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CLINICAL AND BIOCHEMICAL BASIS OF PHENYLKETONURIA

Phenylketonuria and Its Biochemical Lesion. Classical
phenylketonuria (PKU) is caused by a deficiency of the hepatic
enzyme phenylalanine hydroxylase (PAH) and is a typical
example of inborn errors in amino acid metabolism. The
disorder causes severe mental retardation in affected children
who excrete large quantities of phenylpyruvate in the urine
(Folling, 1934). A year after the discovery of the disease,
Penrose (1935) observed that it was a genetic disorder
transmitted as an autosomal recessive trait. Twelve years
afterward, it was shown that the administration of phenyl-
alanine to normal humans led to prompt elevation in serum
tyrosine, but the response was absent in patients with PKU
(Jervis, 1947). Subsequently, it was demonstrated that post
mortem liver samples from normal individuals were able to
convert phenylalanine to tyrosine in vitro, while those from
PKU patients could not, thereby defining the bichemical basis
of phenylketonuria (Jervis, 1953).

The Phenylalanine Hydroxylase System. The hydroxyla-
tion of phenylalanine to tyrosine is a complex biochemical
reaction. In addition to PAH, a second protein fraction was
required to convert phenylalanine to tyrosine (Mitoma, 1956);
this was subsequently identified as the enzyme dihydropteridine
reductase (Kaufman, 1957, 1959). Phenylalanine hydroxylase
is a mixed-function monooxygenase that catalyzes the hy-
droxylation of phenylalanine to tyrosine by molecular oxygen
in the presence of the cofactor tetrahydrobiopterin. During
this reaction the cofactor is cooxidized to quinonoid di-
hydrobiopterin, which is subsequently reduced to the tetra-
hydro form by dihydropteridine reductase (Kaufman, 1976).
Because of the complex nature of the enzymatic reaction,
elevated serum phenylalanine levels can also be the result of
enzymatic deficiency of the reductase and/or other enzymes
involved in the biosynthesis of tetrahydrobiopterin (Kaufman
et al., 1975, 1978; Leeming et al., 1976). This review deals
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only with hyperphenylalaninemic disorders due to PAH de-
ficiency.

Dietary Treatment of PKU and Neonatal Screening. In the
early 1950s, Bickel and collaborators placed young phenylk-
etonuric patients on a diet consisting of a special protein hy-
drolysate from which phenylalanine was removed. They ob-
served that not only was this treatment effective in the re-
duction of the patient’s serum phenylalanine level and disap-
pearance of phenylpyruvate from their urine, but also there
was an apparent improvement in mental development and
behavioral performance of the patients (Bickel et al., 1954).
This report was the first to demonstrate that hereditary dis-
orders in amino acid metabolism can be corrected by dietary
management and, together with the dietary therapy of ga-
lactosemia, has served as a prototype for treatment of a variety
of other inborn errors in metabolism.

The successful treatment of PKU provided a strong incentive
to identify PKU in newborn patients, as the diet must be
implemented as early in life as possible to be effective. While
the ferric chloride test is useful in the diagnosis of PKU in
children, it has only limited value in newborn screening as the
elevation of the patient’s serum phenylalanine preceded urinary
excretion of phenylpyruvate by weeks (Armstrong & Binkley,
1956; Armstrong & Low, 1957). Nine years after the initial
report on dietary correction of PKU, it was discovered that
blood phenylalanine level can be easily measured in a semi-
quantitative manner by a bacterial inhibition assay (Guthrie
& Susi, 1963). The method requires only a small volume of
blood, is specific, is inexpensive, and is well suited to handle
a large number of samples. It has since been adopted as a
routine procedure to screen all newborns for PKU in most
western countries. The first collective results of mass screening
for PKU in eight western European countries were reported
by Bickel et al. (1973), who observed a prevalence of about
1 in 8000 individuals. Subsequently, it was observed that the
frequency of PKU varies considerably in various European
countries, ranging from 1/3000 in Ireland to 1/28000 in
Belgium. The “Guthrie test” for PKU screening among
newborns has also served as a prototype for implementing
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newborn screening programs of other metabolic disorders.

DIET DISCONTINUATION AND MATERNAL PKU as A
PusLic HEALTH PROBLEM

Diet discontinuation for patients after 6 years of age was
a generally accepted practice in the 1960s and 1970s and was
widely assumed to pose no substantial risk for treated PKU
patients. A 5-10-year followup after diet discontinuation,
however, suggested that these individuals suffered subtle
changes in cerebral function and a decrease in IQ scores
(Cabalska et al., 1977; Smith et al., 1978; Koch et al., 1982).
More recent data based on a 10-15 year posttreatment fol-
lowup under the auspices of the National Collaborative PKU
project have confirmed this disturbing trend. These studies
demonstrate an unequivocal deterioration of mean performance
scores and severe deficits in specific areas, such as mathe-
matical ability, approaching levels seen in untreated PKU
(Koch, personal communication).

Many of the PKU patients who had been treated with the
diet early in life have now reached child-bearing age. Most
of these individuals had discontinued the diet years ago and
have high serum phenylalanine levels. It has been observed
that children born to severely hyperphenylalaninemic mothers
suffered from mental retardatin, microcephaly, and /or other
abnormalities including congenital heart disease. This novel
syndrome has been termed “maternal PKU” (Perry et al.,
1973), since it is apparent that normal fetal development can
be disrupted by high level of phenylalanine transported across
the placenta from the mother. This new clinical condition
affects all infants born to PKU mothers regardless of the fact
that most of these neonates are only carriers of PKU and bear
a normal phenylalanine hydroxylase gene. Assuming each
female PKU individual gave birth two two such infants, it has
been estimated that it would only take one generation to create
the same number of mentally retarded individuals as when
there was no PKU screening in the population. Thus the
success in dietary correction of PKU has created a new syn-
drome that is quickly becoming a public health problem.

Recent data suggest that lowering of the mother’s serum
phenylalanine level with dietary therapy before conception may
prevent maternal PKU syndrome in the fetus (Levy & Wa-
isbren, 1983). Nevertheless, it has been very difficult to resume
the diet in adults and less than 25% of pregnant patients have
successfully complied with the required dietary regimen (Levy,
personal communication). Thus, the long-term solution to the
problem of PKU may lie in a screening program for carriers
so that the incidence can be reduced by family planning. The
prerequisite to such a screening program is the ability to readily
detect mutant alleles in carrier individuals without prior family
history of PKU, and the application of molecular approaches
toward this goal is the main theme of this review.

MOLECULAR Basis AND GENETIC ANALYSIS OF PKU
Molecular Cloning of Rat and Human PAH cDNAs and
Their Primary Structures. Phenylalanine hydroxylase (PAH)
mRNA was purified from rat liver by polysome immunopre-
cipitation and used for the cloning of its cDNA. The au-
thenticity of the cDNA clone was established by hybrid-se-
lected translation (Robson et al., 1982) and confirmed by
matching the nucleotide sequence with the partial amino acid
sequence of the purified enzyme (Robson et al., 1984). By
use of the cloned rat PAH cDNA as a specific hybridization
probe, a human liver cDNA library comprised of 107 inde-
pendent recombinants was screened. A full-length human
PAH cDNA clone was obtained (designated phPAH247) and
sequenced in its entirety. The clone contains an inserted DNA
fragment of 2448 base pairs, including 19 bases of poly(A)
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at the 3’ end (Kwok et al., 1985). The first methionine codon
occurs at nucleotide position 223, followed by an open reading
frame of 1353 base pairs encoding 451 amino acids. The
predicted amino acid sequence of the human enzyme was
deduced from the nucleotide sequence of phPAH247 and
shown to be 90% homologous with the amino acid sequence
of the corresponding rat enzyme reported by Robson et al.
(1984).

PAH Is a Homopolymer Encoded by a Single Genetic
Locus in Man. Native PAH is a polymeric enzyme comprised
of two 50-kDa subunit bands on SDS—polyacrylamide gels.
It was not clear whether the enzyme is a heteropolymer or a
homopolymer. This is a critical issue because if the enzyme
is a heteropolymer, multiple genetic loci may be expected and
genetic analysis could be complicated. The full-length human
PAH cDNA was thus inserted into an eukaryotic expression
vector containing the promoter and CAP site of the human
metallothionein gene. The construct was cotransfected with
pSV2neo DNA into mouse fibroblast cells (NIH3T3), which
do not normally express PAH. The G-418 resistant mouse
cells were cultured and shown to express PAH messenger
RNA, immunoreactive PAH, and enzymatic activity char-
acteristic of authentic human liver PAH (Ledley et al., 1985).
Similar results were also obtained from analysis of a full-length
rat PAH cDNA clone (Dahl & Mercer, 1986; Choo et al.,
1986). More recently, the human PAH cDNA clone has been
inserted behind a prokaryotic promoter and transferred into
Escherichia coli. Bacterial extracts of the recombinants were
shown to contain high levels of human PAH activity (Ledley
et al., 1987). These data conclusively demonstrated that a
single mRNA species contains all genetic information nec-
essary to code for functional PAH. These observations support
the notion that PAH is a homopolymer encoded by a single
genetic locus. Thus the human PAH ¢cDNA clone can be used
as a probe to perform molecular analysis of the PAH gene and
PKU locus.

The PKU Locus in Man Is on Chromosome 12. The PKU
locus in man was originally studied by linkage analysis with
other polymorphic human protein markers in PKU families
with inconclusive results. It was originally assigned to chro-
mosome 1 by moderate linkage data with the phosphogluco-
mutase locus PGM-1 (Berk & Saugstad, 1974) and the
amylase loci AMY-1 and AMY-2 (Kamaryt et al., 1978).
More extensive linkage studies using improved methods for
obligate heterozygote determination among siblings in the
PKU families, however, failed to establish genetic linkage
between the PKU locus with a number of markers and was
in disagreement with the previous assignment to human
chromosome 1 (Paul et al., 1979).

Chromosomal assignments for human genetic loci can be
made by using cloned genes as probes in molecular hybrid-
ization studies to genomic DNA isolated from human/rodent
cell hybrids that contain different assortments of human
chromosomes. A panel of mouse/human hybrid cell lines
bearing an assortment of human chromosomes was analyzed
by Southern blot using the human PAH ¢DNA clone as the
hybridization probe. Results indicated that the PAH-hy-
bridizing human DNA bands were consistent with only human
chromosome 12, providing strong evidence that the human
PAH locus is on chromosome 12 (Lidsky et al.,, 1984).
Subsequently, the regional map position of PAH on human
chromosome 12 was defined by deletion chromosome mapping
as well as by in situ hybridization. It was observed that the
hybridized grains were highly concentrated in the 12q22-q24.1
region (Lidsky et al., 1985a). Since the cDNA contains all
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the genetic information necessary for expression of phenyl-
alanine hydroxylase, which is the enzyme deficient in PKU,
the PKU locus in man has also been mapped to 12q22-q24.1.
More recently, the PAH locus has been mapped to chromo-
some 10 of the mouse (Ledley et al., 1988b).

Classical PKU Is Not Caused by Deletion of the Entire
PAH Gene. Genomic DNAs were isolated from two PKU cell
lines obtained from the Human Mutant Cell Repository
(GM934 and GM2406) and from two normal individuals. The
DNA preparations were digested with restriction enzymes
followed by Southern hybridization using the human PAH
c¢DNA clone as the specific probe. Identical hybridization
signals were obtained from all four DNA preparations after
digestion with a number of restriction enzymes (Woo et al,,
1983). These results indicated not only that the PAH gene
was present in the genome of cells derived from the PKU
patients but also that the overall organization of the gene
remained unchanged. Comparison of densitometer tracings
of the gel lanes containing normal and PKU DNAs has shown
that the hybridization signals generated by the PKU DNA
samples were not the result of compound heterozygotes with
deletions in nonoverlapping regions of the PAH gene in the
two alleles present in each cell line. Consequently, it could
be concluded that classical PKU, at least in these two cases,
is not caused by deletion of the entire PAH gene. Subse-
quently, this observation has been extended to include several
hundred PKU chromosomes. Deletion mutations were found
to represent only a very minor fraction of total PKU alleles.

The Molecular Structure of the Human PAH Gene. In
order to effectively study the molecular biology of PKU, the
structural organization of the PAH gene needs to be estab-
lished. Southern analysis of human genomic DNA using
phPAH247 as the hybridization probe indicated that the
chromosomal PAH gene was greater than 65 kb in length and
contained multiple intervening sequences (Lidsky et al,,
1985b). Due to the large size of this gene, a human genomic
DNA library was constructed, using a cosmid vector
(pCV107). The library was screened with the PAH cDNA
probe, and the corresponding genomic sequences were isolated.
Four overlapping PAH cosmid clones, spanning more than 125
kb of the genetic locus, were used for structural analysis of
the gene. The structural gene is about 90 kb in length and
contains 13 exons, with intron sizes ranging from 1 to 23 kb
(DiLella et al., 1986a). The human PAH gene codes for a
mature messenger RNA of approximately 2.4 kb and has one
of the highest ratios of noncoding to coding DNA found among
eukaryotic genes, possibly attributing to its polymorphic nature.

Extensive Restriction Fragment Length Polymorphisms
(RFLP) in the Human PAH Locus. Genomic DNAs isolated
from 20 random Caucasians were analyzed by Southern hy-
bridization using the full-length human PAH cDNA clone and
a battery of restriction enzymes. Enzymes that yielded po-
lymorphic patterns in the PAH locus identified in this manner
include Bglll, Pvull, EcoRI, Xmnl, Mspl, HindIll, and
EcoRV (Woo et al.,, 1983; Lidsky et al., 1985b). The fre-
quencies of these RFLP’s among Caucasians are such that the
observed heterozygosity in the population is about 90%. Using
these enzymes to perform RFLP analysis in PKU families, it
was possible to demonstrate that the segregation of the PKU
alleles and the disease state are concordant. Thus the RFLP
analysis of the human PAH locus can be applied for prenatal
diagnosis of the hereditary disorder in most PKU families
(Woo, 1984; Woo et al., 1984; Speer et al., 1986).

Prenatal Diagnosis of PKU. The polymorphism detected
with HindIII is inherited in a Mendelian fashion and was used
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for prenatal diagnosis of PKU for the first time since the
discovery of PKU by Folling in 1934 (Lidsky et al., 1985c).
Both parents in a family at risk were heterozygous for the
HindIII polymorphism containing the 4.2-kb and 4.0-kb alleles.
DNA analysis revealed that the affected child in this family
inherited the PAH gene containing the 4.0-kb HindIII frag-
ment from both parents. The mutant genes are therefore
associated with the 4.0-kb allele in this family. Analysis of
DNA isolated from amniocytes revealed that the fetus was
homozygous for the 4.0-kb fragment. The fetus has the same
genotype as the affected child and was consequently diagnosed
as having PKU. After delivery, this diagnosis was confirmed
by the phenotype of the infant.

The extensive polymorphic nature of the human PAH locus
permits the use of eight restriction enzymes for prenatal di-
agnosis of PKU. However, the polymorphisms generated by
various enzymes tend to segregate as groups in PKU families.
Consequently, it was determined that Poull, Xmnl, and
EcoRYV (detecting RFLP’s in the 5/, middle, and 3’ regions
of the gene) will establish disease status in about 85% of PKU
families at risk and these are the useful enzymes for future
prenatal diagnosis of PKU (Daiger et al., 1986; Ledley et al,,
1988a).

RFLP Haplotypes at the PAH Locus and Their Association
with PKU. The RFLP’s identified in the PAH locus were
assayed in 33 nuclear PKU families from Denmark. RFLP
haplotype analysis of 66 normal chromosomes and 77 chro-
mosomes bearing PKU mutation demonstrated two clusters
of RFLP’s: (1) Bglll, Pvulla, and Pvullb at the 5 end of the
PAH gene and (2) EcoR1, Mspla, Msplb, Xmnl, HindIII, and
EcoRV at the 3' end. Having determined the exact map
positions of the RFLP’s by structural analysis of the PAH gene
(DiLella et al., 1986a), a relationship between the physical
distance and RFLP linkage map was established. The RFLP
sites within each cluster have a significant tendency to seg-
regate as a group (p <0.001), a process referred to as “linkage
disequilibrium”. The RFLP sites in the 5 and 3’ clusters,
however, are randomly associated. The 5’ cluster is at sig-
nificant (p <0.05) linkage disequilibrium with PKU alleles.
Furthermore, 93% of the PKU chromosomes and 77% of the
normal PAH chromosomes analyzed in this population are of
a single 5 RFLP haplotype configuration, i.e., BglIl, 3.6
kb/Pvulla, 6.0 kb/Poullb, 11.0 kb). The data suggest two
possibilities for the nature of PKU mutations in the population.
If most PKU genes in the Danish population arose from a
single mutation event, the mutation might have occurred on
or beyond the 5’ end of the PAH gene. Another possibility
is that the PKU genes in this population resulted from multiple
independent mutations which occurred on chromosomes of the
common normal haplotype background, and these mutations
would not be restricted to a particular region of the PAH gene
(Chakraborty et al., 1987).

Molecular and Genetic Analyses of Prevalent PKU Alleles.
Prenatal diagnosis of PKU by RFLP analysis is applicable only
to families with a previously affected child whose RFLP
pattern serves as the reference for fetal DNA analyses. Its
ability to release the incidence of PKU in a given population
is thus limited, since the majority of PKU infants are born to
couples without prior family PKU history. However, if PKU
is caused by a limited number of mutations in the PAH gene,
diagnosis and carrier detection could be achieved by direct
analysis of the mutation sites in the gene within the population.
We have observed the existence of multiple RFLP haplotypes
in the human PAH gene from various European populations
and a strong association of PKU alleles among distinct RFLP
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1 + - - + -
2 + - . + - + +
3 + - + -+
4 + - + -+ + +
5 + - + + + - +
6 + - + + + - -
7 + - - + -+ - -
8 + + + - +
9 + + + + - +
10 + + + - -
11 + . + + - +
12 - + - + [-] +*
13 - + + . + = +
14 - - - + + - -
15 - - + + - - +
16 + + - + +
17 + + - -
18 + - + + -+ + +
19 + - + - - +
20 - + + + - -
21 + + + + - = +
22 + + + - - +
23 + - + + -+ -
24 - + - - + - + -
25 +* - + = -
26 + + - + . +
27 + - + +*
28 + - -+ + +
29 + . - .
30 + + - -+ .
31 - + - + -+ + .
32 + - - + - -
33 +* - + ~ +
34 + - + + - -
35 + - + + o+ - +
36 + + - + -
37 - - + .
38 + - + . + =
39 - + + + + - -
40 + - - - - 4+ -
41 - + - + + - + +
42 + . - + - .
43 - + 4 - +* +

FIGURE 1: RFLP haplotypes at the human PAH locus. The molecular
structure of the human PAH gene is shown schematically with its
13 exons encompassing about 90 kb of DNA. The heavy arrows
correspond to the polymorphic restriction sites in and immediately
flanking the gene. (+) and (-) symbols are used to designate the
presence and absence of a polymorphic restriction site, respectively.
(=) is used to designate a 4.4-kb HindIII allele. Contributing PKU
centers in Europe include those in Denmark, Scotland, Switzerland,
Germany, France, Italy, Hungary, and Czechoslovakia. Reprinted
with permission from Woo (1988). Copyright 1988.

haplotypes in that population (Figure 1). Close associations
between RFLP haplotypes of the 3-globin locus and specific
B-thalassemia mutations in different ethnic populations have
previously been reported by other laboratories [for review, see
Orkin and Kazazian (1984)]. The association of RFLP ha-
plotypes and specific PKU mutations, if any, can be verified
by isolation and sequencing of PKU genes. Having established
the molecular structure and RFLP linkage map of the PAH
gene, this important issue can be addressed by cloning the
mutant alleles of the predominant RFLP haplotypes.

The PAH gene of a prevalent PKU haplotype (i.e., haplo-
type 3) was isolated by molecular cloning. Sequence analysis
demonstrated a single base substitution in this gene (G to A)
involving the 5’ donor splice site of intron 12 (DiLella et al.,
1986b). In order to determine if this mutation is indeed the
cause of PKU, we constructed a mini-PAH gene containing
the entire PAH ¢cDNA and intron 12, which was engineered
behind a strong eukaryotic promoter. When the construct was
transferred into cultured mammalian cells, authentic human
PAH mRNA and enzymatic activity were detected. When
the mutant DNA fragment was used to replace the corre-
sponding normal gene fragment, however, no enzymatic ac-
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tivity could be detected in the transformed cells, while com-
parable levels of PAH mRNA were produced. These exper-
iments proved that the G to A transition in the beginning of
intron 12 of the PAH gene is indeed the cause of PKU and
constitutes the first mutant PAH gene ever characterized. In
addition, cells transformed with the normal gene accumulate
immunoreactive protein in the cytoplasm, while those trans-
formed with the mutant gene do not, suggesting the mutation
results in the production of an unstable protein and a CRM-~
phenotype (Marvit et al., 1987).

An oligonucleotide specific for the splicing mutation was
synthesized and hybridized to cloned PAH DNA in order to
test the feasibility of using this probe as a tool for direct
analysis of the mutation. The mutant oligonucleotide probe
specifically hybridized to a 2-kb Puull fragment of cloned
DNA bearing the mutant donor splice site, while a corre-
sponding normal oligonucleotide probe hybridized with only
the normal sequence. Genomic DNAs were isolated from
Danish PKU individuals with previously defined haplotypes,
cut with Poull, and analyzed by hybridization using the mu-
tant and normal oligonucleotide probes. These analyses have
demonstrated that all haplotype 3 mutant alleles in the Danish
population bear the same splicing mutation and none of the
haplotype 3 mutant alleles bear that particular mutation
(DiLella et al., 1986b). The absolute association between
haplotype 3 mutant alleles and the splicing mutation must be
the result of a recent mutational event on a haplotype 3
chromosome background, which was spread in the population
before there had been sufficient time for transfer of the mutant
fragment into chromosomes of other haplotypes by crossovers
during meiosis. This is the first demonstration of linkage
disequilibrium between a specific mutation and a particular
haplotype in PKU.

Because the splicing mutation is not present in mutant alleles
of other haplotypes, those alleles must bear other mutations
and PKU is, therefore, a heterogeneous disorder at the gene
level. This conclusion is confirmatory to the previous obser-
vation that the disorder is heterogeneous at the mRNA level,
since some PKU patients have no detectable PAH mRNA in
the liver, while others have ample hepatic PAH mRNA
(DiLella et al., 1985). Indeed, different RFLP haplotypes have
been shown to segregate independently in families with both
PKU and hyperphenylalaninemic children (Ledley et al.,
1986).

Subsequently, a mutant haplotype 2 allele was cloned from
a PKU individual. Sequence characterization of the gene
showed that there is a C to T transition in exon 12, resulting
in the substitution of Arg*® to Trp*® in the enzyme. Site-
directed mutagenesis using specific oligonucleotides was
performed in order to create the specific mutant allele in an
expression vector. When the normal and mutant constructs
were introduced into cultured mammalian cells, only the
former produced immunoreactive protein and active enzyme
in the cytoplasm, while both produced similar levels of PAH
mRNA. Thus, the Arg to Trp substitution is a PKU mutation,
which also creates a CRM™ phenotype (DiLella et al., 1987).
A specific oligonucleotide corresponding to the mutation se-
quence in the haplotype 2 allele was synthesized and used to
determine if there is any association between mutation and
haplotype. Results demonstrated there is a strong linkage
disequilibrium, suggesting again that there was a recent mu-
tation event on a normal haplotype 2 chromosome, which was
then spread in the population (DiLella et al., 1987).

Most PKU Patients Are Genetic Compounds. Because of
the linkage disequilibrium between specific mutations and
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RFLP haplotypes in the PAH gene, it became possible to
determine the genotypes of PKU patients with regard to
specific mutant alleles they bear. Thus PKU patients who are
homozygous for mutant haplotypes 2 or 3 must bear the same
mutation alleles in both chromosomes, while those bearing one
each of the mutant haplotype 2 and 3 alleles would represent
compound heterozygotes bearing both mutant alleles. Fur-
thermore, because the splicing mutation and the mis-sense
mutation are not represented in the mutant alleles of other
haplotypes, patients who are heterozygous for haplotypes 2
or 3 with any of the other haplotypes can also be classified
as compound heterozygotes. By this analysis it could be es-
timated that about three-fourths of the PKU patients in the
European population are genetic compounds.

Population Genetics and Evolutionary Origin of PKU.
Mutation analysis of PKU by oligonucleotide hybridization
was carried out with PKU kindreds from various Caucasian
populations representing Western, Southern, and Central
Europe. It was discovered that linkage disequilibrium between
the splicing mutation and mutant haplotype 3, as well as that
between the mis-sense mutation and mutant haplotype 2 al-
leles, was maintained throughout the European continent. The
only exceptions were a few mutant haplotype 3 alleles in Italy
that did not contain the splicing mutation (unpublished re-
sults). These data clearly demonstrated that the splicing
mutation and the mis-sense mutation were the result of recent
mutational events on haplotype 3 and 2 chromosome back-
grounds, respectively, which were then spread throughout the
European continent.

Because haplotype 3 and 2 chromosomes are relatively rare
among normal PAH alleles in various European populations,
it is puzzling to observe that the mutant alleles associated with
these two haplotypes account for about 50% of all PKU alleles
throughout Europe. While it is entirely possible for a muta-
tional event to have taken place in a chromosome of rare
haplotype by chance, followed by expansion of the mutation
allele in the population (the “founder and drift” hypothesis),
the probability of two such events involving rare chromosomes
occurring in recent evolutionary history is rather unlikely.
Alternatively, it is possible that these mutations might have
occurred in an ancestral population that had better repre-
sentation of haplotypes 2 and 3 among the normal PAH alleles,
and the mutant alleles were then spread throughout Europe
by some sort of mild selective advantage to account for their
relatively high frequencies in the Caucasian population (the
“heterozygote selection” hypothesis).

Having analyzed multiple polymorphic protein markers in
various African, European, and Asian populations, L. Ca-
valli-Sforza and colleagues formulated a theory of human
migration in the recent evolutionary history. They observed
that there was a major vectorial human migrational pattern
about 10000-20000 years ago, originating from today’s
Middle East areas toward northern Europe along a north-
western direction. They theorized that the migrational pattern
was the result of the development of farming technology in
the founder population, which made them more competitive
than the early native Europeans (Menozzi et al., 1978). To
superimpose onto this theory our observations of linkage di-
sequilibrium between haplotypes and mutations in the human
PAH gene, it might be suggested that the splicing and mis-
sense mutations occcurred in the normal haplotype 3 and 2
PAH genes in the founding population, and the mutant alleles
were then spread throughout the European continent with the
farmers’ migration pattern some 10000-20000 years ago.
Finally, it may also be concluded that the high frequency of
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FIGURE 2: Upper panel: Schematic representation of the 245-bp DNA
fragment containing exon 12 and flanking intronic sequences of the
PAH gene. This segment contains both mutation sites for the mutant
PAH alleles associated with haplotypes 2 and 3 that are prevalent
among Caucasians of northern European ancestry. Lower panel:
Dot-blot analysis of PCR-amplified genomic DNA. Panels A and
B are autoradiographs of the membranes after hybridization with the
mutant haplotype 2 and 3 oligonucleotide probes, respectively. Dots
1 and 2, two mutant haplotype 2 carriers; dots 3 and 4, two mutant
haplotype 3 carriers; dots 5 and 6, two haplotype 2 and 3 compound
heterozygotes; dots 7 and 8, two normal individuals. Reprinted with
permission from DiLella et al. (1988). Copyright 1988.

PKU is not due to a high mutation rate of the human phe-
nylalanine hydroxylase gene but rather to an expansion of a
handful of mutant alleles in the population.

Carrier Detection of PKU by Direct Mutation Analysis.
The splicing and mis-sense mutations associated with mutant
haplotype 3 and 2 alleles account for roughly 50% of all PKU
alleles in Europe. Thus, it is theoretically possible to use the
specific mutant oligonucleotides to detect the presence of the
corresponding mutant alleles in any given individual without
prior family history of PKU. As additional mutant PAH
alleles of other haplotypes become characterized at the gene
level, they too can be identified in any individual carriers by
hybridization with newly synthesized mutant oligonucleotides.
Thus, it would be of great interest to determine the mutations
in the PAH gene associated with the remaining prevalent
haplotypes in order to enhance the accuracy rate to the 90%
level, at which point the potential for carrier detection of PKU
without a prior family history of the genetic disorder can be
realized.

It should be further recognized that the identification of
mutant alleles in genomic DNA of random individuals can be
readily carried out by using the DNA amplification procedure
of “polymerase chain reaction” (Saiki et al., 1985, 1986). By
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utilization of two synthetic oligonucleotide primers compli-
mentary to the sequences flanking a specific mutation site, the
region of interest can be amplified experimentally by repeated
cycles of DNA denaturation and polymerase repair reaction.
After 20-30 cycles, the specific DNA region can be amplified
in the neighborhood of 105-fold. Under these circumstances,
the mutant alleles can be readily identified by using specific
mutant oligonucleotides by dot-blot analysis. Indeed, iden-
tification of the splicing mutation and the mis-sense mutation
in the PAH gene can be carried out in this manner (DiLella
et al., 1987; Lichter-Konecki et al., 1988). Because the splicing
mutation and the mis-sense mutation occur within 200 base
pairs in the human PAH gene, a single pair of primers can
be used to amplify a segment of genomic human DNA bearing
both mutation sites for subsequent analysis (Figure 2A). By
use of DNAs isolated from two normal individuals, two splicing
mutant allele carriers, two mis-sense mutation allele carriers,
and two patients who are compound heterozygotes for both
mutant alleles, it was demonstrated that their respective
genotypes can be readily established by dot-blot analysis of
the enzymatically amplified DNA preparations (Figure 2B).
Recently the polymerase chain reaction protocol has been
refined in such a manner that only a drop of blood or a single
hair is necessary for DNA amplification. The procedure has
also been fully automated to analyze 50-100 samples at a time.
With these new development and additional mutant PAH gene
characterization, it can be expected that carrier detection of
PKU in the population without prior PKU history will be
technologically feasible in the near future.
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Characterization of a Partly Folded Protein by NMR Methods: Studies on the
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ABSTRACT: NMR spectroscopy has been used to investigate the structure of a partially folded state of a
protein, the molten globule or A-state of a-lactalbumin. The 'H NMR spectrum of this species differs
substantially from those of both the native and fully unfolded states, reflecting the intermediate level of
order. The resolution in the spectrum is limited by the widespread overlap and substantial line widths of
many of the resonances. Methods have therefore been developed that exploit the well-resolved spectrum
of the native protein to probe indirectly the A-state. A number of resonances of the A-state have been found
to be substantially shifted from their positions in the spectrum of the unfolded state and have been identified
through magnetization transfer with the native state, under conditions where the two states are interconverting.
The most strongly perturbed residues in the A-state were found to be among those that form a hydrophobic
core to the native structure. A number of amides were found to be highly protected from solvent exchange
in the A-state. These have been identified through pH-jump experiments, which label them in the spectrum
of the native protein. They were found to occur mainly in segments that are helical in the native structure.
These results enable a model of the A-state to be proposed in which significant conformational freedom

exists but where specific elements of native-like structure are preserved.

Txe properties of partially organized states of proteins, in
which only a subset of the native folding interactions may be
present, are of fundamental importance in relation to our
understanding of the nature of protein folding. The cooper-
ativity of folding is such that these species often exist only
transiently in the course of folding (Tanford, 1968; Kim &
Baldwin, 1982), so that their detailed characterization may
be feasible only if some form of trapping is possible (Creighton,
1978; Ghelis, 1980; Kim, 1986; Roder, 1988). Recently,
however, it has been reported that several proteins can exist,
under certain conditions, in partially structured states which
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are stable at equilibrium (Kuwajima, 1977; Dolgikh et al,,
1981; Brazhnikov et al., 1985; Denton et al., 1981; Ohgushi
& Wada, 1983; States et al., 1987). A number of such species
have been characterized as “molten globule states”, and these
appear to be compact states exhibiting a high level of secondary
structure (Dolgikh et al., 1981, 1985; Ohgushi & Wada, 1983).
This description has been established from extensive experi-
mental studies, but in order to understand fully the nature of
these species, and particularly the manner in which they are
related to native structures, it will be necessary to characterize
the behavior of individual residues within a molten globule
structure. We have been investigating the application of NMR
spectroscopy to this problem in the specific case of the molten
globule state of a-lactalbumin.

a-Lactalbumins are globular proteins of molecular weight
around 14000 produced in the lactating mammary gland (Hill
& Brew, 1975; Hall & Campbell, 1986). They show close
sequence homology with c-type lysozymes, and a recent X-ray
crystallographic study of baboon a-lactalbumin confirms that
in the native state they are also closely similar in conformation
(Stuart et al., 1986; Phillips et al., 1987). The a-lactalbumins
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