

region of Quebec. It was previously reported on haplotype 1 in Denmark, France and

Belgium (Table 3-1, section 3.02).

The V245A mutation is found on haploytpe 7 in Western Quebec. It is found on

haplotype 3 in Denmark, Northern Ireland and Spain (Table 3-1, section 3.02)
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B) Recurrent Mutation:

.. Hot spots" f,)r point mutations (eg. CpG dinucleotides) occur throughout many

genes including PAH (A~!E:: et al. 1989) (Cooper et al. 1988). Two PAH mutations,

both at CpG sites, are best explained by recurrent mutation (R408W: Byek et al. 1994);

(E280K: Byek et al. 1996). PAH mutations not located at CpG sites have not been

shown to be recurrent in any population. None of the mutations described here found on

a novel mutation/haplotype association, oceurs at a CpG site. Therefore, they are

unlikely to be located at hypermutable sites. Furthermore, viewed on MUTPRED (Figure

3-9, section 3.3) the three codons whieh are located in the eDNA region have relatively

low mutability profiles (F39L 4.09/20; G218V 7.18/20; V245A 5.8/20). Further

studies using the highly polymorphie VNTR and STR systems and extended diallelie

haplotypes could be used to test these mutations for uniqueness. However, taking the

above information into account, it is unlikely that the presence ofthese four mutations on

novel haplotypes is compab"ble with the recurrent mutation mechanism.

Ç) Gene conversion:

Gene conversion is a non-reciprocal homologous recombination whereby

modifications in an acceptor gene are copied from a homologous donor sequence. Whi1e

MOst human gene conversions are smaIl « 300 bp), they cao be as long as 1.5 Kb

(SDÙthies et al. 1986). In eukaIyotes there bas not been a consensus sequence found that

in necessary for the initiation of gene conversions, however, in prokaryotes il bas been

suggested that a promoter specifie 14 bp poly (dAdT) tract is an important component of

gene conve:'Sion (Schultes et al. 1991). Ifa promoter sequence was required in humans

this would cause a very large gene conversion area for all three of the novel
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mutation/haplotype associations in question. rang.ing. lrom 20 Kb lor Sb7P 10 70 Kb lor

V245A. These large sizes of gene conversions make this mechanism un\ikel::. If

however. the consensus sequence in humans could be found in intronic regions. each of

these mutations could occur on novel haplotypes by relativel)' small gene conversion

events. Present knowledge of gene conversion in humans cannot m\e out the gene

conversion mechanism to explain these novel mutation/haplotype associations.

Dl Recombination:

The most likely mechanism for the e.xplanation of novel mutationlhaplotype

associations is homologous recombination. which involves i) the painng of two

homologous DNA duplexes. ii) brcaking two of the homologous DNA strands. iii) re­

forming of phosphodiesler bonds 10 join the two homologous strands and iv) brcaking of

the other two strands and joining them (Holliday 1964; Meselson and Radding 1975;

Radding 1982; Szostak 1983). For three of the novel mutationlhaplotype associations

(S67P, G218Y, Y245A) a single crossover could lransfer the mutant nucleotide from the

common to the rare haplotype (Figure 4..3).

A mutation should be associated with two haplotypes in the source population

when a recombination has oecurred. assuming no a~lmixture or gene flow (Okano et al.

1990). The S67P mutation has been found on only one haplotype 4 chromosome in cach

of Italy, Wales and South West England (sec Table 3-1. section 3.1). with 110. III and

III chromosomes studied in cach population respective1y. Since cach population has

been studied thoroughly and only one mutant chromosome found in cach it is unlike1y

that the haplotype 4 to haplotype 1 reeombination occurred in these populations.
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The G218V mutation has been identilied on one [HI] chromosome in Denmark

and Belgium (see Table 3-1. section 3.1), with 333 and 250 chromosomes studied in each

population respectively. It i~ unlikely that a haplotype 1 to haplotype 2 recombination

occurred in these populations. However, the relative frequency of G218V [HI] is not

known in France and it is still possible that G218V [HZ] originated there via a

recombinational event.

The V245A mutation has bee found on live haplotype 3 chromosomes world

wide. Each chromosome is in a population of sufficient size with low enough V245A

frequencies to make the haplotype 3 to haplotype 7 recombination event unIikely in these

populations (see Table 3-1, section 3.1). V245A has a1so been found on four

chromosomes with unknown haplotypes in Germany (3) and Belgium (1). It is possible

that this recombination event occurred in either of these populations and in turn migrated

into Quebec.
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Figure 4-3. A single recombination eould transfer a rare mutation !Tom one
polymorphie haplotype to another.

The filled and open boxes represent mutant and normal a1leles respectively. # 1
recombinatiol1 for the S67P a1lele; #2 reeombination for the G21 SV a1lelc; #3
recombination for the V245A a1lele.

#J. A single erossover 5' to the Eeo RI site eould transfer the S67P mutation !Tom
haplotype 4 to haplotype 1.
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4.4.0 Chromosomes with unknown mutations:

From the 141 chromosomes studied in Quebec there were seven chromosomes

that no heteroduplex formation was detected by DGGE. There are two explanations for

these mutations remaining unknown. i) it is possible that DGGE could not deteet the

nucleotide change because the change in melting temperature is not great enough. Due to

the faet that DGGE is based on changes in melting temperature, it is possible that a

nucleotide change could cause only a slight change in melting temperature causing the

technique to fail. ii) The mutation could be located in a region ofthe gene that was not

scanned for mutations. While the PAH PCR primers are generally located approximately

60 nucleotides into intronie regions ofthe gene, there are primers whieh are located only

10 nucleotides from the exonfmtron boundry. For this reason it is possible that

undetected mutations are located outside regions that were scanned, either deeply

intronie (>60 nueleotides) or in introns not adequately scanned (>10 nucleotides). There

have not been any disease causing mutations found in the promoter portion of the PAH

gene but this is probably due to the under-sarnpling ofthis portion ofthe gene.

4.5.0 Mutation Diversity and Stratification

While mutationlhaplotype associations which are unique to Quebec can he

utilized to determine the origins ofthe mutation, the entire subset ofQuebec alleles (both

rare disease producing and polymorphie (neutral» can be informative about their

European counterparts. When classified by mutation type Quebec alleles resemble those

for the world population (fig 3-8 section 3.2), on the other hand the spectrum of specifie

Quebec mutations differ from any single European population. For example the S67P

mutation found in Western and Eastern Quebec is also found in Wales, Italy, South West
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England and Northern Ireland. Howe\"er. the R176X mutation. round in Western

Quebec. has only been round in Sicil~·. E~ypt and Belgium (sec Table ~-2 section ~.~).

The set of PKU alleles not only diflèrs l'rom that of France. the country of origin lor

French Canadian ancestors (Harris and Mathews 1989) (sec Table 3-4 section ~. ) but

also from any European set of alleles.

ln further subdividing the province of Quebec into eastern. western and Montreal

regions.. the demographic history of the province can be exposed using the frequencies of

rare PAH alleles (Figure 3-6). While Quebec alleles are unique trom Europe 50 is cach

region unique within the province. This'genetic geography" or stratification of allelcs

becomes most apparent when studyïng the prevalent mutations in each of the three

regions. When the four most frequent mutations arc chosen from each region, thcre is

only slight overlap with lYS12 nt1 and R408W rH 1] being found in more than one region

(Figure 3-6 section 3). Non-French Canadian alleles (Montreal) differ from those of

French Canadian familes. and the French Canadian alleles l'rom the Eastern and Western

regions of the province also differ. This different pattern of mutations reveals a different

pattern of founders and settlement by French Canadians in the eastem and western

regions of the province as weil as non-French Canadians in Montreal.

ln summary. Quebec is a unique population whose structure allows the genetic

history of the province to be easily documented. An increased level of mutation detection

(93%) has shown that many Quebec allele:; reflect evidence of founder effects, genetic

drift, and range expansion in relative genetic isolation. ln short. the history of the gene is

the history ofthe population.
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4.6.0 Applications of Mutation Detection and Genotvping:

This project has contributed directly and collaboratively to many other ongoing

projects in this laboratory. i) From genotyping of Quebec PKU patients, a

genotype/phenotype correlation study has been established. ii) By providing rare disease

producing alleles, it has allowed for an in vitro expression system that will analyze

mutant proteins which harbour unique Quebec mutations. iü) The genotyping of multiple

Quebec families, has alse assisted the study of a non-invasive method of measuring

phenylalanine oxidation leveIs ill vivo. iv) Lastly, 1 was involved in finding the PKU

mutations in a family that requested pre-natal testing but had uninforrnative haplotypes.

My role in each ofthese studies bas been to provide and confirrn individual mutations and

family genotypes. Each ofthese projects are described be1ow.

4..6 1 Genotype - Phenotype correlation study:

In ana\yzing HPA cases both in Quebec an around the world, Emre Kayaalp bas

produced one of the most extensive genotype-phenotype studies at the PAH locus to

date. This study covers 392 individual cases, harbouring 177 different genotypes. and 78

different a1leles (Kayaalp et al. in progress; abstraet in press). The effects of 38 different

alleles. in patient's either homoallelic or heteroallelic against a nu1l aIIe1e, were evaluated

with regards to clinica\ and metabolic phenotypes. Twenty seven cases could be easily

classified in one of three phenotype categories; Classica1 PKU, variant PKU and non­

PKU HPA The remaining eleven mutations fe11 into two or even three phenotype

categories when studied in di1ferent patients. Two such examples are I65T and Y414C.

I65T (relative frequency in Quebec 4.3%) bas an in vitro activity of26 % that ofnorrna1
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protein, but when classified in distinct patients was placed in aU three phenotypic

categories. Like...:ise, Y414C has an in ,'itro actÎ\;ty 50 % that of normal and also f!lUs

into ail three phenotypic categories when found in different patients. Conclusions ITom

this stndy are that HPA has fcalltreS of a complex trait. While the majority of PAH

mutations have predictive value for trcatment and prognosis. identical PAH genotypes

may act differently between patients. Furthermore, the in VÎ\'O properties of the PAH

enzyme are not always concordant with ill vitro findings.

4.6.2 III vitro expression ofnovel Ouebec mutations:

Ten mutations were first identified in Quebec and four are thus far unique to the

Quebec population (sec section 3.1). Dr. Paula Waters is using two expression systems

to characterize mutant PAH proteins which harbour Quebec alleles. The first expression

system is in a human embryonic kidney ceU line. This system is hoped to produce mutant

proteins that have a similar unit-protein activity as would he found in patients harbouring

this mutation. The second expression system is in E. coli as fusion protein of PAH with

maltose binding protein. This prokaryotic system produces more pure PAH protein !han

il's eukaryotic counterpart and wiU thus alIow more detailed biochemical studies of

mutant proteins.

Mutations that are in the process ofbeing expressed are K42I, D338Y. AI04D

and RI57N. Initial studies have been completed on the AI04D mutant. This mutant bas

becn found to have 33 % ofnormal activity in the eukaryotic expression system, 52-59 %

specific activity in the prokaryotic system compared to wild type and 8.4% normal

activity in the in vivo system (Waters et al. abstract in press). From tbis data it was
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concluded that the ill "/lm protein expression data is compatible with the ill ,'i\'O oxidation

data and mctabolic phenotype of the p:.tient homoqgous for this mutation. The R157N

mutation is hoped to be a uscful mutation for dClailcd biochemical analysis of the PAH

protein due to ifs proximity 10 the hYPolhesizcd PAH cataly1ic core (see section 4.0",) and

ifs position beside the Rl58Q mutation. R158Q has been expressed in a Cos system and

found to have considerable residual activity (PAH expression analysis database).

4 6 ~ /11 l'h'o phenylalanine oxidation studv:

When identical phenotypes are not observed with identical genotypes and one or

more of the phenotypes dœs no! correlate with the 111 Vllro expression levels it is

interesting to study the ill \'i\'O phenylalanine oxidation levels of individual patients, To

measurc the phenylalanine oxidation levels ill \'il'O. "C labeled phenylalanine is used as a

substrate and the resulting I;CO~ is analyzed by isotope ratio mass spectrometry (Treacy et

al, 1996; in progress), This is a non-invasive method of assessing genotype-phenotype

correlations,

When percent phenylalanine oxidized is plotted a~ .mst time the test proves to be

very informative. with not only affected individuals being distinguished from normals but

ail three class of HPA (classical. variant. non-PKU HPA) being distinguishable, The

differences between ail cases of hyperphe with controls and carriers as weil as the

difference belWeen controls and carriers are extremely significant (p<,OOOI), The

diftèrence between the PKU. variant and non-PKU HPA groups are also significant (P<,OS)

(Treacy et al. 1996).
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As with the direct genotype-phenotype study. there are discrepancies betw~'en III

vivo and ill dtro data as expressed in a COS cell system. For example, a patient

heterozygous for F299C/R158Q had zero oxidation of "C-phenylalanine as no "CO~was

detected. III vitro, the F299C a1lele has Jess than 3% normal acti\;ty but the R158Q allele

has 10% activity. From these values one would e.xpect to observe sorne phenylalanine

oxidation ill vivo (Treacy et al. 1996). While in \;tro analysis measures only the unit­

protein effect, the 13C phenylalanine oxidation rate takes into account multiple loci and

possible protein interactions. In doing so, hyperphenylalanlnemia is seen as a comple.x

trait with multiple loci and events deterrnining the emergent phenotype.

4.6.4 Mutation scanning for pre-natal testing:

Most often, haplotype anaIysis and tests for specific al1eles are used for

informative pre-nataI testing. On occasion. haplotypes are uninformative and mutations

are unknown. In these cases m:Jtations need to be determined in a reliable and lime

efficient manner. When such d case was referred to Dr. Rima Rozen 1 used the DOGE

technique of mutation scanning to determine the affected exons (sec section 3.6.2) and

sequencing in the pre-nataI testing lab determined the mutations. WhiIe DOGE has never

attained IOoo/o mutation detection efficiency in this or other populations and wil1 never

replace current screening techniques, in such rare cases as this. it has Pfoven to be a

useful diagnostic tooI.
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