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Summary

We report missense mutations associated with haplotype 1 and haplotype 4 alleles of the human
phenylalanine hydroxylase (PAH) gene. Individual exon-containing regions were amplified by polymerase
chain reaction from genomic DNA of a PKU patient who was a haplotype 1/4 compound heterozygote.
The amplified DNA fragments were subcloned into M13 for sequence analysis. Missense mutations were

observed in exons 5 and 7, resulting in the substitution of Arg by Gln at residues 158 and 261 of the en-

zyme, respectively. Expression analysis in heterozygous mammalian cells after site-directed mutagenesis
demonstrated that the Arg'58-to-Gln158 mutation is a PKU mutation, whereas the Arg261-to-Gln261 muta-
tion is apparently silent in the assay system. Hybridization analysis using allele-specific oligonucleotide
probes demonstrated that the Arg'58-to-Gln158 mutation is present in two of six mutant haplotype 4 alleles
among the Swiss and constitutes about 40% of all mutant haplotype 4 alleles in the European population.
The mutation is not present in normal alleles or in any mutant alleles of other haplotypes. The results
provide conclusive evidence that there is linkage disequilibrium between mutation and haplotype in the
PAH gene and that multiple mutations have occurred in the PAH gene of a prevalent haplotype among

Caucasians.

Introduction
Classical phenylketonuria (PKU) is an autosomal reces-
sive disorder caused by an inborn error of amino acid
metabolism, with an incidence of about 1/10,000 Cau-
casian births. The disease results from the deficiency
of hepatic phenylalanine hydroxylase (PAH) and causes
severe mental retardation unless the child is rigorously
maintained on a low-phenylalanine diet (for reviews,
see Scriver et al. 1988, 1989). Although neonatal screen-
ing for PKU (Guthrie and Susi 1963) is routinely car-
ried out in Western countries, prenatal diagnosis by en-
zyme assays of amniotic cell extracts was not feasible,
as the enzyme is expressed specifically in the liver. The
study of PKU at the molecular level started with the
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construction of a full-length and functional human PAH
complementary DNA (hPAH 247) (Kwok et al. 1985;
Ledley et al. 1985). We used this cDNA to identify and
map eight RFLPs at the human PAH locus (Woo et al.
1983; Lidsky et al. 1985b; DiLella et al. 1986a), which
permitted prenatal diagnosis for PKU by DNA analy-
sis (Lidsky et al. 1985a; Ledley et al. 1988).
RFLP haplotype analysis of the human PAH locus

has revealed the presence of at least 43 different haplo-
types (Woo 1988). About 90% of the PKU alleles in
the northern European population are confined to
haplotypes 1-4. Haplotypes 2 and 3 are especially fre-
quent in this population, constituting the majority of
mutant alleles (Chakraborty et al. 1987; Aulehla-Scholz
et al. 1988; Lichter-Konecki et al. 1988b; Rey et al.
1988; Riess et al. 1988; Daiger et al. 1989; Sullivan
et al. 1989). The mutation associated with haplotype
3 is caused by a single base substitution at the exon
12/intron 12 boundary (DiLella et al. 1986b; Marvit
et al. 1987), while the mutation associated with haplo-
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type 2 is caused by an Arg408-to-Trp408 substitution in
exon 12 of the mutant PAH genes (DiLella et al. 1987).
These mutations are tightly linked to the respective
haplotypes among mutant alleles, providing strong evi-
dence for linkage disequilibrium (Woo 1988). In the
present paper, we report missense mutations associated
with haplotypes 1 and 4 in the Swiss population.

Materials and Methods

1. Amplification of Genomic DNA

Genomic DNA was isolated from white blood cells
of a Swiss PKU patient bearing haplotype 1 and haplo-
type 4 mutant alleles. The 13 exon-containing regions
of the 90-kb PAH gene were individually amplified by
polymerase chain-reaction (PCR) for 40 cycles as de-
scribed elsewhere (DiLella et al. 1988). Phosphorylated
oligonucleotides intronic to the gene were purchased
from Genetic Designs, Inc. (Houston) and were used
as amplification primers.

2. M13 Cloning and Sequencing of PCR Products

Amplified exonic DNA fragments were purified by
ultrafiltration using Centricon 10 microconcentrators
(Amicon). One microgram purified DNA and 0.6 .g
SmaI and alkaline phosphatase-treated (Boehringer
Mannheim) M13 mpl8 vector were ligated in 50 il of
the standard ligation buffer. The ligation products were
transformed into competent Escherichia coli TG-1 cells
and-plated on IPTG/X-GAL agar plates (Messing 1983).
The resulting plaques were lifted onto nitrocellulose
filters (Millipore Co.) for hybridization screening using
32P-labeled hPAH247 DNA. Multiple independent
recombinant clones were picked, and single-strand M13
DNA was prepared (Messing 1983). Dideoxy sequenc-
ing was performed with a universal primer by using
the Sequenase DNA sequencing kit. (United States Bio-
chemical Co.).

3. Dot-Blot Hybridization

Amplified DNA samples were applied directly onto
Zeta-probe membranes (Bio Rad) by using a dot-blot
manifold (Schleicher & Schuell) and analyzed by hy-
bridization with allele-specific oligonucleotide probes
(19-mer) for the normal and mutant alleles, as described
elsewhere (DiLella et al. 1988).

4. Site-directed Mutagenesis of PAH cDNA

Specific base substitution was generated in a full-
length PAH cDNA fragment by site-directed mutagen-
esis in a M13 vector according to a method described

by Zoller and Smith (1983). Plaques containing the
desired mutant sequence were identified by screening
with the 32P-end-labeled oligonucleotide utilized in the
mutagenesis procedure, described elsewhere (DiLella
and Woo 1987). The authenticity of the mutant clone
was established by DNA sequence analysis of the mu-
tagenized site.

5. Expression Analysis of the Mutant Recombinant

Double-stranded RF DNA was prepared according
to the method of Messing (1983), followed by EcoRI
excision of the 2.4-kb inserts from both the mutant and
normal hPAH247 recombinants. The mutant and nor-
mal PAH cDNAs were separately subcloned into the
eukaryotic expression vector p91023(B) (Wong et al.
1985). These recombinant clones were used for trans-
fer into monkey kidney COS cells. PAH RNA, protein,
and enzymatic activity were determined in the cellular
extracts according to a method described elsewhere
(Ledley et al. 1985).

Results

Amplification of Exons S and 7 of the PAH Gene

Figure 1A shows the primers for PCR amplification
of exons 5 and 7 plus the flanking intronic regions of
the human PAH gene. With these amplification primers,
specific bands of 260 bp and 291 bp are expected from
exon 5 and exon 7 regions, respectively, of the PAH
gene. The amplified DNA fragments were electropho-
resed on 2% NuSieve agarose gels to confirm the ex-
pected sizes (fig. 1B). After amplification for various
cycles, strong bands of 260 bp containing exon 5 (lanes
1-4) and of 291 bp containing exon 7 (lanes 5-8) are
present. Lane 9 contained patient's genomic DNA with-
out amplification. Southern blotting and hybridization
using a labeled hPAH247 probe confirmed that the am-
plified DNA frgments contained exonic PAH sequences
(fig. 1U).

Identification of Missense Mutations in the PAH Gene

The amplified DNA fragments were cloned into M13,
and 5-10 individual recombinant plaques for each exon
were selected for sequence analysis. The results revealed
two mutations. The first mutation is a G-to-A transi-
tion at the second base of codon 158, resulting in the
substitution ofArg (CGG) by Gln (CAG) in exon 5 (fig.
2). This mutation was present in four independent
clones. The second mutation is also a G-to-A transi-
tion at the second base of codon 261, resulting in the
substitution of Arg (CGA) by Gln (CAA) in exon 7 (fig.
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A
Exon 5

Primer 5A

5 -gcactgtcatggctttagagcccccattcaaagcattcataaaggtaccagacctcttct
tatgaagccttgaaaaattagttgtctcttttctcctagoGTTTTAAAGATCCTGTGTAC

CGTGCAAGACGGAAGCAGTTTGCTGACATTGCCTACAACTACCGCCAgtaagtctgcctt

gcttgttgaggggaagagagaaaaacacacccctagcctgcttctcccttgccctcatcc

agttgaggatgaaaataccagcatgaagagtaat-3
Primer 5B

Exon 7

Primer 7A

5 -agtctcctagtgcctctgactcatggtgatgagcttttagttttctttottcttttcatc
ccagCTC' ACTGGTTTCCGCCTCCGACCTGTGGCTGGCCTGCTTTCCTCTCGGGATTTC

eye237
TTGGGTGGCCTGGCCTTCCGAGTCTTCCACTGCACACAGTACATCAGACATGGATCCAAG
CCCATGTATACCCCCQ&CCgtgagtactgtgctacagctatcagttgcaggcacactga
gcgtcatcttttgctgctgcaagaatcgaggtttgggttcatttgctggctggtccac-3

Primer 7B

B
1 2 3 4 5 6 7 8 910

C
1 2 3 4 5 6 7 8 9 10

.....-291bp=....
1- 2 6 0bp

-,

Figure I A, Sequences of exon 5 and of exon 7 plus flanking
introns of the human PAH gene. The sequences (capital letters de-
note exons, and small letters denote introns) were determined from
fragments of the exon 5- and exon 7-containing region in a human
genomic DNA clone (DiLella et al. 1986a). Exon 5 encodes amino
acid residues 148-169 in the enzyme, while exon 7 encodes amino
acid residues 237-280 in the enzyme. The locations of the PCR primers
are shown by the arrows. Primer SA (5'-1CATGGCTTTGAGCCCCCA-
3') is the sense strand of intron 4, 74-93 nucleotides 5' of exon 5.

Primer SB (5'-TCATGCTGGTATTTTCATCC-3') is complementary
to the sense DNA strand of intron 5, 80-99 nucleotides 3' of exon
5. Primer 7A (5'-CTCCTAGTGCCTCTGACTCA-3') is the sense strand
of intron 6, 52-61 nucleotides 5' of exon 7. Primer 7B (5'-ACC-
AGCCAGCAAATGCAACCC-3') is complementary to the sense DNA
strand of intron 8, 75-84 nucleotides 3' of exon 7. B, Agarose-gel
electrophoresis of the PCR-amplified product. C, Southern hybrid-
ization with hPAH247 probe of the amplified products. Lanes 1-4,
0.1 pg patient's genomic DNA after 10, 20, 30 and 40 cycles, respec-

tively, ofPCR amplification for exon 5. Lanes 4-8, same amplification
for exon 7; lane 9, 1.0 pg patient's genomic DNA without amplifica-
tion; lane 10, HaeIII-digested 4x174 DNA marker.

2). This mutation was present in three independent
clones.

Mandelian Segregation of the Mutant Alleles in
PKU Kindreds

Genomic DNA samples from the proband, both par-

ents, and an unaffected sibling were independently am-
plified by PCR and analyzed by dot-blot hybridization
using allele-specific oligonucleotide probes. The mu-

tant-158 and -261 probes are complementary to the
sense strand of the normal exonic sequences, except
for a G-A mismatch at the mutation site. The normal-
158 and -261 probes are complementary to the sense
strand of the normal gene sequence. Both normal probes
hybridized with DNA from all four members of the nu-
clear family, indicating successful amplification of all
DNA samples (fig. 3, family A). Both mutant probes
hybridized with the proband sample, demonstrating that
the missense mutations are present in the patient's
genomic DNA and were not artifacts of PCR (fig. 3,
family A). The mutant-158 probe also hybridized with
DNA samples of the father and sibling, who are car-
riers of the mutant haplotype 4 allele, but not with the
DNA sample from the mother, who bears a mutant
haplotype 1 allele. Conversely, the mutant-261 probe
hybridized with the maternal sample but not with the
paternal or sibling samples. Thus, the codon 158 and
codon 261 mutations were derived, respectively, from
the haplotype 4 and haplotype 1 mutant alleles in this
family.
Two additional Swiss PKU families bearing the mis-

sense mutant alleles were similarly analyzed (fig. 3, fam-
ilies B and C). In family B, both parents are carriers
of mutant haplotype 1 alleles bearing the codon 261
mutation, while the proband is homozygous for this
mutant allele. In family C, the father is the carrier of
the mutant haplotype 4 allele bearing the codon 158
mutation, and the mother is the carrier of the mutant
haplotype 1 allele bearing the codon 261 mutation. The
proband is a compound heterozygote of the two mu-
tant alleles. Failure of the mutant-158 probe to hybrid-
ize with the DNA of the sibling indicates that the sib-
ling's haplotype 4 allele is normal, and thus the sibling
is not a carrier.

Mutation Verification by Mutagenesis and
Expression Analysis

The respective mutations were introduced into nor-
mal PAH cDNAs in a eukaryotic expression vector, and
expression analysis was performed in mammalian cells.
Similar steady-state levels of normal and mutant PAH
mRNAs were present in the transfected cells as deter-
mined by northern hybridization and dot-blot analysis
of serially diluted RNA samples (data not shown). The
PAH protein contents in the transfected cells were mea-
sured by Western blot analysis using a goat anti-hu-
man PAH antibody preparation (Robson et al. 1982).
The content of human PAH in 10, 50, and 100 gg of
extracts of cells transfected with the normal PAH cDNA
(fig. 4A, lanes 2-4) was compared with that in cells
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Normal Mutant
GAT C GAT C

Normal Mutant
GAT C GAT C

,g [ G

Arg GC
Lc

[Exon 5]

-A ] Gln'Gn Arg261 G-
A

-A Gln 261
C-

[Exon 7]

Arg158
Normal 5 1-GTGCAAGAC;GAAGCAGTT-3t

*

Mutant 51 - C-- 3

Gin'58

Arg261
Normal 51-TGGCCTTCCaAGTCTTCCA-3'

*

Mutant 531 'a- 31
Gln261

Figure 2 Sequence analysis of missense mutations in exons 5 and 7 of a normal and a mutant PAH allele. The G-to-A transition
in exon 5 results in the substitution of Arg'58 by Gln'58. The G-to-A transition in exon 7 results in the substitution of Arg26' by Gln261.

transfected with the mutant-158 (lanes 5-7) and mutant-
261 (lanes 8-10) contructs. The results demonstrated
that the steady-state levels of the normal mutant PAH
proteins are comparable in the respectively transfected
cells. PAH enzymatic activity was then determined in
0, 10, 20, 50, 100, and 250 gg (fig. 4B, lanes 1-6) of
extracts from cells transfected with the normal and mu-
tant PAH cDNAs. While the ArgI58-to-GlnW58 mutant
protein contains clearly reduced enzymatic activity, it
is surprising that the Arg261-to-Gln261 mutant protein
contains almost full enzymatic activity. In an attempt
to identify additional mutations in the patient's DNA,
we performed DNA amplification and sequence analy-
ses of all exon-containing regions of the PAH gene. No
additional mutation was found.

Family (A) (B) (C)

4*/1 1*/i 1*/7 1*/? 4*/4 1*/5

.e * +
4*11* 4*/1 1*/1* 1*/4* 4/5
Pro Sib Pro Pro Sib

Haplotype 1 (Exon 7)

Normal Proba _

Mutant Probe _

Hapotype 4 (Exon 5)

Normal Prrobeo

Mutant ProbeI

Linkage Disequilibrium between the Missense Mutations
and Haplotypes I and 4

Dot-blot hybridization analysis was performed on
17 Swiss PKU families with allele-specific oligonucleo-
tide probes to determine whether there is linkage dis-
equilibrium between the missense mutations and the
respective haplotypes, which are the most prevalent
among PAH alleles in the Swiss population (Sullivan
et al. 1989). Of 18 mutant haplotype 1 alleles, 13 bear
the codon 261 mutation; of six mutant haplotype 4
alleles, two bear the codon 158 mutation (table 1). Both
mutations are not present in any normal alleles as well
as in alleles of other haplotypes.

Figure 3 Transmission of the missense mutant alleles in three
different Swiss PKU families as analyzed by PCR amplification fol-
lowed by dot-blot hybridization using specific oligonucleotide probes.
The probes used to detect the substitution at codon 158 in exon 5
were as follows: the normal probe (5'-AACTGCTTCCGTCCT-
TGCCAC-3') is the antisense DNA strand, and the mutant probe
(5'-AACTGCTTCTGTCCTTGCCAC-3') is the antisenseDNA strand.
The probes used to detect the substitution at codon 261 in exon 7
were as follows: the normal probe (5'-TGGAAGACTCGGAAGGCCA-
3') is the antisense DNA strand, and the mutant probe (5'-TGGAAG-
ACTTGGAAGGCCA-3') is the antisense DNA strand. Genomic DNA
was isolated from leukocytes of different family members. Exon 5-
and exon 7-containing regions (260 and 291 bp, respectively) were
amplified by PCR, dot-blotted onto z-probe membrane, and hybrid-
ized with allele-specific oligonucleotide probes.
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A 1 2 3 4 5 6 7 8 910 Table I

- PAH

B 1 2 3 4 5 6

Normal PAH

Mutant 158

Mutant 261

Figure 4 Analysis of PAH in COS cells transfected with nor-
mal and mutant hPAH247 cDNAs. A, Western blot analysis. Lanes
1-4, 0, 10, 50, and 100 pg, respectively, of protein extract from COS
cells transfected with the normal PAH cDNA construct. Lanes 5-7,
10, 50, and 100 gg respectively, of protein extract from cells trans-
fected with the codon 158 mutant cDNA. Lanes 8-10, 10, 50, and
100 gg, respectively, of protein extract from the cells transfected with
codon 261 mutant cDNA. B, PAH enzymatic assay of cellular ex-
tracts, measuring the conversion of '4C-Phe to 14C-Tyr Lanes 1-6,
0, 10, 20, 50, 100, and 250 gg, respectively, of protein extracts in
the assay.

Correlation between PAH Genotypes and PKU Phenotypes
The biochemical phenotypes of the probands in

the three families analyzed are shown in figure 3,
while the clinical phenotypes of these three individu-
als, as well as those of three others, are shown in table
2. Both patients who are compound heterozygotes of
the mutant-158 and -261 alleles (families A and C) ex-
hibited a relatively mild PKU phenotype (Guttler 1980).
Their serum phenylalanine levels were 8 and 17 mg/dl
at 5-6 d of age, and, on intervention by moderately
restricted diet, the levels were maintained at 2-20 mg/dl.
Their phenylalanine tolerance was 11-24 mg/kg/d at
2-8 years of age. These results suggest that there is
residual enzymatic activity in the livers of these patients,
which could have resulted from productive expression
of either or both mutant alleles.
To assess the in vivo effect of the mutant allele con-

taining the Arg261-to-Gln261 mutation, two patients
who are homozygous for this mutant allele (families
B and D) were analyzed and observed to exhibit even
milder phenotypes. Serum phenylalanine was 10-15
mg/dl at 4-5 d of age and was reduced to 2-8 mg/dl
on postdiet treatment. Their phenylalanine tolerance
levels were above 20 mg/kg/d at 2-8 years of age. The

Association of Mutant-158 and -261 with Mutant Haplotype
I Alleles and with Mutant Haplotype 4 Alleles in Switzerland

No. OF HYBRIDIZING ALLELES/
No. OF ALLELES ANALYZED

Mutant-158 Mutant-261

HAPLOTYPE Normal PKU Normal PKU

1 ........ 0/12 0/18 0/12 13/18
2 ........ 0/3 0/4 0/3 0/4
3 ........ 0/0 0/2 0/0 0/2
4 ........ 0/7 2/6 0/7 0/6
Others 0/10 0/4 0/10 0/4

clinical data strongly suggest that this is a mild mutant
allele, which is supported by the biochemical and clini-
cal phenotypes of two additional patients who are com-
pound heterozygotes bearing Arg261-to-Gln261 and an
Arg408-to-Trp408 mutant alleles (families E and F).
Since the latter mutant allele confers a null phenotype
(DiLella et al. 1987), the patients can be considered
hemizygous for the mutant-261 allele. These patients
still exhibited a relatively mild phenotype, although they
did have somewhat higher serum phenylalanine levels
both pre- and posttreatment relative to patients in fam-
ilies B and D, who bear two such mutant alleles.

Discussion
PKU is a heterogenous metabolic disorder at the clin-

ical level (for reviews, see Scriver et al. 1988, 1989).
We previously reported that PKU patients who are ei-
ther homozygotes or compound heterozygotes of both
the mutant haplotype 2 alleles and the mutant haplo-
type 3 alleles follow a severe clinical course, whereas
patients who carry mutant alleles of either haplotype
1 or haplotype 4 exhibit a milder clinical phenotype
in general (Guttler et al. 1987). Because the mutations
in the PAH gene that are associated with haplotypes
2 and 3 result in undetectable enzymatic activity (DiLella
et al. 1986b, 1987), it is not surprising that patients
who are either homozygotes or compound heterozy-
gotes of these two mutant haplotypes follow a severe
clinical course. We have identified a new missense mu-
tation in a haplotype 4 allele of a Swiss PKU patient.
The mutation is characterized by a single nucleotide
substitution in exon 5 of the PAH gene, encoding amino
acid residue number 158. The specific enzymatic activ-
ity of the Arg158-to-Gln158 mutation is less than 10%
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Table 2

Correlation between PAH Genotypes and PKU Phenotypes

SERUM PHENYLALANINE
(mg/di) PHENYLALANINE TOLERANCE

PATIENT (age)
FAMILY INITIALS HAPLOTYPES MUTATIONS Pretreatment Posttreatment (mg/kg/d)

A ...... A.R. 1/4 261/158 8 (5 d) 2-20 27 (9 mo)
24 (2 years)
16 (4 years)
11 (6 years)

B ........ M.S. 1/1 261/261 10 (4 d) 2-8 19 (6 mo)
18 (1 year)
22 (2 years)

C ...... P.A. 1/4 261/158 17 (6 d) 2-15 30 (6 mo)
27 (1 year)
21 (3 years)
12 (8 years)

D ...... P.E. 1/1 261/261 15 (5 d) 3-8 38 (5 mo)
29 (1 year)
22 (3 years)
16 (5 years)
21 (8 years)

E ...... A.G. 1/2 261/408 21 (3 years) 2-16 20 (6 years)
18 (8 years)

F R.S. 1/2 261/408 17 (5 d) 10-13 43 (7 mo)
23 (1 year)
20 (3 years)
14 (5 years)
15 (8 years)

of the normal, and the residual enzyme activity is con-
sistent with the milder clinical phenotype of the patient.
The codon 158 mutation in exon 5 is present on two

independent haplotype 4 alleles in Switzerland. Using
allele-specific probes to analyze DNA samples ofPKU
kindreds from various European countries, we have ob-
tained preliminary evidence that the codon 158 muta-
tion is rather prevalent in other European populations.
Not only is the association between mutation and haplo-
type maintained, but it also comprises about 40% of
all haplotype 4 mutant alleles in Europe (Y. Okano,
unpublished results). Thus, the data suggest the exis-
tence of linkage between the Arg158-to-Gln158 muta-
tion and mutant haplotype 4 alleles and support the
hypothesis of the spread of a single chromosome bear-
ing this mutation among the Caucasians by a founder
effect. The data also suggest that there must be multi-
ple mutations associated with the haplotype 4 mutant
alleles. This could be attributed to the fact that haplo-
type 4 is prevalent among normal PAH alleles and may
therefore have a greater chance to sustain independent
mutational events during evolution.

With regard to the Arg261-to-Gln261 mutation, it is
surprising that it appears to be silent. It should be noted,
however, that our expression analysis deals only with
the missense mutation at the steady-state protein level
in a heterozygous mammalian cell and does not address
the possibility that the nucleotide substitution may man-
ifest itself as a PKU allele at some other biochemical
level. This may be a possibility, as the mutant allele
appears to have a mild effect in patients who are
homozygous for this allele or who are compound het-
erozygotes bearing an additional null allele (table 2).
Nevertheless, the mutation in exon 7 is well represented
among mutant haplotype 1 alleles in the Swiss popula-
tion (13 of 18 alleles) and constitutes about 25% of
all mutant haplotype 1 alleles among Europeans (Y.
Okano, unpublished results). It is obviously in linkage
disequilibrium with the mutant haplotype 1 allele. If
indeed it is not the cause ofPKU, the nucleotide substi-
tution must have occurred on a mutant haplotype 1
background. Furthermore, since it has never been found
on any normal alleles, it can be readily used as a specific
probe for detection of the corresponding mutant haplo-
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type 1 allele, which will be applicable in prenatal diag-
nosis and carrier detection of PKU in the Caucasian
population.
The two newly identified nucleotide substitutions in

the PAH gene are both G-to-A transitions. A C-to-T
transition has been identified in exon 12 of the PAH
gene in Danish PKU patients (DiLella et al. 1987). A
Pro311-to-Leu311 mutation was identified in exon 9 of
a rare German PKU allele (Lichter-Konecki et al. 1988a),
and a Glu280-to-Lys280 mutation in exon 7 was re-
ported from the northern African population (Lyonet
et al. 1989). More recently an Arg111-to-Ter"1l muta-
tion, which is in linkage disequilibrium with a haplo-
type 4 allele among the Orientals (Wang et al. 1989),
has been identified in exon 3 of the PAH gene. Most
of these missense mutation sites involve CpG dinucleo-
tides in either the sense strand or the antisense strand.
CpG is the most common site of methylation in mam-
malian DNA. Thus, deamination of 5-methylcytosine,
leading to a C-to-T transition (Silva and White 1988),
may be the most common cause of PKU.
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