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Abstract

1. We describe an inborn error of metabolism called phenylketonuria <PKU; MIM No. 261600,. The disease
has been called an epitome of human biochemical genetics *Scriver and Clow, 1980a, 1980b,. The
disorder reflects a disadaptive interaction between nature and nurture. The component in nurture is an
essential amino acid, L-phenylalanine; the one in nature is mutation in the phenylalanine hydroxylase gene
*PAH, encoding the enzyme L-phenylalanine hydroxylase <EC 1.14.16.1,. The discordance between
nature and nurture leads to hyperphenylalaninemia *HPA,, which can have a toxic effect on brain
development and function. The "proximal” phenotype ¢phenylalanine hydroxylase dysfunction, is under
the control of one locus encoding the phenylalanine hydroxylase enzyme and additional loci encoding
several other enzymes necessary for synthesis and recycling of the tetrahydrobiopterin cofactor essential
for the catalytic reaction; locus heterogeneity thus enters the interpretation of HPA. The intermediate
emetabolic, and distal scognitive, phenotypes of PKU disease both behave as complex traits that elude
consistent interindividual genotype-phenotype correlations. The phenylalanine hydroxylase gene harbors
great allelic diversity; several hundred mutations, both disease-causing and polymorphic, are recorded in
PAHdb, a public-locus-specific mutation database swww.pahdb.mcgill.ca,.

2. The HPAs are disorders of phenylalanine hydroxylation. The minimum requirements for the normal
reaction, which occurs in both liver and kidney in human subjects, are phenylalanine hydroxylase enzyme
*a monooxygenase, EC 1.14.16.1,, oxygen, L-phenylalanine substrate, and the 6R isomer of the
tetrahydrobiopterin «BH,4, cofactor. For the pterin cofactor to function as a catalyst, BH, must be
regenerated from the carbinolamine byproduct «4a-hydroxytetrahydropterin, of the hydroxylation reaction.
This is achieved by a recycling pathway in which 4a-carbinolamine dehydratase sformerly known as
phenylalanine hydroxylaseestimulating protein, converts the carbinolamine to the quinonoid dihydropterin,
which, as the substrate for dihydropteridine reductase in the presence of reduced pyridine nucleotide, is
converted back to BH,. A pathway exists for biosynthesis of this obligatory cofactor involved both here

and in the function of other aromatic monooxygenases and of nitric oxide synthase; the enzymes in the
pathway are guanosine triphosphate cyclohydrolase, 6- pyruvoyltetrahydropterin synthase, and
sepiapterin reductase. Diseases of BH, synthesis and recycling are discussed in Chap. 78.

3. Hyperphenylalaninemia is defined as a plasma phenylalanine value greater than 120 pmol/liter «>2
mg/dl,. Whether forms of HPA owing to altered integrity of the enzyme should be subdivided into different
formsznotably phenylketonuria splasma phenylalanine >1000 pumol/liter, diet phenylalanine tolerance <
500 mg/day, and non-PKU forms eplasma phenylalanine < 1000 pmol/liter, diet tolerance > 500
mg/day,Zis a moot point. Evidence suggests that mild degrees of persistent untreated HPA «<600
pmol/liter, may not be harmful to cognitive development «as yet an unproven hypothesis,. For purposes of
diagnosis, counseling and correct treatment of the non-PAH enzyme deficiencies affecting BH,4
homeostasis must be ruled out.

4. The human PAH gene covers approximately 100 kb of genomic DNA on chromosome 12, band region
g23.2, and is embedded in a region of 1.5 Mbp harboring five other genes. The nucleotide sequences,
both genomic «GenBank accession number AF404777, and cDNA +«U49897.1,, are now known esee
www.pahdb.mcgill.ca,; PAH has 13 exons and a complex 5' untranslated region containing cis-acting,
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trans-activated regulatory elements. The gene is rich in intragenic polymorphic markers, including biallelic
restriction-fragment-length polymorphism *RFLP, and single-nucleotide polymorphism «SNP, alleles, a
tetranucleotide short tandem repeat *STR, acting as a fast molecular clock in intron 3, and a variable
number of tandem repeats *VNTRs, *30-bp-length cassettes, in the 3' untranslated region *UTR,. The
polymorphic sites are in linkage disequilibrium and describe a large series of extended and miniature
haplotypes. The PAH gene also harbors several hundred disease-causing alleles associated with HPA, of
which more than 60 percent are missense alleles. Only a half-dozen different alleles account for the
majority of mutant chromosomes in Europeans or Orientals; the remainder are rare, even private alleles.
5. The human PAH gene has both developmental- and tissue-specific transcription/translation. Its
translation product is a 452-amino-acid polypeptide homologous in several domains with the subunits of
tyrosine and tryptophan hydroxylases. The catalytic domain of the human PAH polypeptide has been
resolved at 2 A for residues 117+427. The enzyme is homo-oligomeric and functions in alternating
activated and deactivated states in dimeric and tetrameric conformations. The effect of mutant alleles is
being studied by molecular modeling in silico by using the protein design algorithm FoldX to predict the
energetic impact on native-state stability of the PAH enzyme of missense PAH alleles and by expression
analysis in vitro. Missense alleles can cause misfolding of the PAH enzyme subunit, leading to
aggregation and disposal by the proteasome.

6. The effects of disease-causing PAH mutations on the patient can be measured at three levels: proximal
eenzymic,, intermediate *metabolic,, and distal scognitive function,. Enzyme dysfunction can be measured
in vitro either directly by hepatic biopsy or indirectly by expression analysis when the mutation is
expressed in a transgenic construct in mammalian or bacterial cell systems or in a cell free
transcription/translation system. The latter enables hepatic PAH activity in vivo to be broadly predicted.
Flux rates in vivo for phenylalanine hydroxylation/oxidation also can be measured by two different isotopic
methods. All studies of genotype-phenotype correlations reveal reasonable correlations at the proximal
eenzyme, level; however, at intermediate *metabolic, and distal scognitive, levels, the phenotypes have
emergent properties and behave as complex traits in which the effects of PAH, the major locus, is
modulated by "modifiers."

7. Pathogenic PAH alleles produce their effects on PAH enzyme by various mechanisms and behave in
broad terms as null *no activity,, Vmax altering sreduced activity,, kinetic «altered affinity for substrate or
cofactor,, unstable eas a result of misfolding and increased turnover and loss of PAH protein,, and

BH 4 -responsive. Findings occasionally have been taken to signify negative allelic complementation as an

additional mechanism of mutant genotype expression. An important subset of missense alleles that do not
map to the BH,4-binding region confers a 6R-BH 4-responsive phenotype in vivo by mechanisms that

include stabilizing a misfolding subunit by chaperone-like therapy and by overcoming unfavorable
BH 4-binding kinetics by saturation.

8. Newborn screening for PKU occurs in many societies and is a potent resource for ascertainment and
sampling of mutant PAH genes. Prevalence data for HPA «5¢350 cases per 1 million live births, and
mutation analysis together reveal nonuniform distribution of patients and alleles in human populations.
Human genetic diversity at the PAH locus complements data from analysis of mitochondrial DNA, the Y
chromosome, and classic autosomal polymorphisms. The distribution and types of PAH alleles indicate
how migration, genetic drift, natural selection eperhaps,, recurrent mutation, and intragenic recombination
over the past 100,000 years might account for the present-day incidence of PKU, the observed
mutation-haplotype associations, and the nonuniform distribution of cases and major alleles in modern
human populations. The prevalence rates for PKU in persons of African descent appear to be an order of
magnitude lower than those for persons in European, Chinese, and Korean populations, where
prevalence is similar +10** , in these populations.

9. Pathogenesis of the most important clinical sdisease, phenotype cognitive and neurophysiologic
impairments, is undoubtedly complex, but there is an emerging consensus that phenylalanine itself, at
elevated concentrations, is the harmful molecule that starts the process of allostasis. Several strains of
mice mutagenized by N-ethyl-N-nitrosourea, with documented PAH gene mutations and deficient enzyme
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activity, are orthologous resources to study pathogenesis, as well as treatment to control the phenotypic
effects of the mutant genotype.

10. Newborn screening with measurement of blood phenylalanine is the most reliable method for early
detection of HPA. The classification of phenotype includes severe and less severe forms of PAH
deficiency, of BH,-responsive and BH 4-nonresponsive primary deficiency, and of primary BH, deficiency.
Classification requires measurements of phenylalanine, pterins, and neurotransmitter derivatives in urine,
plasma, and cerebrospinal fluid *CSF,, along with specific protocols and various assays of enzyme activity
esee Chap. 78,. If it is requested, prenatal diagnosis for PKU is feasible by DNA analysis of mutations and
haplotypes.

11. Treatment of HPA requires restoration of blood phenylalanine to values as near normal as possible as
early as possible in postnatal life and for as long as possiblezperhaps for a lifetime. At present, it seems
that any deviation from this policy may incur a cost in structure and function of brain in the PKU patient.
Among the modalities of treatment, the low-phenylalanine diet is still paramount, but it needs to be
improved in organoleptic properties and in nutrient compositionZnotably of the essential fatty acids and
the relative ratios of amino acids. The BH ,-responsive PAH alleles may require only pharmacologic
therapy +e.g., 10 mg BH4/kg per day,. Alternative modalities include the possibility of enzyme substitution
with engineered recombinant phenylalanine ammonia lyase spromising, and gene therapy <in a holding
pattern for human subjects but showing efficacy in the mouse model,.

12. Maternal HPA, a toxic embryopathy/fetopathy, causes congenital malformations, microcephaly, and
permanently impaired cognitive development. It is a consequence of intrauterine phenylalanine excess in
the fetal compartment derived from a positive transplacental gradient. All females of reproductive age with
HPA should receive reproductive counseling, social support, and continued or renewed treatment to
restore euphenylalaninemia before conception and throughout pregnancy. Meticulous treatment of
maternal HPA is compatible with a normal outcome for the fetus.

13. Virtually all the major themes and issues now considered to be important in PKU were recognized by
the human geneticist Lionel Penrose half a century ago. The fundamental questions about PKU are the
same then and now; only the tools and opportunities to address them have changed.

INTRODUCTORY COMMENT

This chapter is not a total overview of hyperphenylalaninemia *HPA, and its principal disease type,* even
though it touches most aspects of the topic. Rather, it is a close analysis of the enzyme involved
[phenylalanine hydroxylase *PAH,], the corresponding gene *PAH, with its alleles, their disease-causing
effects, and how those diseases occur and can be prevented «Scriver, 2007,. The primary disorders of
BH,4 homeostasis affecting phenylalanine hydroxylation and other reactions are covered in Chap. 78.

In 1994, a symposium® was held to celebrate the sixtieth anniversary of Asbjgrn Falling's
German-language report #1934, on a new inborn error of metabolism; another symposium® in 1995
celebrated the fortieth anniversary of effective therapy of this genetic disease. The disease, renamed
phenylketonuria in 1935 by Penrose, had been called imbecilitas phenylpyrouvica by Falling to recognize
its effect on cognitive development.” Some 11 years later, for his inaugural address as Galton Professor
at University College London sPenrose, 1946,, Penrose chose phenylketonuria as his topic. Among the
many themes running through his remarkable analysis of this now-classic genetic disease was Penrose's
observation that phenylketonuria *PKU, was the first to exhibit a chemical explanation for mental
retardation.

With hindsight, major milestones on this journey of discovery about PKU can be recognized: 1, In the
1930s, it was shown that both the disease *mental retardation, and the major metabolic abnormality
*hyperphenylalaninemia, are accounted for by autosomal recessive inheritance of a deleterious gene
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*Folling, 1934; Penrose, 1935, *MIM 261600,. «2, In the 1950s, PKU patients were shown to have
deficient activity of hepatic PAH *EC 1.14.16.1,, the key enzyme controlling phenylalanine catabolism
«Jervis, 1953,. «3, In the same decade, a diet restricting intake of phenylalanine, an essential amino acid
for human beings, was shown to ameliorate the HPA of PKU, thus offering the potential to prevent mental
retardation <Bickel et al., 1953,. ¢4, In the 1960s, a simple test for population screening was developed
*Guthrie and Susi, 1963,, providing the opportunity for early diagnosis, treatment, and prevention of PKU
disease. <5, In the 1960s and 1970s, treatment of this particular genetic disease was seen as a prototype
for the treatment of other genetic diseases *Scriver, 1967,, and it was shown to be truly effective in
preventing mental retardation in PKU sMacCready, 1974,. <6, Mapping and cloning of the phenylalanine
hydroxylase gene in the 1980s came first in the rodent *Robson et al., 1982, and then in Homo sapiens
sapiens *Woo et al., 1983, shuman gene symbol PAH; GenBank cDNA sequence U49897.1,. This is
followed in the 1990s by worldwide mutation analysis and recognition that extensive mutant allelic
heterogeneity accounts for PKU and related forms of HPA sNowacki et al., 1998,. <7, In the 1970s, there
was recognition eDanks et al., 1978; Kaufman, 1971, that locus heterogeneity must exist to account for all
components of phenylalanine hydroxylation in vivo and to account for a mysterious subset of patients with
"malignant"” HPA esee Chap. 78,. 8, In the 1990s, it became evident that PKU and the HPAs are more
than Mendelian traits; they also have the features of multifactorial., multilocus, and complex traits «Scriver
and Waters, 1999,. Therefore, they serve as prototypes for thinking more broadly about the nature of
so-called Mendelian disease. *9, In the 1990s, the catalytic core of the human PAH protein was
crystallized and its structure visualized at 2-A resolution *Erlandsen et al., 1997a, 1997b,; thus svirtual,
molecular modeling in silico of mutation effects could begin. 10, In the same decade, the vast allelic
diversity, both disease-causing and neutral polymorphic in type, at the PAH locus began to be recorded in
an online relational database swww.pahdb.mcgill.ca, *Nowacki et al., 1998,.

Whatever one might like to call "progress," it is chastening to realize, by rereading Penrose's article
*1946,, that Penrose anticipated much of our present knowledge; the difference between then and now is
simply the evidence, obtained with tools not available in Penrose's own lifetime; the evidence shows that
he was a very foresighted geneticistzas were so many of his colleagues.

Footnotes

Standard abbreviations are listed preceding the index of this book. Nonstandard abbreviations used in this
chapter are as follows:

BH, = tetrahydropterin[*6R,-L-erythro-5,6,7,8-tetrahydrobiopterin]; DHPR = dihydropteridine reductase;
DMPH, = 6,7-dimethyltetrahydropterin; GTP-CH = guanosine triphosphate cyclohydrolase; HPA =
hyperphenylalaninemia; 6-MPH, = 6-methyltetrahydropterin; PAH = phenylalanine hydroxylase enzyme
ephenylalanine 4-monooxygenase,; PAH = phenylalanine hydroxylase gene shuman,; Pah =
phenylalanine hydroxylase gene smouse,; PAL = phenylalanine ammonia lyase; PKU = phenylketonuria;
6-PTS = 6-pyruvoyltetrahydropterin synthase; gBH, = quinonoid form of dihydrobiopterin; RFLP =

restriction fragment length polymorphism; SNP = single-nucleotide polymorphism; STR = short tandem
repeat; VNTR = variable number of tandem repeats.

*This version of Chap. 77 is an overview of both recent developments and well-established themes in the
Mendelian HPAs. Many new reports have appeared since the online edition of MMBID-8 extended the
print version of January 2001. The present version is much revised and contains significant large
attachments sexternal updates, not found in the print version. The style for reference citation is also
different.
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* The symposium was published; it opens with an elegant essay about Asbjgrn Fglling and his discovery
of PKU, written by his son Ivar <Fglling, 1994,. Another symposium, opened by Horst Bickel, "the father of
PKU therapy," covering this and other topics was published thereafter sEuropean Journal of Pediatrics,
1996,.

" Asbjarn Fglling later renamed "his" disease, preferring to call it oligophrenia phenylpyrouvica «Fglling et
al., 1945,, a name more compatible with the wide range of mental deficiency he had discovered in

patients with PKU. The same article extends the evidence in his Norwegian cases for autosomal recessive
inheritance of the disease, adding support to similar claims made early by himself «1934,, Penrose ¢1935,,
and Jervis ¢1939,.

INTRODUCTION

The generic term for a phenotype distinguished by phenylalanine concentrations persistently elevated
above the distribution of its plasma values in healthy controls is hyperphenylalaninemia *HPA,. This
disturbance in metabolic homeostasis can have clinical consequences depending on its pathogenesis and
its degree. The major associated clinical manifestation is impaired cognitive development and function
resulting from neurochemical imbalancezpostnatally in affected cases and prenatally in the fetus carried
by an affected pregnant woman. The genetic causes of HPA are primaryZzmutations ealleles, in the gene
esymbol PAH, encoding L-phenylalanine hydroxylase enzyme *PAH,Zand secondaryzat loci for at least
two enzymes in the pathway for synthesis of tetrahydrobiopterin, also known as BH,4

[*6R,-L-erythro-5,6,7,8-tetrahydrobiopterin], the cofactor for the hydroxylation reaction, and at the loci for
4a-carbinolamine dehydratase and dihydropteridine reductase *DHPR,, enzymes that regenerate BH,4

from the oxidized biopterin by-product of the hydroxylation reaction. So-called null mutations at the PAH
locus cause PKU; others conferring some residual enzyme activity cause a lesser degree of HPA
eso-called non-PKU HPA,, where the associated risk of mental retardation is less than it is in classic PKU.

BH, homeostasis serves two additional hydroxylation reactions involving L-tryptophan and L-tyrosine,
notably in brain. The hydroxylated derivatives of these substrates, 5-hydroxytryptophan and L-dopa,
respectively, are precursors of serotonin and catecholamines, which, as neurotransmitters, influence brain
development and function. Accordingly, diagnosis of BH 4-deficient variants of HPA is relevant for

prognosis and treatment and has become an integral part of PKU screening programs even though fewer
than 2 percent of newborn infants with persistent HPA «in European populations, have a disorder of BH4

homeostasis *see Chap. 78 and the relevant website: www.bh4.org,.

Nomenclature

This chapter deals with the HPAs associated with primary deficiency of PAH enzyme function caused by
variant disease-causing alleles in the PAH gene. If all degrees of HPA are a risk factor for impaired
cognitive development, then it may not matter whether we classify the trait into its more consistently
severe *PKU, or usually milder snon-PKU HPA, forms; we will worry about prognosis in either form. One
thus could argue for the use of a single namez phenylketonuria; indeed, Smith «1994a, recommended
acceptance of the term phenylketonuria "as a scientifically sound, collective noun for the family and
disorders due to PAH deficiency." We concur, but there is the issue of common practice. The literature is
now well populated with papers naming the severe and mild forms of HPA as PKU and non-PKU HPA,
respectively; we use both these terms here knowing that each implicates some degree of harm to the
central nervous system CNS,. On the other hand, there is some evidence that untreated non-PKU HPA
«at levels < 600 pmol/liter, is not harmful to cognitive development sWeglage et al., 2001,; hence there is
reason to retain the distinctive nomenclature.
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The clinical distinction between PKU and non-PKU HPA currently rests on recognition of higher plasma
phenylalanine values in PKU «>1000 umol/liter; >16.5 mg/dl, in the untreated state and on lower tolerance
for dietary phenylalanine in PKU «>500 mg/day, «Scriver et al., 1995,. Others have suggested similar but
quantitatively different criteria for classification of PAH enzymesdeficient HPA «Guttler, 1980,, but the
intention is similar: Higher ambient blood phenylalanine levels and lower dietary tolerance are associated
with a more PKU-like phenotype and thus greater hazard of impaired cognitive development.

Hyperphenylalaninemia: A Framework for Understanding Why This "Simple" Phenotype Has
"Complex" Explanations «See also Supplement: "Homeostasis, Complexity, and Monogenic
Phenotypes: The View from Phenylketonuria”,

Whereas PKU is a classic Mendelian disease, its metabolic phenotype *HPA, and the associated disease
emental retardation, are the result of more than the effect of a single mutant allele. To be aware of this is
to have a framework for understanding HPA and its attendant diseases, as well as so-called Mendelian
disease in general «Scriver, 2007,.

HPA is a Mendelian inborn error of metabolism

PKU is listed under entry 261600 in the McKusick Catalogs of Mendelian Inheritance in Man «OMIM,.
When Fglling found an increased frequency of consanguinity among the parents of his patients, he
recognized evidence for autosomal recessive inheritance; he also found an aberrant metabolic state in the
propositi he investigated *Fglling, 1934, 1994,. Lionel Penrose almost immediately recognized the
disorder as a new "inborn error of metabolism" sPenrose, 1935, and as the first form of mental retardation
to have an overt chemical feature sPenrose, 1946,; he communicated accordingly with Garrod *Bearn,
1993,. Since then, all human mutations causing primary impairment of PAH enzyme integrity have been
shown to map to the PAH locus on chromosome 12q «Lidsky et al., 1985a,, in keeping with the
involvement of a major gene in PKU and related forms of hyperphenylalaninemia. Incidence of the
autosomal recessive metabolic phenotype and its disease, when due to primary deficiency of
phenylalanine hydroxylase function, is on average 1 in 10,000 live births in Europeans; prevalence of
persons affected by and coping with the implications of persistent HPA will be the same. However, in a
source population of 100 million people, the subset following contemporary recommendations for
treatment of HPA would generate 500,000 patient treatment years in half a century.

Hyperphenylalaninemia in PKU is multifactorial

Dietary intake of L-phenylalanine, an essential nutrient for Homo sapiens sapiens, is required to produce
HPA in the mutant phenotype. Dietary experience and mutant genotype thus are both necessary
components of cause. Accordingly, the metabolic phenotype is multifactorial., and therein lay the original
opportunity for treatment through restriction of dietary phenylalanine.

HPA is genetically heterogeneous

PKU indeed manifests HPA, but not all HPA is necessarily PKU. The phenylalanine hydroxylating reaction
requires tetrahydrobiopterin +BH,, cofactor. Mutation in a gene controlling any one of the several stages
of synthesis or recycling of BH, can cause HPA. Recognition of this fact is a necessary part of the
diagnosis, workup, counseling, and treatment of every patient with persistent HPA ssee Chap. 78,.
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PKU disease and the attendant metabolic phenotype are complex traits «See also Supplement:
"Homeostasis, Complexity, and Monogenic Phenotypes: The View from Phenylketonuria”,

Analysis of genotype-phenotype correlations in untreated PKU patients shows no tight and consistent
relationship, either inter- or intrafamilial., between predicted severity of the PAH mutation effect and
cognitive development «IQ or DQ scores, *Ramus et al., 1993,. Long ago, Penrose had noticed
discrepancies in 1Q values within PKU sibships sPenrose, 1946,; he further recognized that whereas
phenylalanine values in normal and PKU populations behaved as a discontinuous metric trait, 1Q values
resembled a quasi-discontinuous trait. Since intelligence itself is a complex trait, the failure to see a tight
correlation between 1Q and PAH genotype is not surprising. However, even blood phenylalanine values
themselves, more proximate than cognitive function to the primary mutant gene effect on enzyme function,
do not correlate consistently with predicted effect of the mutant PAH genotype. For example, the same
mutant genotype can be associated with both severe +PKU, and mild snon-PKU HPA, forms of HPA
*Guldberg et al., 1998; Kayaalp et al., 1997,, and whereas in vivo measures of L.-phenylalanine oxidation
rates show the gene dosage expected for a Mendelian trait, the corresponding plasma phenylalanine
values may not «Scriver, 1998a; Treacy et al., 1997,. This evidence implies that whereas the oxidative
step has a high sensitivity coefficient for phenylalanine homeostasis *Kacser and Burns, 1981,, PAH
enzyme function is not the only determinant of phenylalanine homeostasis. Phenylalanine homeostasis is
apparently under the control of a set of quantitative trait loci Scriver and Waters, 1999,. It is a
manifestation of a human phenome <Freimer and Sabatti, 2003,.

Multiple PAH alleles

Even half a century after Fglling's description of PKU, it was customary to refer to the PKU mutation and
to record it by the single symbol a «for a recessive allele,. In the molecular era of PKU studies, however, it
is apparent that the mutant human PAH locus harbors hundreds of disease-causing alleles a; + a, + a3

+- +ap,. Afew are prevalent; most are rare, even "private" *Nowacki et al., 1998; Scriver et al., 2000,

2003,. PKU fits an emerging view of Mendelian disease in general. The majority of disease-causing
alleles at the relevant locus will be rare; only a few will be prevalent sWeiss, 1996,.

PHENYLALANINE HOMEOSTASIS

Claude Bernard #1878, recognized that constancy in the internal milieu was a necessary condition of life;
Walter B. Cannon called it homeostasis *Cannon, 1929,. The phenylalanine content of blood, or of any
other body fluid, is a metric trait that observes a central tendency shomeostasis,. HPA is recognized when
the value for non-peptide-bound «free, phenylalanine is greater than the normal frequency distribution; the
normal range of values represents one steady state, and the range of deviant values in HPA reflects a
different steady state, which may or may not have consequences for health.

The metabolic steady state is a dynamic one in which the concentrations of metabolites in the system
remain fixed in the face of fluxes through it «Cohn et al., 1980,. Any persistent change in a flux eventually
will change the steady-state value. Regulatory mechanisms control homeostatic systems so that
steady-state values experience only minor, transitory changes within certain limits under usual
circumstances *Murphy and Pyeritz, 1986,. The dispersion of plasma phenylalanine values around the
central tendency «the mean or homing value, fits this model Fig. 77-1, and shows that the plasma
phenylalanine value is a quantitative scomplex, trait. It reflects both intraindividual or interindividual
biologic variation *V g, and the range of experience encountered by the individual *Vg, *Scriver et al.,
1985,. The normal value for plasma phenylalanine within an individual shows infradiem oscillation *Scriver
et al., 1985, that is not greater than about half the nadir value ssee Fig. 77-1,. The broad similarity in
values between individuals implies that their homeostatic mechanisms are similar and have been acquired
through shared human evolution; the outlier values are of interest because they reflect unusual biologic
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diversity or experience. Evidence for heritability *h,,, which in the broad sense is Vg/*Vg + VE,, is found

in twin studies «Scriver and Rosenberg, 1973,; plasma phenylalanine values are more similar within
monozygotic twin pairs than they are between nontwin subjects. Accordingly, an individual has a "private"
plasma amino acid phenotype, with values distributed over a narrower range than the "public” distribution
of values for a population of unrelated individuals *Scriver et al., 1985,. Thus the blood phenylalanine
value indeed should be viewed as a quantitative trait in which the controlling biologic factors are the
guantitative trait loci sLangenbeck et al., 1988; Scriver et al., 1985,. What those loci encode as proteins
and mechanisms of homeostasis are scarcely known, but they eventually will yield to enquiries in the
context of "systems biology."
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A: The frequency distribution of plasma phenylalanine values <n = 80, in adult human subjects n = 10,
studied twice sfasting and fed, at four different times of the day. B: Mean values *&#9650;, for infradiem
variation in plasma phenylalanine in fasted »-, and fed *&#9675;, subjects. *Both figures adapted from
Scriver et al., 1985. Used by permission.,

Normal Plasma Values

The normal plasma free phenylalanine value is not significantly different in young and adult-age subjects
*Gregory et al., 1986; Scriver et al., 1985,. The normal adult value under physiologic conditions is 58 * 15
pmol/liter emean £ SD,; the corresponding values in children smean age 8 years, and adolescents smean
age 16 years, are 62 = 18 and 60 = 13 pmol/liter, respectively. Gender affects the value only in
adolescents smale values are higher, *Gregory et al., 1986,. Values in newborn and older infants are
similar to those in older subjects *Scriver and Rosenberg, 1973,.

Determinants of the Steady State

Fluid compartments in the body «e.g., plasma and cerebrospinal fluid, may have quite different
concentrations of free phenylalanine, but at the steady state the compartments are in a state of
equilibrium, albeit at far from chemical equilibrium «Cohn et al., 1980,. [This fundamental feature will lie
behind the proposal., for example, to use enzyme substitution therapy with oral phenylalanine ammonia
lyase to treat PKU eSarkissian et al., 1999; see section on treatment,.] The flux of free phenylalanine
through pools in the human body comprises inputs and runouts ¢Fig. 77-2,, and there are ways to
measure net flux rates in vivo *Krempf et al., 1990,. Input of phenylalanine has two major sources:

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. -8- Any use is subject to the Terms of Use on www.ommbid.com.



Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

exogenous from dietary phenylalanine and endogenous from bound spolypeptide, and free amino acid

stores, the latter located largely in muscle Scriver and Rosenberg, 1973,. Runout involves incorporation
into bound pools, oxidation to tyrosine, and conversion to minor metabolites; net runout by oxidation can
be measured in vivo by measurement of labeled CO,, in expired air derived from a tracer dose of labeled

L-phenylalanine sLehmann et al., 1986; Treacy et al., 1997,.

Figure 2
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Major inputs eu, and runouts st, of free L-phenylalanine in human metabolism. Inputs of this essential
amino acid to the pool of freely diffusible solute are from dietary protein [hence the minimal dietary
requirement «Table 77-1,] and turnover of endogenous <bound, polypeptide, pools. Runout is by «1,
hydroxylation to tyrosine sreaction 1 catalyzed by phenylalanine hydroxylase, followed by oxidation,; 2,
incorporation into bound epolypeptide, pools ereaction 2,; and +3, transamination *A, and decarboxylation
*B,. The approximate proportional importance of the three runouts is 3:1:trace at normal steady state ssee
the discussions in Scriver et al., 1989 and Kaufman and, 1999,.

Input

L-Phenylalanine is an essential amino acid in humans, and a «dietary, source is necessary both to
maintain phenylalanine homeostasis and to meet requirements for endogenous protein synthesis
<American Academy of Pediatrics, 1976; Young and Pellett, 1987, The nutritional requirement for
L-phenylalanine is difficult to estimate in the normal subject because catabolic runout perturbs the estimate
of the anabolic requirement. Accordingly, the blocked catabolic state #as in a person with totally deficient
PAH enzyme activity, is useful to estimate the actual human requirement. Empirical estimates in treated
PKU patients indicate that the minimum requirement to support protein synthesis is on the order of 200 to
500 mg/day in the infant and young child depending in part on the mutant PAH genotype, and probably
not more than 1.5 times greater in older children. The requirement for phenylalanine is greater in the
absence of tyrosine in subjects with intact phenylalanine hydroxylation sAmerican Academy of Pediatrics,
1976; Basile-Filho et al., 1997; Young and Pellett, 1987,. Thus the range of phenylalanine requirement in
PKU and normal subjects probably reflects interindividual differences in the biologic determinants of
homeostasis, as well as allelic differences at the PAH locus in the PKU subjects. Estimates of the
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requirement in adults «Table 77-1, are probably lower than the true value *Young and Pellett, 1987,, and
values in adults obtained by kinetic analysis with isotope-labeled amino acid resemble those for young
children when expressed per unit of total protein requirement esee Table 77-1,. This revisionist view may
influence treatment of HPA in affected pregnant woman.

Table 77-1: Estimates of Phenylalanine Requirement in Humans* sAmerican Academy of

Pediatrics, 1976; Young, Pellett, 1987,

mg/day mg/kg/day mg/g protein
Infant 2590
Preschool child 200+500 * 69 63
Older child 200+500 22 22
Young adult 1914
Young male adult 39

*Estimates made in normal subjects with normal phenylalanine hydroxylase enzyme «PAH, activity
and receiving tyrosine in the  diet

*Estimates made in patients with severe deficiency of PAH activity sclassic phenylketonuria,
eAmerican Academy of Pediatrics, 1976.,.

‘Estimated by oral tracer studies in subjects receiving various phenylalanine intakes without
added tyrosine *Basile-Filho etal., 1997,.

Turnover of endogenous peptide-bound pools contributes input to the plasma phenylalanine pool value
*Basile-Filho et al., 1997; Berke et al., 1992; Sanchez et al., 1996,. When nutrition is inadequate, protein
catabolism occurs, and free L-phenylalanine is released; as a consequence, plasma phenylalanine values
will rise initially in the PKU patient in early negative nitrogen balance. Failure to recognize this
phenomenon can confound treatment of PKU patients during intercurrent iliness.

Runout

Input of phenylalanine will expand the plasma phenylalanine pool unless there is compensating runout.
Incorporation into protein, oxidation, and conversion of phenylalanine to other metabolites *see Fig. 77-2,
provide runout on a background of interorgan amino acid flow and cellular uptake. The relative
contributions of these components to phenylalanine homeostasis have theoretical interest and practical
relevance.
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In a series of important theoretical studies *Kacser and Burns, 1973, 1981; Kacser and Porteous, 1987,, it
was reasoned that each component in a network of steady-state determinants has a value, called the
sensitivity coefficient, proportional to its importance in setting the summation property svalue = 1, of the
steady state maintained by the network. Relative quantitative values for the components of phenylalanine
runout have been measured *Kaufman 1976; Salter et al., 1986,. At physiologic concentrations,
incorporation into protein and hydroxylation to tyrosine account for about one-quarter and three-quarters
of total free phenylalanine runout, respectively; conversion to phenylpyruvic acid is of minor significance
and occurs only at elevated plasma concentrations of phenylalanine «Kaufman, 1976,. Conversion to
phenylethylamine is a trivial part of the whole. Whereas stress, feeding, and fasting modulate
phenylalanine oxidation *Basile-Filho et al., 1997; Berke et al., 1992,, on average, about half the control of
runout is accounted for by a first step, which is uptake of phenylalanine by cells, notably hepatocytes
«Salter et al., 1986,; the remainder occurs by events after this step ei.e., hydroxylation, protein
incorporation, and metabolite formation,. Direct measures in human subjects confirm that hepatic uptake
and oxidation of phenylalanine are almost equally important determinants of the steady-state value for
plasma phenylalanine in mammals «Sanchez et al., 1996,; from the PKU phenotype, we see that the PAH
gene behaves as the "major" locus in the genetic makeup of this complex trait. On the other hand, since
the sensitivity coefficient of the hydroxylation component in the system is considerably less than 1.0
*because the system maintaining phenylalanine homeostasis has many components,, it follows that the
genetic basis of HPA does not confer a dominant phenotype and must be recessivezand furthermore that
the heterozygote, under usual conditions, will not show significant HPA, in keeping with theory sKacser
and Burns, 1981,.

Alternative phenylalanine conversion pathways

Conversion to tyrosine is the major metabolic pathway for phenylalanine runout .Kaufman, 1976, ssee Fig.
77-2,. Conversion of phenylalanine to nontyrosine derivatives constitutes only a minor alternative under
normal conditions; more details of the latter reactions are given in previous editions of this text +Knox,
1960, 1966, 1972, and elsewhere Scriver and Rosenberg, 1973,.

The initial reaction in the most significant alternative pathway is transamination of L-phenylalanine to form
phenylpyruvate; this and the subsequent metabolic transformations in the transamination pathway ssee
Fig. 77-2, are restricted to the alanine side chain of the molecule. Only when the major catabolic pathway
is blocked and phenylalanine concentration is much increased does the transamination pathway become
functionally significant. The reaction is induced by substrate and is not fully operative in the immature
newborn or in the early phase of HPA «Scriver and Rosenberg, 1973,. Rates of phenylalanine disposal by
the alternative pathways do influence the mutant metabolic phenotype in PKU, and siblings with identical
mutant PAH genotypes can have different rates for disposal of minor metabolites «Treacy et al., 1996,.

Decarboxylation of phenylalanine to phenylethylamine ssee Fig. 77-2, is not an important route for
disposal of excess phenylalanine in humans at any time. Monoamine oxidase inhibitors, which block
further metabolism of phenylethylamine, do little to alter its level in the human subject sRampini et al.,
1974,.

Interorgan phenylalanine flow and uptake

PAH enzyme is active mainly in hepatocytes in humans, but significant PAH enzyme activity
eLichter-Konecki et al., 1999; Tessari et al., 1999, and metabolic conversion of phenylalanine to tyrosine
*Moller et al., 2000, now have been identified in human kidney. As a result, the kidney is a major donor of
tyrosine to the systemic circulation in the presence of nhormal PAH enzyme activity. Phenylalanine is
incorporated into protein in all tissues, and metabolic conversion of phenylalanine to various metabolites
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also occurs in tissues other than liver. Accordingly, interorgan fluxes are an integral part of runout for this
amino acid «Christensen, 1982,, and there must be phenylalanine transport across plasma membranes
before it can enter its intracellular pathways. L-Phenylalanine uptake by mammalian cells is mediated by
carriers that are coupled to the inward-oriented Na* gradient in apical membranes of renal Kragh-Hansen
et al., 1984; Samarzija and Fromter, 1982, and intestinal epithelia *Berteloot et al., 1982, and by
Na*-independent carriers in other plasma membranes ecited in Christensen, 1982, 1986, 1987,. The
nephron, which contains both high- and low-affinity carriers for phenylalanine *Kragh-Hansen et al., 1984,,
achieves near-total reabsorption of the amino acid from filtrate under physiologic conditions. The systems
do not saturate even at high phenylalanine concentrations in filtrate «Owens, 1977; Scriver and
Rosenberg, 1973,, which means that the transporters continue to function in the homeostatic network and
contribute to the HPA of PKU.

Phenylalanine enters parenchymal cells from plasma and extracellular fluid on an Na™*-independent,
weakly concentrative carrier that accepts both branched-chain and aromatic amino acids; it exits from
cells on a system shared by neutral-charge amino acids «Christensen, 1986, 1987,. Hepatic uptake of
phenylalanine is a significant component in the runout flux «Salter et al., 1986,. Interactions between
amino acids on the carriers can perturb these fluxes <Pardridge, 1987; Shershen et al., 1987; Smith, 1987,
and may play a role in the pathogenesis of the brain phenotype in PKU.

By way of a synthesis for these themes about phenylalanine homeostasis, Kaufman ¢1999, proposed a
guantitative model for metabolism of phenylalanine at steady state in fasted human subjects that takes
into account disposal by the hydroxylation and transamination reaction sdecarboxylation being a negligible
reaction in this context, and input from net protein degradation. From available empirical data, Kaufman
assigned kinetic values: K, *mM, for hydroxylase and transaminase, 0.54 and 1.37, respectively; the
corresponding V nax *Hmol/ml per hour,, 0.9 and 0.063, respectively; and phenylalanine release from
protein degradation, 0.012 umol/ml per hour. Assuming that blood levels reflect tissue levels, Kaufman
then tested the validity of his model against data for normal subjects, heterozygotes, and mutant
homozygotes with PKU. The model was satisfactory and sufficiently robust to show that HPA could not be
explained by putative transaminase deficiency and that alternative pathways for significant phenylalanine
disposal *e.g., on tyrosine hydroxylase, do not exist.

THE PAH GENE

Comment

More than 98 percent of mutations associated with human HPA occur at the PAH locus; the remainder are
at the loci dedicated to synthesis and regeneration of tetrahydrobiopterin esee Chap. 78,. The PAH gene
has regulatory elements and an architecture typical of many housekeeping genes. The locus harbors
several hundred known alleles, some of which are polymorphic and neutral in their effect on PAH enzyme
activity; most are a cause of HPA. The online locus-specific mutation database swww.pahdb.mcgill.ca, is a
prototype in the human mutation database initiative taking place at the interface between human
genomics and genetics.

The human PAH gene

Isolation of a human PAH cDNA followed synthesis and authentication of a rat cDNA from liver mMRNA
purified by polysome immunoprecipitation *Robson et al., 1982, 1984,. A human liver cDNA library probed
with the rat clone produced a 2.4-kb cDNA clone *hPAH 247, encoding a polypeptide of 452 amino acids,
of 51,862 relative molecular mass *Kwok et al., 1985,. Others obtained cDNA clones from rat «Dahl and
Mercer, 1986,, mouse <Ledley et al., 1990,, and human *Speer et al., 1986, genomes. Rodent and human
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sequences, both DNA and protein, are similar, with 92 percent overall polypeptide homology and 96
percent similarity at the C-terminal end «Dahl and Mercer 1986; Kwok et al., 1985; Robson et al., 1984,. In
vitro expression of the human or rat PAH cDNA is sufficient to assemble a homopolymeric protein with
phenylalanine hydroxylating activity in the presence of pterin cofactor «Choo et al., 1986; Ledley et al.,
1985,. The human PAH locus, mapped by in situ hybridization, is on chromosome 12 <Lidsky et al.,
1985a,, band region 12g23.21 «International Human Genome Sequencing Consortium, 2001,, embedded
in a 1.5-Mbp region containing five other genes of known or unknown function *Venter et al., 2001,.

The finished total sequence for the whole of chromosome 12 «Scherer et al., 2006, harbors 1435 loci in a
sequence of 130,683,379 bp of nonoverlapping sequence accommodating approximately 4.5 percent of
the human genome. The rate of base substitutions on chromosome 12 in recent evolution is slowing in
hominids compared with primates and rodents. Chromosome 12 is rich in disease-associated loci, with
487 loci accounting for 5.2 percent of currently known disease-causing genes.

The cDNA sequence <DilLella et al., 1986a; Konecki et al., 1992; Kwok et al., 1985, «GenBank U49897.1,
contains 13 exons that constitute approximately 2.9 percent of the genomic PAH sequence. The intronic
splice-site nucleotide sequences are all conventional. Exon border types vary; most are type 3 *beginning
after the third nucleotide of a codon,; codons 118 and 236 introduce type 1 borders spanning introns 3
and 6, respectively; codons 170, 281, and 400 introduce type 2 borders spanning introns 5, 7, and 11,
respectively. The structure of the gene is represented to scale in Fig. 77-3.
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Basic structure of the human phenylalanine hydroxylase *PAH, gene. The locus covers approximately 100
kb of genomic DNA on chromosome 12p. The cDNA sequence is deposited at GenBank «NCBI, under
U49897-1; the genomic sequence is under AF404777. The top shows to scale the relative sizes and
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positions of exons and introns in PAH genomic sequence, and positions of polymorphic sites smultiallelic
sites are shown below the gene,. Biallelic restriction fragment length polymorphism sites and
single-nucleotide polymorphic *SNP, sites are placed above it. SNPs are identified by their systematic
enucleotide, names, as recommended *Antonarakis et al., 2001,. The other figure depicts the 5¢end of the
PAH gene. *Reproduced from Konecki et al., 1992 with permission of the American Chemical Society.,

A genomic sequence of the PAH gene *Konecki, personal communication documented in
www.pahdb.mcgill.ca, November 2001, and its flanking regions spanning 171,266 bp has approximately
027 kbp of 5' untranslated region *5'UTR, upstream from the transcription initiation site and approximately
64.5 kbp of 3' sequence downstream from the poly+A, site in the last exon sexon 13,. The gDNA
nucleotide numbers are in register with the cDNA sequence swhich has long served PAH mutation
nomenclature, because the PAH gDNA has been numbered in PAHdb so that the +1 nuclectide is the
adenine of the transcription initiation site *ATG, in exon 1. Thus gDNA exons, introns, and the 3'UTR have
positive numbers; the 5'UTR has negative numbers «Scriver et al., 2003,. Single-nucleotide polymorphic
sites *SNPs, and restriction fragment length polymorphism sites *RFLPs,, currently used to create PAH
polymorphic haplotypes, are annotated on the genomic sequence. Other sites of interest at the PAH locus
can be identified by using tools such as the NEBcutter swww.neb.com,.

Exonic sequences in the human PAH gene take up less than 3 percent of the genomic sequence between
the 5' +1 position down to the 3' poly+A, tract. Amplicon primer sequences for all 13 exons are available
*www.pahdb.mcgill.ca,. The shortest and longest exons are 57 bp *exon 9, and 892 bp «exon 13,,
respectively; the mean exon size is 170 bp. Three polyadenylation signals [AATAAA] in exon 13 are
annotated on the gDNA sequence; the third site is used most frequently. The shortest and longest introns
are 556 bp «intron 10, and 17,874 bp eintron 2,, respectively, whereas intron 3 is 17,187 bp in length, and
the mean intron size is 6390 bp. These are typical mammalian gene dimensions.

The PAH genomic sequence consists of 40.7 percent GC, slightly above the modal value <37 to 38
percent, for human genes. RepeatMasker analysis shows the density of interspersed repeats to be 42.2
percent in the PAH gene, a typical value for a mammalian gene. Alu repeat elements are annotated on the
gDNA sequence. Intron 2 contains an Alu-like repeat element, between bp 17,273 and bp 17,546, that
might account for a 5' deletion causing PKU <Sullivan et al., 1985,. Putative Alu repeats and CpG
dinucleotide sites en = 1198, are annotated on the PAH gene sequence *Scriver et al., 2003,.

The 5' untranslated region of the gene ssee Fig. 77-3, has five potential cap sites upstream from the
actual methionine translation initiation codon in exon 1 «Konecki et al., 1992,; multiple cap sites are a
feature of many housekeeping genes within a 0.5-kb region upstream from the first codon. The PAH gene
lacks a proximal TATA box but has several elements ssee Fig. 77-3,, including four GC-rich domains as
putative Spl-binding sites sanother housekeeping feature,, a CCAAT sequence ea target for factors
regulating efficiency of transcription,, GRE and CACCC sites *elements involved in regulation mediated by
glucocorticoids,, several activator protein 2 *Ap2,¢binding sites, and one partial CAMP response element
*CRE,. The 5' region of human PAH, 3.5 kb upstream and beyond the 0.5-kb region described earlier,
contains a sequence very similar to the mouse liverespecific hormone-inducible PAH gene enhancer; this
region binds the hepatic nuclear factor 1 *HNF1, Lei and Kaufman, 1998a,; dose-dependent
HNF1-mediated transactivation of gene expression is further potentiated by the dimerization cofactor of
HNF1 «DcoH,. Thus DcoH, which is identical to the phenylalanine hydroxylase simulator sPHS protein,, is
also a 4a-carbinolamine dehydratase that participates both in regeneration of tetrahydrobiopterin cofactor
and in the regulation of PAH gene expression. A 5' PAH construct fused to a CAT reporter gene and
expressed in transgenic mice showed that expression of the human PAH gene is specific both for tissue
and for stage of development *Wang et al., 1992a,. The 5' flanking regions of rat sMcDowell and Fisher,
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1995; Rees et al., 2001, and mouse *Faust et al., 1996, genes encoding phenylalanine hydroxylase have
features and elements very similar to those of the human gene.

PAH has a rich repertoire of RFLPs and polymorphic markers ssee Fig. 77-3, for analysis of the gene
Kwok et al. 1985,, from which a large number of informative haplotypes are derived <DilLella et al.,
1986a.,.

Evolutionary aspects

Aromatic amino acid hydroxylase genes exist in early complex organisms. A gene encoding phenylalanine
hydroxylase is expressed in hypodermal cells of the nematode C. elegans, where it may play a role in
cuticle formation «Loer et al., 1999,. The Drosophila melanogaster genome harbors a phenylalanine
hydroxylase locus *PAH, for which structure has been ascertained from the cDNA <Ruiz-Vazquez et al.,
1996,; the intron positions and the C-terminal domain are conserved with the mammalian gene
counterpart. The fly gene may encode both tryptophan and phenylalanine hydroxylase activities, and it
has an alternative promoter and transcript.

PAH is in a mammalian gene family sEisensmith and Woo, 1995; Hufton et al., 1995, of aromatic L-amino
hydroxylases that includes L-tyrosine 3-monooxygenase *gene symbol TYH; EC 1.14.16.2, sFauquet et
al., 1988, and L-tryptophan 5-monooxygenase sgene symbol TPH; EC 1.14.16.4, *Grenett et al., 1987,;
the latter are tetrahydrobiopterin-requiring apoenzymes catalyzing rate-limiting steps in pathways leading
to the synthesis of neurotransmitters ssee Chap. 78,. Primary structures of the polypeptide products have
remained similar throughout biological evolution «Dahl and Mercer, 1986; Erlandsen et al., 1997b; Grenett
et al., 1987, with conserved intron/exon boundaries *Stoll and Goldman 1991,; PAH, TPH, and TYH are
likely to have evolved over the last 75 million years from a common ancestral entity by duplication and
divergence *Grenett et al., 1987; Neckameyer and White, 1992,, with PAH and TPH being more closely
related to each other than to TYH.

The three hydroxylases share several features of their domain structures «Dahl and Mercer, 1986;
Erlandsen et al., 1997b; Grenett et al., 1987,. C-terminal regions are more conserved, and N-terminal
regions are more divergent. The former region contains the determinants for hydroxylating activity slwaki
et al., 1986, and BH, binding «Jennings and Cotton 1990; Jennings et al., 1991,, whereas the latter
contains the determinants for substrate specificity slwaki et al., 1986, and phosphorylation-mediated
activation «Campbell et al., 1986; Pigeon et al., 1987,. The genes have significant differences: Genomic
TYH esmaller than 10 kb, *Kobayashi et al., 1988, is small relative to PAH; TPH is probably of
intermediate size if one extrapolates from the corresponding mouse data *Stoll and Goldman, 1991,.
Human TYH transcribes several species of mRNA ¢Nagatsu, 1991,, but this is not so with PAH and TPH.

The PAH Mutation "Knowledgebase" <PAHdb: www.pahdb.mcgill.ca

Databases are a legacy in and of science, yet they have often been neglected by the communities they
serve *Maurer et al., 2000; Scriver et al., 2003,. Science is an explanatory process, and as a particular
domain of it develops, there is first a stage of explanation in classification and nhomenclature staxonomy, of
its entities; next, one of enquiry into mechanisms underlying the entities; finally, a stage where the entities
are revealed *Keller, 2002,. The science of genetics recognizes mutation as both entity and mechanism;
mutation also can be created. Thus mutation databases, in their various ways, recapitulate the science
and recreate it in silico. Accordingly, mutation databases have become resources in genetics as
repositories of the vast wealth of data about individual genes and the genomes they inhabit. PAHdDb is one
such legacy and resource.
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PAHdb swww.pahdb.mcgill.ca, is an online relational locus-specific "knowledgebase" *Scriver et al., 2000,
2003; Scriver 2007, originating in the PAH Mutation Analysis Consortium, serving it and other
communities. PAHdb has emerged as a comprehensive and useful prototype of the locus-specific type of
genetic database *Claustres et al., 2002,.

The origins, development, and design of PAHdb have been described in detail «Scriver et al., 2000, 2003;
Scriver 2007,. The database is built on four core elements: 1, a unique identifier for each allele, <2, the
source of the information, <3, the context of the allele «e.g., the species and name of the gene,, and ¢4, the
name of the allele. PAHdb contains entities smutations, and annotates them with attributes. The Tables of
Mutations arise from these core elements. Tables of in vitro expression data describe the functional
effects of mutations on PAH enzyme integrity and function. The database provides a link to a site at the
Scripps Institute http://stevens.scripps.edu/, to visualize in silico how mutations map onto the 3D protein
structure. A Curators' Page highlights unscheduled topics «e.g., discovery of BH,-responsive PAH alleles,

and novel data not readily handled by the existing tables. Among other options, PAHdb introduces visitors
to the mouse Pah gene and a mouse model of PKU. The clinical significance of human PAH mutations is
the subject of another module. A counter logs visits and records the last date of curation. A partial site
map of PAHdDb is depicted elsewhere «Scriver et al., 2003,. The intellectual property of PAHdDb is
copyrighted.

PAHdb has served in the development of two new types of mutation databases: FINDbase svan Baal et
al., 2007, and PhenCode *Giardine et al., 2007,. FINDbase swww.FINDbase.org, is a relational database
giving information about relative frequencies of pathogenic mutations in various genes in particular
populations with ethnic affiliations in geographic regions. FINDbase has links with locus-specific
databases <LSDBs,, including PAHdb. PhenCode *phenotypes for ENCODE; www.bx.psu.edu/phencode,
is a collaborative project exploring variant phenotypes associated with human mutations and relating
sequence and functional data obtained from genome projects. The PhenCode project uses LSDBs,
including PAHdb, to connect human phenotype data with genomic sequences, evolutionary history and
function from the ENCODE project. The latter provided unexpected relevance to the contents of this
chapter, as described in an accompanying article sRhesus Macacque Genome Sequencing and Analysis
Consortium, 2007,. It showed that an allele in the human genome associated with HPA is not associated
with HPA in the macacqueza fascinating observation.

Because PAH alleles are named according to conventions now widely accepted and used sAntonarakis et
al., 2001,, the PAHdb can be searched easily or, by using appropriate tools, used to retrieve and transfer
its alleles to an experimental "WayStation" that will be linked to a comprehensive data warehouse in the
making of a repository of all human genomic allelic variation <Teebi et al., 2001,. The PAHdb is a
participant in the Human Variome Project *Anon, 2007; Cotton et al.. 2007,. The PAHdb is contributing to
the development of "a database of LSDBs" serving as a hub in a network of LSDBs around the world
eHoraitis et al., 2007,.

The PAH Gene: Allelic Variation eMutations,

In this chapter, the word mutation means allelic variation in the nucleotide sequence of the PAH gene
*Cooper and Krawczak, 1993,. PAH mutations are ascertained most frequently, but not exclusively, in
persons with persistent postnatal HPA attributable to phenylalanine hydroxylase dysfunction; this
constitutes a bias of ascertainment. The mutations are of two types: «1, polymorphic and neutral in their
effect on phenotype or «2, pathogenic through impairment of PAH enzyme function. Alleles are called
polymorphic when their frequency is 0.01 or greater in the population; whether every "polymorphic” allele
is truly neutral and without a phenotypic effect cannot be stated without other considerations ssee
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Aulehla-Scholz and Heilbronner, 2003,. Alleles are considered likely to be disease-causing spathogenic,
«Cotton and Scriver, 1998, when they segregate in affected persons, are inherited codominantly, are
unambiguously null se.g., frameshift, protein truncation, splice defective, or large deletion,, or are
missense and affect a conserved residuezwhich is the case for over half of missense PAH alleles
*Eisensmith and Woo, 1995,Zor the mutation is known to impair PAH enzyme function in an in vitro
expression system sWaters, 2003; Waters et al., 1998,.

Polymorphic Alleles

The PAH cDNA sequence contains recognized "polymorphisms" «Fig. 77-3,, with the certainty that more
will be recognized in the PAH gene now that the full genome sequence is known. Three forms of PAH
polymorphism exist:

1. Biallelic restriction fragment length polymorphisms *RFLPs, ¢DiLella et al., 1986a; Lidsky et al., 1985b,
named from the corresponding restriction enzyme <Bglll, Pvulla, Pvullb, EcoRI, Mspl, Xmnl, and EcoRV,.
With the exception of the EcoR sites, which still require analysis by Southern blotting, the RFLPs can be
analyzed by methods based on polymerase chain reaction *PCR, amplification [Bglll sDworniczak et al.,
1991b,, Pvulla Dworniczak et al., 1991a,, Pvullb *RC Eisensmith, unpublished,, Mspl *-Wedemeyer et al.,
1991,, and Xmnl «Goltsov et al., 1992a,].

2. Multiallelic polymorphisms, which include a hypervariable sequence [variable number of tandem repeats
*VNTRs,] of 30-bp cassettes harboring at least 10 alleles «differing by number of repeats, in a HindllI
fragment 3 kb downstream from the last exon in PAH «Goltsov et al., 1992b; Latorra et al., 1994,, and a
series of short tandem [tetranucleotide *TCTA, ] repeats *STRs, harboring at least 9 alleles in the third
intron of PAH <Giannattasio et al., 1997; Goltsov et al., 1993; Zschocke et al., 1994a,.

3. Single-nucleotide polymorphisms «SNPs,, which are silent enon-RFLP, alleles; for example, c.15464/a,
which occurs at about 0.20 frequency in the 3' UTR of PAH on both mutant and normal chromosomes
«Ramus and Cotton, 1995,, and a silent c.696A/G polymorphism g = 0.08+0.63, in codon 232 «Q232Q,
Lichter-Konecki et al., 1994,.

Population Genetics

RFLP, STR, and VNTR alleles can be combined to generate core haplotypes at the extended PAH locus.
An informative minihaplotype consisting of only the STR, Xmnl, and VNTR alleles and accessible to
PCR-based analysis has been developed *Eisensmith et al., 1994,, as have other approaches «Zschocke
et al., 1995,. The extended -full, PAH haplotypes are named with Arabic numbers <Eisensmith and Woo,
1992,, and at least 87 are known ssee PAHdb,. A matrix <Fig. 77-4, summarizes PAH haplotype
configurations derived from seven biallelic and two multiallelic sites in a population of European descent;
the variety of configurations would be vastly increased if SNPs were included. Another system of
haplotype analysis with yet more potential to classify haplotype disease mutation associations has been
developed *Zschocke and Hoffmann, 1999,.
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Figure 4.
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Extended polymorphic haplotypes in the human phenylalanine hydroxylase *PAH, gene are derived from
seven biallelic restriction fragment length polymorphisms and two multiallelic sites *STR, short tandem
repeat; and VNTR, variable number of tandem repeats, *see Fig. 77-3 for their relative positions in the
gene,. Most, but not all, known haplotypes are summarized in this matrix. Fragment sizes «in base pairs,
of the STR alleles are corrected for size *Zschocke et al., 1994a,; they are 2 bp shorter than as described
in the original report «Goltsov et al., 1992,. The numbers in the right-hand column illustrate a typical
frequency distribution of haplotypes in a human population [in this case, French Canadians from eastern
Quebec *Byck et al., 1996,]. *Figure designed by Mary Fujiwara.,

PAH haplotypes could be generated from combinations of RFLP, STR, and VNTR alleles *Eisensmith and
Woo, 1995,, but far fewer have actually been observed on human chromosomes; an illustration is shown
in Fig. 77-4. As stated for the general case *Eisensmith and Woo, 1995,, only a few haplotypes are
prevalent, and most are uncommon, and this is typical of all human populations analyzed up to the
present. The apparent shortage of PAH haplotypes is explained by linkage disequilibrium across the
100-kb region of the extended haplotype *Chakraborty et al., 1987; Degioanni and Darlu, 1994; Kidd et al.,
2000,. PAH haplotype heterogeneity is greater on mutant and normal chromosomes in Europeans ¢Daiger
et al., 1989a, than it is on chromosomes in Asians ¢Daiger et al., 1989b,. PAH haplotype diversity is
greater in African populations than it is in Europeans, assuming that the latter are descendant of a small
founding group emerging out of Africa some 100,000 years ago *Kidd et al., 2000,.
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Particular PAH haplotypes tend to harbor the most prevalent disease-causing mutations in European
populations Eisensmith and Woo, 1995; Scriver et al., 1993, 1996a,; for example, haplotype 7 is usually
associated with the prevalent PKU-causing mutation G272X in Norway, haplotype 2 with R408W in
eastern Europe, haplotype 1 with R408W on the northwestern fringes of Europe, haplotype 3 with
IVS12ntl in northern Europe, haplotype 9 with I65T in western Europe and the Iberian Peninsula, and
haplotype 6 with IVS10nt-11 in Anatolia, southeastern Europe, and the Mediterranean. At the level of
family rather than population, codominant segregation of polymorphic PAH haplotypes, in association with
the known mutant genotype, is compatible with carrier detection and prenatal diagnosis *Eisensmith et al.,
1994; Romano et al., 1994; Woo et al., 1983,.

Polymorphic haplotypes at the PAH locus serve the study of human evolution and the histories of human
populations <Kidd et al., 2000, ssee Supplement to this chapter by Kidd and Kidd discussing the
population genetics of PAH,. Divergence between African, European, and Asiatic populations, with
support for the "out of Africa" hypothesis, has been documented by PAH polymorphic haplotype analysis
«Degioanni and Darlu, 1994; Kidd et al., 2000,. The ancestral haplotypes on which some modern
configurations arose can be postulated sLichter-Konecki et al., 1994,; the origins, by geographic region
and population, of a particular allele can be surmised *Cali et al., 1997; Ramus and Cotton, 1995,. The
particular genetic structure «at the PAH locus, of a population can be recognized in its configuration of
haplotypes and used to unravel localized demographic histories *Byck et al., 1996; Scriver et al., 1996b,;
haplotypes also can serve as migration traces over large geographic regions and time frames *Bender et
al., 1994, «see the section "Population Genetics" below,.

Pathogenic Alleles

When the allele is distinct by state from all others, PAHdb assigns unique identifiers to each new PAH
mutation ¢Scriver et al., 2000,. Over 500 putative pathogenic PAH alleles are documented in the database
esee map at www.pahdb.mcgill.ca; click on Site Map; then on Mutation Map, which permits a detailed
search for mutations,. The vast majority of alleles are known sor presumed to be, causes of PKU or
non-PKU HPA, having been ascertained through patients with a HPA phenotype. The disease-causing
mutations fall into five classes: missense, 63 percent of all alleles; small deletions «<22 bp,, 13 percent;
modifiers of MRNA splicing, 12.8 percent; termination nonsense alleles, 5.4 percent; and small insertions,
1 percent; large deletions may account for approximately 3 percent of the pathogenic PAH mutations
*Kozak et al., 20086,.

PAH mutations follow two patterns «Scriver et al., 1996b,, as noticed for many human genes *Weiss,
1996,: <1, Only a few alleles, usually only five in the case of PAH, account for the majority of all the
disease-causing mutations found in the population, whereas the remainder are rare. 2, The distribution of
alleles, by geographic region or population, is usually nonrandom, so the history of a particular allele often
corresponds with the history of the population in which it is found «Scriver, 1993; Scriver et al., 1996b,.

POPULATION GENETICS OF PHENYLKETONURIA AND PATHOGENIC PAH ALLELES

Comment

Our motivation for describing, at considerable length, the evidence for population genetic variation at the
human PAH locus is as follows. First, PKU is a harmful Mendelian trait in the homozygous state, yet
incidence data show that allele frequencies can reach or exceed 0.01 in some extisting populations. If so,
what is the mechanism to explain a polymorphic frequency for this harmful allele? Second, because
newborn screening for PKU is so widely practiced, there is a unique opportunity to detect all persons with
a rare variant phenotype and to identify all DNA alleless, associated with the phenotype. Thus the history

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. -20- Any use is subject to the Terms of Use on www.ommbid.com.


http://www.pahdb.mcgill.ca/

Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

of particular alleles will be found in the histories of the populations that contain them. Third, these inquiries
and their findings help us to apply the relevant knowledge to individuals, families, and communities and to
prevent harmful consequences when PKU-causing alleles segregate in populations and are inherited by
individuals.

Relevant Characteristics of the PAH Locus

The locus is rich in allelic variation *see the section "The PAH Gene" above, and polymorphic both in its
biallelic and multiallelic forms ssee Fig. 77-3 and Fig. 77-4, and in a large number of so-called rare
disease-causing alleles ssee map at www.pahdb.mcgill.ca; click on Site Map; then on Mutation Map,
which permits a detailed search for mutations,. This autosomal locus behaves as a single 100-kb block of
DNA in Homo sapiens, and having been sampled many thousand times in different persons on planet
Earth, in its own small way it complements the information gained from the analysis of haploid,
mitochondrial., and Y-chromosomal DNA and from protein polymorphisms Cavalli-Sforza, 1998,. From
the classic studies, a mosaic human genetic geography has emerged to reflect demic expansion and
human evolution during the past 100,000 years «Cavalli-Sforza et al., 1994; Cavalli-Sforza and Piazza,
1993; Mountain and Cavalli-Sforza, 1997,. In their turn, PAH alleles can be viewed as a unique set of
biologic memories connecting individuals, families, and communities who share the contingent histories
that are echoes of the past. The historic and social accidents of migration, genetic drift, gene flow,
assortative mating *endogamy, inbreeding,, and recurrent mutation, alone or together, with or without
selection by heterozygote advantage, have contributed to the particular frequencies and distributions of
PAH alleles seen in contemporary human populations *Scriver et al., 1996b,.

Polymorphic PAH haplotypes serve to analyze modern human evolution during the past 100 to 200
millennia sDegioanni and Darlu, 1994; Kidd et al., 2000,. They also reveal particular associations between
the haplotype and a pathogenic allele «Chakraborty et al., 1987; Eisensmith and Woo, 1995;
Lichter-Konecki et al., 1994,. The following text focuses on the rare pathogenic alleles as causes of HPA
and what they offer to the ongoing study of human population genetics esee Chap. 11,.

Hyperphenylalaninemia: A Special Opportunity in Human Population Genetics

The HPAs offer both advantages and limitations for the study of mechanisms by which pathogenic alleles
achieve their particular frequencies and distributions in human populations.

Advantages

1. Frequencies and classifications of HPA can be systematically documented through newborn screening
programs <Table 77-2,.

2. The molecular basis of PAH allelic diversity can be determined by DNA analysis and codified
eAntonarakis et al., 2001,.

3. There are associations between the prevalent disease-causing mutations and their polymorphic
background haplotypes.

4. Alleles and their associations with haplotypes, populations, and phenotypes are documented
systematically in a dedicated relational online database swww.pahdb.mcqgill.ca, *Scriver et al., 2003,.

Table 77-2: Incidence of Hyperphenylalaninemia Phenotypes by Political or Population
Associations: Examples
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IncidencesCases/Million

Phenotype Association Births, References
. In Africans living Hardelid et al.,
Phenylketonuria «PKU, outside Africa 10 2007
In "Oriental" Incomplete data Okano and
populations P Isshiki, 1995
Chen et al.,
1989; Liu and
China 60 Zuo, 1986;
Wang et al.,
1991a
Gu and Wang,
China 100 2004; Song et
al., 2005
Korea 100 Lee et al., 2004
Japan 8 Aoki, 1991
In "European” Thalhammer,
o ulatigns 504200 1975; Zschocke
Pop and, 2003
Ozalp et al.,
Turkey 385 1986
Yemenite Jews 190 Avigad et al.,
*in Israel, 1990
Scotland 190
Czechoslovakia 150
Hungary 90
Denmark 85
France 75
Norway 70
United Kingdom 70
Italy 60
Finland <5°
‘ Laberge et al.,
Canada 45 1987
In "Arabic" Teebi and
populations Up to 165 Farag, 19978
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Non-PKU In "Oriental"
Hyperphenylalaninemia Populations
Aoki, 1991;
Japan 4 Okano and
Isshiki, 1995

" " Thalhammer,
In "Europeans

eexcent Finland 1575 1975; Zschocke
P ’ and, 2003

In "Arabic" "Low" Teebi and,

populations Farag, 19978

*Newborn screening is the direct source for incidence data. Incidence also has been estimated
indirectly from consanguinity rates in Norway eSaugstad, 1975, and Italy *Romeo et al., 1983,

*Data also were taken from Woolf LI, Lentner C: Geigy Scientific Tables, 8th ed. Basle, Geigy,
1986.

‘Data are the average of eight provincial screening programs in Canada with an annual cohort of
~400,000 births.

8Arabic populations «including Bedouins, in Egypt, Jordan, Iraq, Kuwait, Lebanon, the Maghred
*North Africa,, and Palestine/Israel and Sudan. The data also cover Jewish populations in Arab
nations, including Morocco, Tunisia, and Yemen Teebi and Farag, 1997,.

Limitations

1. Alleles are identified mainly through affected propositi, rarely otherwise, thus introducing a bias of
sampling.

2. Populations are sampled mainly through screening programs that are not operative in all human
societies; again, there is a bias of sampling.

3. Up to the present, mutation analysis has been feasible across only 3 percent of the whole PAH gene.
4. Analysis of population-specific mutant chromosomes is rarely 100 percent efficient although it often
exceeds 95 percent,; allele frequencies are relative, rarely absolute, for the selected sample, and they are
not true estimates of population frequencies.

5. Parental alleles are not uniformly analyzed ~and reported,, and de novo mutations are likely to be
underestimated.
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Implications in Nonuniform Incidence Rates

The following thought appears in the Preface to the Supplement on Population Genetics of PAH eattached
to this chapter,, coauthored by Kidd and Kidd «2005,: "When clinical geneticists think about phenylalanine
hydroxylase *PAH,, they think about mutations in the gene causing phenylketonuria *PKU, and the other
metabolic diseases of phenylalanine hydroxylase deficiency, their diagnosis, and their treatment. When
biochemical geneticists think about PAH, they think about metabolic pathways, enzyme activity levels, and
metabolic substrates and products. When population geneticists think about PAH, they think about allele
frequencies of disease-causing mutations and normal polymorphisms in different populations, the patterns
of these variations in the populations, and what these frequencies and patterns mean in terms of disease,
gene, andZmore broadlyZhuman evolution" sitalics added for emphasis,.

Lionel Penrose had already reflected on the rather elevated frequency of this harmful autosomal recessive
disease among Europeans «Penrose, 1998,. He offered several explanations, including consanguinity,
hypermutability, and heterozygous selective advantage. Nor did the nonuniform distribution of PKU cases
in European populations escape his notice. It was never a dry season in Penrose's fertile mind.

Newborn screening provides data to corroborate Penrose's view of prevalence rates and allele
frequencies. Prevalence rates reveal an aggregate frequency for pathogenic alleles *both PKU and
non-PKU HPA, in the polymorphic range in certain geographic regions and populations in Europe
eZschocke, 2003,. New data derived from newborn screening programs *Gu and Wang, 2004; Song et al.,
2005; Lee et al., 2004, reveal prevalence rates in Chinese and Korean populations to be equivalent to
those in European populations. Internal studies in the European populations, for example, show
stratification by population or geographic region for PKU ssee Table 77-2,; the evidence for stratification is
less prominent for non-PKU HPA.

There is a possibility that inbreeding will explain the high incidence of PKU in Turkey «Ozalp et al., 1986;
Ozguc et al., 1993; Woolf, 1994,; the hypothesis has been confirmed by formal analysis in the Pakistani
community of the West Midlands in the United Kingdom eHutchesson et al., 1998, and in some Arabic
countries *Teebi and Farag, 1997,. Consanguinity does not explain the incidence of PKU in either Norway
eSaugstad, 1975, or Italy *\Romeo et al., 1983,. The Italian study showed further, even before the human
PAH gene had been cloned, that PKU is the result of mutation at only one locus and that locus
heterogeneity need not be taken into account to explain the incidence of PKUZan interpretation that has
proved to be realistic because only approximately 2 percent of cases of HPA are not explained by
mutations at the PAH locus ssee Chap. 78,. The origins of deviant prevalence rates of PKU in human
populations are still open to inquiry.

Implications in Nonuniform Allelic  Distributions

The PAH locus of Homo sapiens has accumulated an impressive array of alleles, both disease-causing
and neutral polymorphic, each different by state and identity esee Fig. 77-3 and www.pahdb.mcgill.ca,,
during demic expansion over the past 100,000 years *Fig. 77-5, [see also Chapter 77 Supplement "The
Population Genetics of PAH" «Kidd, Kidd, 2005,]. Among the disease-causing PAH mutations, only a few
*between four and six in most populations, make up the majority of the total at the locus *Table 77-3,, and
this pattern is emerging as the norm for most pathogenic alleles in different human genes sWeiss, 1996;
Weiss and Buchanan, 2003,.

Table 77-3: Different Sets of the Most Prevalent PKU-Causing PAH Alleles Occur in European and
Oriental Populations
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Rank Order  European +n = 3630,"

Oriental *n = 210,"

Allele % Allele %
1 R408W* 31 R243Q 13
2 IVS12ntl 11 R413P 13
3 IVS10nt-11 10 C.611AG 13
4 165T 5 IVS4-1 7
5 Y414C 5 R111X 7
Cumulative 62 53
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Human history hypothesized from the viewpoint of allelic diversity at the human phenylalanine
hydroxylase *PAH, gene locus. Following an "out of Africa" migration and divergence, different sets of
phenylketonuria-causing alleles arose in Europeans *Caucasians, and Asian Orientals and were acted on
by genetic drift. Founder effect is the likely explanation for relative rarity of PKU alleles in American
aboriginals, Japanese, Ashkenazi, and Finnish populations ealso in Polynesians,. Demic expansion,
migrations, and gene flow disrupt "trees of descent" in pre- and post-Neolithic eras <10,000 ybp,. Range
expansion and creation of neo-European populations overseas «from 1000 ybp, explain the "overseas"
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distributions from European sources of certain PAH alleles.

*Denominator sindependent chromosomes, for calculation of relative frequencies epercent, of
alleles

*R408W on haplotypes 1.8 and 2.3 combined

From Eisensmith and Woo, 1995;www.pahdb.mcgill.ca

Distribution of disease-causing PAH mutations in populations with origins in different geographic regions
is not uniform. Such alleles are almost invisible in sub-Saharan Africans ssee Beighton, p. 90, in Scriver et
al., 1996bh,, a finding supported by an epidemiologic study *Hardelid et al., 2007, and by a small survey of
mentally retarded subjects living in Africa sFamilusi and Bolodeoku, 1976,. Although sampling of PKU
alleles in Africans living in Africa is extremely limited in the absence of newborn screening in populations
on the continent, there is supporting evidence that the prevalence rate of PKU in African descendants
living outside Africa is indeed lower by an order of magnitude than their corresponding cohorts of
European descent *Eisensmith et al., 1996; Epps, 1968; Gjetting et al., 2001; Graw and Koch, 1967;
Guldberg et al., 1996a; Hardelid et al., 2007; Knox, 1972; Hofman et al., 1991, Tyfield et al., 1997,. The
apparent discrepancy between prevalence rates in populations rooted in Africa and in temperate zones
suggests that the majority of disease-causing PAH mutations in Europeans and Orientals may not have
originated in Africa but appeared later in association with selective advantage in the heterozygote
following the out-of-africa diaspora *Hardelid et al., 2007,.

Current evidence based on sampling in European and Oriental populations ssee www.pahdb.mcgill.ca/
and Gu et al., 1995; Gu and Wang, 2004; Lee et al., 2004; Okano et al., 1992; Okano and Isshiki, 1995; Li
et al., 1994; Song et al., 2005; Sun et al., 1997; Wang et al., 1989, 1992b, shows ¢1, that incidence of
PKU is similar among Orientals «in mainland Asia, and Europeans ¢see Table 77-2, but much lower in the
Japanese *Okano et al., 1992; Okano and Isshiki, 1995,, <2, that the alleles among Orientals as a group
are quite different from those in Europeans ssee Table 77-3,, and «3, that the alleles are different again
between Japanese and other Orientals «Okano et al., 1992, 1994; Okano and Isshiki, 1995;
Goebel-Schreiner and Schreiner, 1993,. The Japanese data are compatible with genetic drift in the
founding of this island population.

PKU is no longer seen as a rare trait in Arabic populations in the Middle East «Teebi and Farag, 1997,; the
mutations are often particular to Arabic chromosomes sHashem et al., 1996; Kleiman et al., 1992a;
Kleiman et al., 1992b, 1993,. In Kuwait, prevalence rates are 1:6500 for PKU and 1:20,000 for non-PKU
HPA «Teebi et al., 1988,.

The supposedly low incidence of PKU in Pakistan and India, 29 cases per 1 million births «Hardelid et al.,
2007,, may reflect bias of ascertainment rather than absence of alleles. Unusual alleles, both deletion
*Guldberg et al., 1997b, and missense *Guldberg et al., 1993b,, are found in PKU propositi born in the
Asian subcontinent. Moreover, screening of a Pakistani population living in Britain yielded a PKU
incidence of 1:14,500 +equivalent to the corresponding European cohort in the United Kingdom,
eHutchesson et al., 1998,; however, because of consanguinity in this Pakistani community, allele
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frequency is lower 1:713, relative to the European cohort <1:112,.

It is now evident that the human PAH locus harbors extensive allelic diversity. Therefore, wherever PKU is
found, and where nonconsanguineous mating is the norm, the mutant phenotype is likely to reflect a
heteroallelic mutant genotype. The high homozygosity rate for a pathogenic PAH allele found in Yemenite
Jews reflects a major founder effect *Avigad et al., 1990,, and wherever consanguineous mating is a
convention, homoallelic PKU genotypes will be more prevalent. Otherwise, the genetic homozygosity
value j at the PAH locus will be low Table 77-4,.

Table 77-4: Expected Homozygosity atthe  PAH Locus in Patients with Hyperphenylalaninemia
eLargely Phenylketonuria,za Measure of Allelic Heterogeneity in Human Populations in Different
Geographic Regions

. Mutation Detection

Population/Region J N* Rate *%, Reference

Yemenite Jews 1.0 44 100 Avigad et al., 1990
Southern Poland 0.44 80 91.3 Zygulska et al., 1994
Iceland 0.26 34 100 Guldberg et al., 1997a
Tataria 0.19 27 100 Kuzman et al., 1995
Denmark 0.17 378 984 gﬁ:gg:;ge;ﬂijyllggggﬁﬂ
Northern Ireland 0.14 242 99.6 Zschocke et al., 1995
Australia *Victoria, 0.11 83 97.6 Ramus et al., 1995
Norway 0.10 236 99.6 Eiken et al., 1996a, 1996b
Netherlands 0.08 68 92.6 Van Der Sijs-Bos et al., 1996
Germany 0.06 90 95.6 Guldberg et al., 1996b1
Quebec 0.06' 142 96.5 Carter et al., 19981

USA 0.06% 294 94.9 Guldberg et al., 1996a
Sicily 0.06 106 98.1 Guldberg et al., 1993a

*| = Sx; 2 where x; is frequency of each allele different by state and identity; when analysis of state
was not 100 percent, the uncharacterized alleles are given the aggregate frequency 1/N.

* N number of chromosomes available
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‘Variation in  j by population and geographic subregion in Quebec was 0.05+0.08 «Carter et al.,
1998,.

§Variation in j by region in United States was 0.05¢0.10 *Guldberg et al., 1996a,.

flincludes unpublished data from  source.

Centers of Diffusion and Gene Flow

Demic expansion and migration across Europe and Asia «Cavalli-Sforza et al., 1993, «as implied in Fig.
77-5,, were likely ways to spread PAH alleles. A large meta-analysis of almost 9000 European
chromosomes harboring 29 different alleles, each at relative frequency greater than 3 percent «Zschocke,
2003, reveals distinctive geographic distributions for the most prevalent alleles «Table 77-5,; the new
study confirms and extends an earlier analysis of European alleles *Eisensmith et al., 1992,. There is
corresponding evidence for distribution of PAH alleles in Oriental populations *Wang et al., 1991a, 1991b,.
Clines of allele frequency can be derived, and corresponding maps have been created to suggest centers
of diffusion for several PAH alleles in human populations *Eisensmith and Woo, 1995; Zschocke, 2003;;
these further imply genetic drift in comparative isolation at the time the centers of diffusion developed, a
hypothesis compatible with other measures of human genetic diversity +Mountain and Cavalli-Sforza,
1997,.

Table 77-5: Major Geographic Distributions of the Most Prevalent PAH Alleles in Europe and the

Orient
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In Europe In the Orient
Region Allele Region Allele
Norway G272X China R243Q
Denmark IVS12+1 China R4130Q
Iceland €.1129delT China IVS4-1
Ireland R408W[H1.8] Korea *South,  Y204C/IVS4-1
Central Germany R408W[H2.2] Japan R413P
France IVS12+1
Switzerland R261Q
Spain and Portugal  1VS10-11
Sicily IVS10-11
Turkey, others IVS10-11

Poland R408W[H2.3]
Russia R408W[H2.3]
Estonia R408W[H2.3]

From Europe, Zschocke and, 2003; Iceland, Guldberg et al., 1997a; Orient, Eisensmith and Woo,
1995 and Okano and Isshiki, 1995; southern Europe, Cali et al., 1997; Turkey, Ozgtc et al., 1993
and Cali et al., 1997.

Genetic drift

Pathogenic PAH alleles are useful records of the "dance to the music of time" that molds human societies.
The extent of their variation ranges between extremes. At one end of the spectrum is the penetrating
effect of drift on PAH alleles, as illustrated by *1, a unique «deletion, allele in Yemenite Jews living in Israel
*Avigad et al., 1990, and 2, the example of two solitary alleles in European Gypsies ¢[VS10nt-11 on
haplotype 34 and R252W, haplotype unspecified, sDesviat et al., 1997; Kalanin et al., 1994; Tyfield et al.,
1989,. At the other end of the spectrum is the virtual absence of PAH alleles snegative founder effect, in
Finns, Ashkenazi Jews, and Japanese, among whom PKU is a very rare disorder ssee Table 77-2,. In
between these extremes, in Europe, for example, there is the allelic intermingling that reflects population
growth «Cavalli-Sforza and Piazza, 1993,.

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. -29- Any use is subject to the Terms of Use on www.ommbid.com.



Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

Migration

The allelic composition of the PAH gene among contemporary PKU patients in the non-Slavic population
of Tataria *Kuzman et al., 1995,, a region in the former USSR, reveals mutations that could have been
introduced by conquest or movement along trade routes: from Eastern Europe sthe R408W mutation on
haplotype 2,, from Anatolia sthe IVS10nt-11 mutation on haplotype 6,, and from Scandinavia *IVS12nt1
and a rare frameshift allele, the latter otherwise found only in Scandinavians,. No Oriental mutations are
found in Tatarian PKU patients. Together, the findings imply that this population was formed mainly by
people from Caucasian rather than Oriental background, a hypothesis being tested by analysis of other
nuclear genes and mitochondrial DNA.

The different patterns of allelic diversity among HPA patients in Denmark «Guldberg et al., 1993c, 1994,
and in Sicily «Guldberg et al., 1993a,, for example, reflect the different political and linguistic histories of
the regions. Within Italy itself, there is a significant difference in the composition of PAH alleles in PKU
patients from the northern and southern regions of the country «Dianzani et al., 1994, 1995,, their
distribution reflecting the different demographic and cultural histories of northern and southern regions.

Examples compatible with the effects of migration and demic diffusion are seen in outlier regions of
Europe *Zschocke, 2003,, such as Iceland *Guldberg et al., 1997a,, the British Isles *Tyfield et al., 1997,
Zschocke et al., 1997,, Ireland «O'Donnell et al., 2003,, and the Iberian Peninsula *Pérez et al., 1997;
Rivera et al., 1998,. Alleles identified in these regions appear to have arrived there in people who came
from both elsewhere in Europe and over long stretches of time.

Complex "untreelike" allelic diversity, among both the more prevalent and the rarer PAH alleles, is seen
toward the center of EuropeZfor example, in Denmark «Guldberg et al., 1993c,, France *Abadie et al.,
1993a,, the Netherlands «Van Der Sijs-Bos et al., 1996,, and Germany «Guldberg et al., 1996b; Zschocke
and Hoffmann, 1999,Zreflecting the fact that the populations of continental Europe have not evolved
according to simple "trees" of descent; the reality is more like "networks" of lineages reflecting
intermingling historical movement «Cavalli-Sforza and Piazza, 1993,.

Range Expansion

PAH mutations make useful evocative records of range expansion by neo-Europeans «Crosby, 1986, from
countries of origin out to the Atlantic islands, the Americas, and Australasia, for example esee Fig. 77-5,.
Evidence lies in studies, for example, from Iceland Guldberg et al., 1997a,, Australia s\Ramus et al.,

1995, the United States *Guldberg et al., 1996a,, Canada «Carter et al., 1998,, Mexico «Nicolini et al.,
1995,, Costa Rica *Santos et al., 1996,, and South America *Perez et al., 1993, 1996,. Emigration from
Europe erange expansion, has been recurrent over the past half-millennium, usually initiated by small
numbers of individuals. When colonization of the new territory was successful, demic expansion by natural
increase would follow, with or without new immigration.

These are the conditions under which recent founder effects could still be manifest, and the PAH locus
again offers examples: 1, The M1V allele, prevalent in Quebec «Carter et al., 1998, and rare in France
eAbadie et al., 1993a,, has narrow time and space clusters for its origin out of France and entry into New
France sLyonnet et al., 1992,; its distribution in Quebec today clearly reflects the history of its population
«Carter et al., 1998,. «2, The ¢.1129delT mutation in Iceland accounts for 40 percent of mutant PAH alleles
there «Guldberg et al., 1997a,. The mutation is associated with biallelic haplotype 4, VNTR 3, STR 234.
Genealogic reconstruction for five generations in families harboring the mutation identifies ancestors from
an isolated part of southern Iceland. The mutation has not been seen on any European chromosomes
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outside Iceland. Since the tetranucleotide STR locus is a "fast" molecular clock *Weber and Wong, 1993,,
the presence of only one species of STR allele in the PAH haplotype bearing ¢.1129delT is compatible
with a "recent" origin for the pathogenic mutation [other considerations eventually may refute this
hypothesis *Rannala and Slatkin, 1998,]. Several PAH mutations found in Iceland also appear in
Scandinavia but not in Ireland or Scotland. The genetic evidence suggests that the Icelandic population is
predominantly of Scandinavian origin, with little contribution from the British Isles sas was once proposed,.
3, Mariners from the Iberian Peninsula discovered the Central and Southern Americas, and colonization
by their followers apparently introduced two PAH alleles «IVS10nt-11 and V388M,, both prevalent in the
Iberian Peninsula *Pérez et al., 1997; Rivera et al., 1997, 1998, and now accounting for 5 to 30 percent of
PAH mutations in the screened South American populations «Desviat et al., 1995; Perez et al., 1993,
1996,.

Range expansion, with its potential founder effect in the newly created population, does not always
produce greater homozygosity for the rare pathogenic alleles in the descendants esee Table 77-5,;
Quebec is an illuminating example in this respect «Carter et al., 1998,. PAH homozygosity for pathogenic
alleles in Quebec overall is low ¢j = 0.06,; it is not significantly higher in the linguistic and cultural subsets
of the population in eastern and western Quebec and in Montreal. Groups of settlers from France before
1759, from the British Isles and Ireland after 1759, and from eastern Europe and Mediterranean nations
after 1945 have each introduced different and identifiable PAH alleles into the population, of which the
geographic and demographic distributions in the province reflect the histories of the different communities
that make up Quebec today.

Molecular Mechanisms Introducing Novel PAH Alleles and Haplotype Associations

Penrose #1998, suggested recurrent mutation as a possible explanation for the frequency of PKU in
European populations. The hypothesis might be rephrased to ask: Is the PAH gene hypermutable?

De novo mutations

Mutation analysis is done and reported more frequently in PKU propositi than in their biological parents;
thus the actual rate of de novoPAH mutation is not known. Even so, p = Sg? is likely to be a small value at
the PAH locus because de novo alleles are indeed rare, with only one report each so far of four different
alleles on thousands of independent chromosomes «Aulehla-Scholz and Heilbronner, 2003; Chen et al.,
2002; Eiken et al., 1996a,.

Recurrent mutation

A predicted mutability profile exists for the cDNA sequence of PAH <Fig. 77-6,. The majority of the
predicted hypermutable regions coincide with the 24 CpG dinucleotide sites in the gene *Byck et al.,
1997,. CpG sites are 40 times more mutable than any other dinucleotide sequences *Cooper and
Krawczak, 1993; Cooper and Youssoufian, 1988,, and they can experience C® T or G® A transition
mutations during deamination of the 5' methylcytosine if the cytosine in the dinucleotide was methylated
initially. Among the pathogenic PAH mutations, at least 23 are known to be CpG-type alleles *Byck et al.,
1997,; another 8 occur at CpG sites but are not C® T or G® A transitions, and seven regions in the PAH
gene containing CpG sites have no reported mutations see Fig. 77-6,.
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The mutability profile for the human phenylalanine hydroxylase *PAH, gene and cDNA sequence
predicted by the MUTPRED software «Cooper, Krawczak and, 1993,. Three classes of hypermutable CpG
sites occur in the PAH gene: &#9675;, sites with no reported alleles; &#9633;, sites with CpG-type «C® T
or G® A, mutations; &#9653;, sites at which the mutation is not CpG type. sFrom Byck et al., 1997. Used
by permission of Wiley-Liss Inc.,

There is evidence for recurrent mutation at the R408W codon in the PAH gene. Ramus and colleagues
#1992, identified two different mutations in this codon: R408W «c.1222C® T, and R408Q c.1223G® A,;
they proposed a mutational "hotspot.” An earlier study <John et al., 1990, found the R408W mutation
«C.1222C® T, on two different RFLP haplotypes in the Quebec population and proposed recurrent
mutation, gene conversion, or intragenic recombination as a mechanism. Genealogic reconstructions in
the Quebec families segregating on haplotype 1 found Celtic ancestors from Scotland and Ireland *Treacy
et al., 1993,. The finding suggested a center of diffusion in northwestern Europe for R408W[H1] different
from R408W on haplotype 2. This hypothesis was tested by haplotype analysis of more than 1200
European chromosomes harboring the R408W mutation *Eisensmith et al., 1995,. Those carrying
haplotype 1 clustered on the northwestern fringes of Europe, whereas those carrying haplotype 2
clustered in eastern Europe. Further analysis of the flanking 5' STR alleles and 3' VNTR markers of
normal and mutant PAH chromosomes *Byck et al., 1994; Tighe et al., 2003, produced more evidence for
recurrent mutation. Thus R408W has identity only by state and not by descent in northwestern and
eastern European populations; R408W on haplotype 1.8 might be the older of the two alleles *Tighe et al.,
2003..

The R408W mutation now has been found on seven different haplotype backgrounds from which putative
"gene genealogies" can be created *Fig. 77-7,. It seems likely that recurrent mutation is the source of
R408W on haplotypes 1.8, 2.3, and 5 in Europeans +Kalaydjieva et al., 1990; Kozak et al., 1995; L Kozak,
personal communication, documented in www.pahdb.mcgill.ca; Zschocke et al., 1994b; Zygulska et al.,
1993, and on haplotype 44 in the Orient *Guttler et al., 1999,. A mechanism for the recurrent R408W
allele has been proposed *Murphy et al., 2006,. It involves spontaneous methylation-mediated
deamination of the 5mC ecytosine, at position c.1222. This cytosine normally is methylated in human and
nonhuman primates. On deamination, it converts to thymine, creating the mutation ¢.1222C® T and thus
changing the codon from CGG to TGG and creating the missense allel p.R408W. On the other hand, the
R408W mutation on haplotype 41 in both European <Kadasi et al., 1995, and Oriental populations Lin et
al., 1992,, on haplotype 34 in Portuguese patients *Caillaud et al., 1992,, and on haplotype 27 in a Belgian
patient <L Michiels, personal communication, documented in www.pahdb.mcgill.ca, can be explained, in
each case either by mutation or gene conversion, at a single RFLP site or by an intragenic
recombination. In each case, the R408W mutation would be identical by descent ssee Fig. 77-7,. The
E280K +c.838G® A, allele occurs on haplotypes 1 and 2, a finding compatible with recurrence *Okano et
al., 1990, and supported by molecular evidence *Byck et al., 1997,.
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A "gene genealogy" for the phenylketonuria-causing R408W allele. The mutation, always identical by state
«c.1222 C® T, is found on seven different extended haplotypes *H,. Sequence analysis of normal and
mutant *H1, and *H2, chromosomes reveals the likelihood that one of these versions of R408W in
Europeans is a recurrent mutation at a CpG site. Inspection of the other haplotype associations with
R408W point to a total of four recurrent alleles and three that are identical by descent on intragenic
recombinant copies of the human phenylalanine hydroxylase *PAH, gene.

Intragenic recombination

PAH alleles are useful markers in evidence of a classic mechanism by which evolution has generated
genomic diversityZzgenetic recombination. R408W mutations are not the only ones that appear to have
changed haplotype by intragenic recombination. S76P alleles on haplotypes 1 and 4, G218W on
haplotypes 2 and 1, and V245A on haplotypes 7 and 3 all have been identified on chromosomes in
Europeans and in their descendants abroad; in each case, a single recombination within the PAH gene
can explain the association of one mutation with two haplotypes «Carter et al., 1998,. An IVS12nt1 allele,
found almost exclusively on haplotype 3, has been found once on a foreign haplotype; this event is
explained by a double intragenic recombination «Carter et al., 1998,.

Multiple associations between a pathogenic PAH allele at a non-CpG site and a polymorphic haplotype
have been identified in the case of the prevalent sand ancient, IVS10nt-11 splice allele. Recombination
could explain some of these associations ¢Fig. 77-8,.
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The human phenylalanine hydroxylase *PAH, gene mutation ¢.1066nt-11g® a «IVS10nt-11, is prevalent in
populations of Southeastern Europe and the Mediterranean. The allele occurs on six different haplotypes
at the relative frequencies spercent, shown «Cali et al., 1997,. Its occurrence on different haplotypes is
compatible with identity by descent ¢IBD, assuming ¢1, intragenic recombination between haplotypes 6,
10, and 39; or «2, mutation/gene conversion at a restriction fragment length polymorphism *RFLP, site.
The origin of the IVS10 mutation on haplotype 9 is unclear. The RFLP sites not named here are shown in
Fig. 77-5. The relative position *, of the IVS10nt-11 mutation in the gene is shown.

Selective Advantage: Is Ita Mechanism?

Are any of the foregoing mechanisms, by themselves, sufficient to explain the incidence of PKU in
temperate-zone populations? Consider the evidence once more:

1. Involvement of multiple loci that could accumulate larger numbers of mutational hits to cause HPA can
be discounted because more than 98 percent of cases reflect phenotypic homozygosity for mutations at
the PAH locus alone.

2. Although some pathogenic PAH alleles are the result of recurrent mutation, an overall higher than
average rate of disease-causing mutational events at the PAH locus can be dismissed.

3. Inbreeding is a likely contributor in some populations, but overall, it is not the explanation sWoolf, 1994,.
4. Founder effect is only an occasional mechanism to account for the high relative frequency of a specific
allele, and it always relates to a particular population.

5. The presence of many different prevalent alleles in different populations is compatible with genetic drift
esee W Bodmer in Scriver et al., 1996b,. Moreover, genetic drift could be responsible for the incidence of
PKU in temperate-zone populations, and it would act independently on a wide variety of alleles because
the subset of deleterious PAH alleles is still small relative to the whole set and thus susceptible to random
genetic drift .see D Hartl, p. 93, in Scriver et al., 1996b,.
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The weight of evidence would seem to favor random genetic drift to account for the prevalence of PKU in
most contemporary human populations. Meanwhile, the debate continues ssee "Discussion" in Scriver et
al., 1996b, p. 95,, and fascination for selective advantage *heterozygous advantage or over dominant
selection, persists *Krawczak and Zschocke, 2003; Hardelid et al., 2007..

When only a few in a large set of disease-causing recessive alleles account for the major fraction of the
aggregate frequency distribution, selective advantage is a mechanism to consider «Flint et al., 1993,.
Selection of PAH alleles <the objects, will occur if the process acts on a phenotype that confers an
advantage and is encoded by the corresponding gene. Selection can act indirectly or directlyzin the
former case through "hitchhiking" at a closely linked locus and in the latter on the primary locus. For
example, the grinterferon locus in region 12g24.1 is physically linked to PAH, but there is no evidence that
it is involved in the selection of PAH alleles. Selection is more likely to have occurred if it could act on a
phenotype encoded directly by the PAH locus in heterozygotes carrying disease-causing PAH alleles.
Conventional wisdom predicts a disadaptive or, at best, neutral effect of the mutant PAH allele in the
heterozygote, but if there is a disadaptive effect, it must be small «Vogel, 1985,. Even so, a disadaptive
effect will not increase allele frequency.

Increase can occur only through a process that confers an advantage in reproductive fitness. In the case
of PKU, a simple calculation shows that heterozygote advantage, in terms of surviving offspring, can be
only 1 percent «or less, greater than for normal homozygotes, so the advantage in fithess is marginal.
Selective advantage was proposed *Kidd, 1987, when PKU-causing alleles were first characterized
eDilLella et al., 1986b, 1987, but was rejected subsequently by its initial advocate see Kidd in Scriver et
al., 1996b, p. 94,.

The selection process must act first on a phenotype *Sober, 1984,; thereafter, it can influence frequency
of the allele <the object,. Might plasma phenylalanine levels in heterozygotes be the designated phenotype
on which the process of selection acts? The effect of heterozygosity on this recessive metric phenotype is
actually very small «Gold et al., 1974; Rosenblatt and Scriver, 1968,, and it is difficult to imagine how the
selection process would discern it. If selection acts at a more proximal level «e.g., on PAH enzyme itself,,
it will have been acting not only on null protein phenotypes caused by prevalent alleles such as IVS12nt1,
IVS10nt-11, and R408W but also on a variant kinetic phenotype such as that caused by the prevalent
I65T allele. How this would occur is unknown.

Selective advantage is expressed ultimately in either gametic selection, better survival to reproductive
age, or higher rates of reproduction among heterozygotes. There is evidence both for «Saugstad, 1977;
Woolf, 1994; Woolf et al., 1975, and against *Paul et al., 1979; Saugstad, 1973, these alternatives in the
case of PKU. Such conflicting evidence may reflect bias in the original studies because the families
sampled were ascertained through PKU probands. Corrections have since been made for such bias sten
Kate, 1978; Woolf, 1986,, but the ambiguities remain.

It may never be possible to identify the agent of selection. For example, ochratoxin A, a mycotoxin in
grains and lentils, has been proposed as a candidate *Woolf, 1986,, but without experimental supporting
evidence, it may never be possible to quantify the effects of the putative selective process. There are at
least two reasons: 1, Such effects may have existed only in the past and are no longer acting, and «2, the
effects of heterozygote selection may be too small to detect reliably because PKU is much less frequent
than other genetic disorders where such a mechanism has been invoked ¢Flint et al., 1993,. Thus, if the
magnitude of the selective effect on PAH alleles is indeed small, yet still greater than the effect of genetic
drift, then it would have acted on a large number of individuals or a particular demographic strata to
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produce the observed incidence of mutant PAH alleles and of PKU disease, and it may have left a
molecular signature in the region of the locus under selection ssee "Discussion” in Hardelid et al., 2007,.
Furthermore, the selective advantage must have existed in several temperate regions of the world where
populations were exposed to different climates, cultures, diets, and infective agents. On theoretical
grounds *Thompson and Neel, 1997,, there is no need to invoke heterozygous advantage to explain the
very variable frequencies of these pathogenic recessive PAH alleles. Yet it remains an active hypothesis,
and refutations of the arguments for genetic drift are combined with appeals to recognize that some
"pathogenic" alleles have reached true polymorphic frequencies in some populations Krawczak and
Zschocke, 2003,. Genetic drift will do as an explanation. So why not accept selective advantage? It is
appealing to use this point of view when explaining the prevalence of PKU to the family of a newly
diagnosed newborn: "The mutation was a "good' allele in human history."

The IVS10nt-11 PAH Allele: A Paradigm

This PAH mutation, a splice allele with systematic name ¢.1066-11g® a *also known by the trivial name
IVS10nt-11 or IVS10nt546,, illustrates many of the themes in population genetics.

1. IVS10nt-11 in the homoallelic genotype unambiguously confers a PKU phenotype in vivo *Guldberg et
al., 1998; Kayaalp et al., 1997,. Its geographic distribution is nonuniform and is most prevalent in southern
and southeastern Europe, particularly in the Anatolian region of modern-day Turkey, where it appears to
have originated «Cali et al., 1997,.

2. From observed frequencies in various Mediterranean populations and the corresponding incidence of
PKU, the highest relative frequency of the allele <0.32, is found in Turkey «Ozgii et al., 1993,, where the
estimated absolute spopulation, frequency is approximately 0.003 «Cali et al., 1997; Woolf, 1994,.
Endogamy and consanguinity contribute to the high prevalence of this mutant genotype in this particular
region *Woolf, 1994,

3. IVS10nt-11 is embedded in what has been called an "ancestral" haplotype [RFLP haplotype 6, STR 252
*Goltsov length,, VNTR 7], but this particular association is not exclusive. IVS10nt11 is also found on
several RFLP haplotypes, and in most cases, this finding is compatible with intragenic recombination or
point mutation at an RFLP site *see Fig. 77-8,. Since the allele does not involve a CpG site, it is unlikely to
be recurrent, and the majority of its mutation-haplotype associations are compatible with identity by
descent. Haplotype data indicate a time horizon «origin, for the mutation at least 5000 to 10,000 years ago
«Cali et al., 1997,.

4. Associations between 1VS10nt-11 and haplotypes on chromosomes from patients in Turkey, Israel, and
Italy «Cali et al., 1997,, Greece *Traeger-Synodinos et al., 1994,, and the Iberian Peninsula «Cali et al.,
1997; Pérez et al., 1997; Rivera et al., 1997, 1998, indicate a post-Neolithic demic expansion and
diffusion egene flow, from the eastern regions westward across the Mediterranean basin. These data,
derived from DNA analysis at the PAH locus, are concordant with the gradients of classic polymorphic
protein markers in the same region *Cavalli-Sforza et al., 1994; Cavalli-Sforza and Piazza, 1993,.

5. The IVS10nt-11 allele on haplotype 6 is a tracer or migration egene flow, overland to Tataria +Kuzman et
al., 1995, and of range expansion overseas to North America *Carter et al., 1998; Guldberg et al., 1996a,,
South America *Perez et al., 1996,, and Australia *Ramus et al., 1995,.

6. The IVS10nt-11 mutation is found on a unique haplotype [RFLP 34, STR 230 *Zschocke length,, VNTR
7] in Spanish Gypsies *Desviat et al., 1997,, where it is a marker for founder effect with drift in relative
genetic isolation.
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THE PHENYLALANINE HYDROXYLATING SYSTEM

The most important single determinant of phenylalanine homeostasis in humans is the hydroxylation
reaction. To understand the mutant phenotypes associated with HPA, the normal components of the
hydroxylation should be known.

General Characteristics

The phenylalanine hydroxylation reaction is an obligatory and rate-limiting step in the catabolic pathway
that leads to the complete oxidation of phenylalanine to CO, and water *Milstien and Kaufman, 1975,.

The ketogenic +e.g., acetoacetate, and gluconeogenic *e.g., fumarate, products of phenylalanine
catabolism ssee Fig. 77-2, contribute to the organism's pool of two-carbon metabolites and glucose. In
view of the brain's partial dependence on a peripheral supply of glucose, the ability of phenylalanine to
provide gluconeogenic substrates, in this context, plays a role in normal brain development and function.
Hydroxylation of phenylalanine plays another role in mammalian metabolism: It provides the organism
with an endogenous supply of the nonessential amino acid tyrosine. When hydroxylation is deficient,
tyrosine becomes an essential amino acid. The formal name for PAH enzyme is
L-phenylalanine-4-monooxygenase *EC 1.14.16.1,, a mixed-function oxidoreductase.

Tissue Distribution of Hydroxylating  Activity

It was thought, at one time, that PAH is not present in nonhepatic mammalian tissues sUdenfriend and
Cooper, 1952,. However, subsequent studies demonstrated appreciable activity in mouse kidney and
pancreas ¢Tourian et al., 1969, and in rat and guinea pig kidney *Berry et al., 1972,. The putative
presence of hydroxylase activity in pancreas has not been confirmed *Rao and Kaufman, 1986,. These
authors observed that rat kidney PAH is in an unusual state of activation relative to the rat liver enzyme,
and at the resting blood phenylalanine concentration, kidney enzyme might account for as much as 20 to
30 percent of the total phenylalanine hydroxylase activity in rats. Until recently, the status of the kidney
hydroxylase in humans was unclear. Ayling and colleagues *Ayling et al., 1974, 1975, reported
hydroxylase activity in kidney, whereas others found none in either human or nonhuman primate kidney
*Murthy and Berry, 1975,. In support of the latter evidence, rat phenylalanine hydroxylase cDNA
hybridizes with rat kidney mRNA but not with baboon kidney mRNA ¢House et al., 1997,. Evidence based
on analysis of mMRNA, immunohistochemistry, and assay of enzymic activity indicates that human kidney
expresses significant phenylalanine hydroxylase protein and enzyme activity sLichter-Konecki et al., 1999;
Tessari et al., 1999,. The kidney is now considered to be an important site of conversion of phenylalanine
to tyrosine in adult humans «Moller et al., 2000,.

PAH is not present in brain <Abita et al., 1974,, contrary to an earlier claim *Wapnir et al., 1971,; the
finding has bearing on pathogenesis of the brain phenotype in PKU. Brain does contain another enzyme,
tyrosine hydroxylase, that catalyzes the conversion of phenylalanine to tyrosine at a rate comparable to its
ability to hydroxylate tyrosine *Katz et al., 1976,. Perhaps tyrosine hydroxylase, acting on phenylalanine,
provides the developing brain with a significant fraction of the tyrosine it needs for protein synthesis
eKaufman, 1987,; whether it might in PKU is not known. Catalytic properties of the human fetal liver PAH
appear to be the same as those of the adult enzyme <Friedman and Kaufman, 1971; Raiha, 1973,.

Evidence has been reported that PAH and 4a-carbinolamine dehydratase are present together in human
melanocytes and keratinocytes, where they are postulated to play a role in melanin formation
*Schallreuter et al., 1994,. In the proposed scenario, hydroxylation of phenylalanine provides the tyrosine
essential for melanin synthesis; furthermore, the depigmentation disorder vitiligo constitutes a lack of the
dehydratase with accumulation of 7-biopterin, which inhibits phenylalanine hydroxylase Davis et al.,
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1992,, leading to disruption of the supply of tyrosine and consequent impairment of melanin synthesis.

Although the presence of 4a-carbinolamine dehydratase in normal human epidermal keratinocytes has
been demonstrated unequivocally, the conclusion that phenylalanine hydroxylase is also present
«Schallreuter et al., 1994, is not strongly supported. The enzyme that hydroxylates phenylalanine in both
melanocytes and keratinocytes could be tyrosine hydroxylase. Indeed, if as postulated phenylalanine
hydroxylase were essential for melanin synthesis, PKU patients would be expected to show irreversible
signs of this defect. PKU patients do tend to have fair skin, but this defect in pigmentation is reversed
when the plasma phenylalanine level is reduced, a finding consistent with the evidence that excess
phenylalanine inhibits tyrosinase-mediated melanin synthesis Miyamoto and Fitzpatrick, 1957,.

The phenomenon of illegitimate transcription is relevant to a discussion of the tissue distribution of
phenylalanine hydroxylase. The term was coined to describe the low level of transcription of
tissue-specific genes in nonspecific cells *Schallreuter et al., 1994,. Gene transcripts of phenylalanine
hydroxylase eas well as tyrosine hydroxylase, have been detected in white blood cells, erythroleukemic
cells, and chorionic villus cells «Sarkar and Sommer, 1989,. To date, the levels of transcripts detected are
too low to know whether their occurrence is of any functional significance. The phenomenon has,
however, proved to be of value in the identification of PKU-associated mutations in phenylalanine
hydroxylase in circulating lymphocytes sRamus et al., 1992b; Abadie et al., 1993b,.

The Hydroxylating System

The hepatic phenylalanine hydroxylating system consists of three essential components: PAH, DHPR,
and the unconjugated pterin tetrahydrobiopterin <BH,4,, i.e.,
2-amino-4-hydroxy-6-[L-erythro-1',2'-dihydroxypropyl]-tetrahydropteridine Kaufman, 1963, 1971, 1997, in
addition to a stimulating protein «Kaufman, 1970, isolated in pure form from rat liver sHuang et al., 1973,
which, although not essential., can markedly stimulate the hydroxylation reaction in vivo. Originally called
phenylalanine hydroxylase stimulator <PHS,, this protein was later shown to be the aforementioned
dehydratase <Lazarus et al., 1983,.

The structure of BH,4 is shown in Fig. 77-9. As with all other naturally occurring compounds of this type,
BH, is a 2-amino-4-hydroxypteridine strivial name pterin,; it is classified as an unconjugated pterin to

distinguish it from its relatives, the folates. The latter compounds are called conjugated pterins because
their pterin rings are conjugated with a para-aminobenzoyl-glutamatess, substituent at position 6 of the
pteridine ring. Unlike the folates, BH, is not a vitamin for mammals because they can synthesize it.

Several synthetic tetrahydropterins with simple alkyl substituents at position 6, such as
6-methyltetrahydropterin «6MPH,4, and 6,7-dimethyltetrahydropterin eDMPH,,, are even more active than

BH,4 in the phenylalanine hydroxylating system sKaufman and Levenberg, 1992,.
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Structure of tetrahydrobiopterin
[2-amino-4-hydroxy-6-L-erythro-1¢2¢dihydroxypropyl,-tetrahydropteridine], of BH4, the natural coenzyme
ecofactor, for phenylalanine hydroxylase.

The reactions catalyzed by PAH, DHPR, and PHS «the dehydratase, in the presence of the pterin appear
in Fig. 77-10. PAH catalyzes a coupled reaction in which phenylalanine is oxidized to tyrosine and the
tetrahydropterin is oxidized to the corresponding 4-hydroxytetrahydropterin salso called 4a-carbinolamine,.
The conversion of carbinolamine to quinonoid dihydropterin and water is catalyzed by 4a-carbinolamine
dehydratase ¢Lazarus et al., 1983,, formerly known as PAH-stimulating protein. The oxygen in the para
position of the benzene ring of the tyrosine product is derived from molecular oxygen rather than from
water Kaufman et al., 1962,; accordingly, the hydroxylase is an oxygenase. During the hydroxylation
reaction, the second atom of oxygen in the oxygen molecule is normally reduced to the level of water.
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The conversion of phenylalanine to tyrosine is catalyzed by the phenylalanine hydroxylation system. The
overall reaction is the sum of three reactions, each catalyzed by a separate enzyme. In the presence of an
active tetrahydropterin cofactor like the naturally occurring substance BH, *R = ZCHOHZCHOHZCH3,,

phenylalanine hydroxylase *PAH, catalyzes a coupled reaction in which phenylalanine is converted to
tyrosine and BH4 to a carbinolamine, the corresponding 4a-hydroxytetrahydropterin. The carbinolamine is

then converted to the quinonoid dihydropterin by a dehydratase *4a-carbinolamine dehydratase,. The
cycle is completed by the action of dihydropteridine reductase *DHPR,, which catalyzes the
NADH-mediated reduction of the quinonoid dihydropterin back to the tetrahydropterin. «The pterin
substrates for the three reactions are indicated in italics.,

The minimum requirements for phenylalanine hydroxylation are the hydroxylase, oxygen, L-phenylalanine,
and BH,, but under these conditions, BH,4 can function only stoichiometrically «i.e., the amount of tyrosine
formed cannot exceed the amount of BH, present,. For the pterin coenzyme to function catalytically, there
must be another component of the system: DHPR ealong with a reduced pyridine nucleotide,. Although
the reductase is active with both NADH and NADPH, NADH is the better substrate in vitro «Craine et al.,
1972; Neilson, 1969; Scrimgeour and Cheema, 1971,. It is not known whether NADH or NADPH or both
function with the reductase in vivo. In addition to the NADH-dependent DHPR-catalyzed regeneration of
BH, from quinonoid dihydrobiopterin «qBH,, reduction of the latter compound to BH, also can proceed

nonenzymatically in the presence of millimolar concentrations of reducing agents such as mercaptans and
ascorbate *Kaufman, 1959,. Attempts to demonstrate ascorbate-mediated regeneration of BH, in humans

have not been successful.

The complete absence of phenylalanine hydroxylase, DHPR, or BH, leads to persistent HPA. By contrast,

because the reaction catalyzed by the dehydratase can occur quite rapidly by nonenzymatic routes, it was
predicted that the complete absence of this enzyme would cause only mild or transient HPA <Kaufman,
1983,. This prediction was validated in a patient with the mild phenotype who excretes 7-BH, and harbors

two mutations in the gene for the dehydratase, one inherited from the mother «C82R, and the other
*E87X, from the father «Citron et al., 1993,. The results of studies of the activity of these two engineered
alleles in vitro also were coherent with this prediction. The C82R mutant had about 40 percent of the
activity of the wild-type dehydratase enzyme <Johnen et al., 1995; Koster et al., 1995,, whereas the E87X
allele was devoid of activity, in part because of its instability «Johnen et al., 1995,. The predicted effects of
these two mutations, combined in vivo, would much reduce the dehydratase activity. «Dehydratase
deficiency is further described in Chap. 78.,

In addition to its catalytic function in the regeneration of BH, see Fig. 77-10,, the dehydratase also plays
a completely unrelated role in regulating gene transcription, a striking example of a phenomenon dubbed
molecular opportunism <Doolittle, 1988,. On cloning and sequencing the dehydratase, it was found that
this protein is identical to DCoH, the dimerization cofactor of hepatocyte nuclear factor 1 sHNF1, «Citron et
al., 1992a; Hauer et al., 1993,. The dimeric form of the latter protein regulates transcription of a large
number of genes in the liver, intestine, and kidney, including those coding for albumin, a ; -antitrypsin, and

fibrinogen. DCoH enhances this transcriptional activity by combining with HNF1 dimers and stabilizing
them efor a review, see Mendel and Crabtree, 1991,. Mice lacking DCoH are viable and fertile but display
HPA <Bayle et al., 2002,. Involvement of the dehydratase in a gene transcription system raised questions
about whether mutations that affect dehydratase activity also affect its transcription-enhancing activity. A
detailed analysis of the effect of some mutations on both these activities showed that those decreasing
dehydratase activity to less than 1 percent of wild type decrease transcriptional activity only modestly <by
approximately 10 percent, and have no effect on binding DCoH to HNF1, a clear indication that
dehydratase activity is not essential for the binding *Johnen and Kaufman, 1997,. The same conclusion
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was reached from a study that focused on the binding of allelic dehydratase *C82R, to HNF1 «Sourdive et
al., 1997,. These findings may explain why dehydratase-deficient patients do not appear to suffer from the
global metabolic consequences that would be expected from disruption of the activity of the DCoH/HNF1
transcription system.

Although the DNA and amino acid sequences of mouse, rat, and human phenylalanine hydroxylases are
strikingly similar <Ledley et al., 1990,, there are noteworthy physiologic differences between the human
enzyme and the rodent enzyme «Kaufman, 1997,. Structural and functional studies of the 5'-flanking
region of the phenylalanine hydroxylase gene have defined some of the features that are essential for the
regulation of the phenylalanine hydroxylase gene and have identified some of the characteristics that may
account for these differences sKonecki et al., 1992, ssee the section "The PAH Gene" above,. As shown in
transgenic mice, a 9-kb DNA fragment upstream of the human gene contains all the cis-acting elements
needed to direct tissue-specific and developmental-stage-specific expression of phenylalanine
hydroxylase in vivo *Wang et al., 1992a,. As with other typical housekeeping genes, human PAH gene
uses multiple transcriptional initiation sites *Wang et al., 1994,. The promoter regions of the mouse and
human phenylalanine hydroxylase genes are similar in their lack of a TATA-like sequence *Faust et al.,
1996,. Expression of the mouse phenylalanine hydroxylase gene depends on a hormone-responsive and
tissue-specific enhancer located 3.5 kb upstream, as well as on the presence of cAMP and steroid
hormones such as dexamethasone. Furthermore, activity of this enhancer was found to require the
hepatocyte-enriched transcription factors HNF1 and C/EBP.

Further studies of the promoter region in the mouse PAH gene *Pontoglio et al., 1996, reveal multiple
DNase-hypersensitive sites in the normal animal, reflecting an open chromatin structure and a low degree
of methylation, both characteristic of transcriptionally active genes. By contrast, the corresponding region
of the gene in the HNF1 knockout mouse has a relatively closed chromatin structure and the
hypermethylation pattern of a silent gene. These results suggest that HNF1 is essential for chromatin
remodeling and DNA methylation that accompany transcriptional activation. Experiments carried out on
HNF1 knockout mice complement the studies in vitro and show that phenylalanine hydroxylase belongs to
the group of proteins whose genes are indeed regulated by HNF1 «Pontoglio et al., 1996,; the gene
coding for phenylalanine hydroxylase is completely silent in the knockout. These animals, however, are
not true models for PKU because they also have a severe Fanconi syndrome caused by proximal renal
tubule dysfunction; they die around the time of weaning.

Until recently, any attempt to relate the results obtained with the HNF1 knockout mice to PKU in humans
had been hampered by the lack of evidence that HNF1 regulates the expression of human PAH. That gap
was closed initially with the demonstration that the 9-kb human phenylalanine hydroxylase 5'-flanking
fragment *Wang et al., 1994, contains two HNF1-binding sites located 0.5 kb upstream «Lei and Kaufman,
1998a,. Cotransfection experiments showed that HNF1 markedly transactivated the 9-kb DNA fragment
elinked to a reporter gene, in Chinese hamster ovary cells. Moreover, although DCoH by itself lacked this
ability, it could enhance the HNF1-mediated transactivation of the 9-kb fragment. These effects of HNF1
and DCoH were observed in the absence of added hormones, in contrast to the hormonal dependence of
the effect of HNF1 on the expression of the mouse PAH gene ¢Faust et al., 1996,, an indication that
regulation of expression of human PAH by hormones does not follow the same pattern as that for the
mouse enzyme.

A study of a patient with HPA revealed a 3.7-kb deletion in the 5'-flanking region of the PAH gene.
Characterization of the deleted sequence identified a novel liver-specific DNase | hypersensitive site
located 3.3 kb upstream of the RNA initiation site of the PAH gene. Transient transfection assays, again
using a reporter gene, demonstrated that a plasmid construct containing the deletion mutation was
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severely impaired with respect to PAH transcriptional activity «Chen et al., 2002,. The expression of PAH
was suppressed in hepatoma HepG2 cells when there was overexpression of a truncated HNF1a mutant
eTanizawa et al., 1999,.

Dihydrofolate reductase *DHFR; EC 1.6.99.7, also may play a role in hydroxylation of phenylalanine in
vivo. This enzyme has a well-established role in one-carbon metabolism, catalyzing the reduction of
7,8-dihydrofolate:

[IMAGE]

The enzyme also can catalyze the analogous reaction with 7,8-dihydrobiotperin «Kaufman, 1967,

[IMAGE]

The second reaction assumes importance for phenylalanine hydroxylation when the rate of the
DHPR-catalyzed reduction of gBH» lags behind the rate of the PAH-catalyzed formation of the quinonoid
derivative ssee Fig. 77-10,. Under such conditions, the extremely unstable qBH will undergo a
rearrangement to the corresponding 7,8-dihydrobiopterin «<Kaufman, 1967,; the latter is not a substrate for
DHPR. Therefore, when DHPR limits the rate of phenylalanine hydroxylation, DHFR could salvage some
of the biopterin diverted to the 7,8-dihydro derivative and thereby potentially support some phenylalanine
hydroxylation. However, since the near-total absence of DHPR leads to HPA esee Chap. 78,, it is evident
that neither DHFR nor any other enzyme is as effective as DHPR at sustaining normal rates of
phenylalanine hydroxylation.

The reactions depicted in Fig. 77-10 were the first to establish a metabolic role for an unconjugated pterin
and to reveal the coenzyme role of BH,. It was shown subsequently that BH, and DHPR play precisely

the same roles in the hydroxylating systems for phenylalanine, tyrosine, and tryptophan <Brenneman and
Kaufman, 1964; Shiman et al., 1971; Friedman et al., 1972a, *Fig. 77-11,. Accordingly, BH, and DHPR

are essential for the biosynthesis of the neurotransmitters dopamine, norepinephrine, and serotonin. A
fuller realization of the in situ role of BH, and DHPR in these other hydroxylating systems became clear

with the discovery of variant forms of PKU caused by defects in BH, regeneration and synthesis ssee
Chap. 78,.
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Scheme to show the hydroxylation reactions for phenylalanine, tyrosine, and tryptophan, each requiring
BH, cofactor and therefore dependent on synthesis and maintenance of BH,4. The pathway for BH,4

synthesis is only sketched esee Chap. 78 for details,. Maintenance of BH, requires regeneration from

dihydropteridine reductase *DHPR, in the presence of dehydratase *not shown here; see Fig. 77-10, and
DHPR. Enzymes involved in the Mendelian HPAs eshaded, are disorders of 1, primary hydroxylase
activity ethis chapter,, *2, maintenance of BH, *Chap. 78,, and 3, BH, synthesis «Chap. 78,. GTP-CH,
GTP cyclohydrolase; 6PTS, 6-pyruvoyl tetrahydropterin synthase; PAH, TYH, and TRH, phenylalanine
hydroxylase, tyrosine hydroxylase, and tryptophan hydroxylase, respectively; DHNP, dihydroneopterin.
*Reproduced from Scriver et al., 1988. Used by permission.,

Phenylalanine Hydroxylase

Physical properties

Many of the properties of PAH were first determined with enzyme purified from rat liver extracts sKaufman
and Fisher, 1970,. The properties of the human liver enzyme are similar to those of the rat enzyme, with
the exceptions mentioned below.

Rat enzyme

Essentially pure rat liver PAH appeared initially to be a mixture of two different polymeric forms. Based on
a determination of their Stokes radii and sedimentation constants, molecular weights of 210,000 and
100,000 were calculated for the major and minor species, respectively. Since the molecular weight of the
subunites, is about 49,000 to 51,000 «Kaufman and Fisher, 1970,, the two forms are putative tetramers
and dimers, respectively. When assayed with the synthetic pterin cofactor 6-MPH,, both species had

identical specific activities; when assayed with BH,4, the specific activity of the tetramer was five times that

of the dimer. Preincubation of the hydroxylase with phenylalanine increases conversion of dimers to
tetramers «Doskeland et al., 1982,.

Human enzyme

When expressed in E. coli cells, the oligomeric composition of human phenylalanine hydroxylase at pH
6.8 is a mixture of tetramers and dimers «80:20 parts, of subunit size of approximately 52 kDa and with no
evidence of higher aggregates *Kowlessur et al., 1996; Kaufman 1996,. As with the rat liver enzyme, the
proportion of dimeric human enzyme is augmented by increasing the pH to mildly alkaline values
*Kappock et al., 1995,. Preincubation of human phenylalanine hydroxylase with L-phenylalanine shifts the
equilibrium in the direction of the tetrameric form «Martinez et al., 1995,. The ability to determine
distinctive catalytic properties of the two species and their ready separation during gel-permeation
chromatography indicate that the dimer and tetramer are not in rapid equilibrium even under assay
conditions.

Human phenylalanine hydroxylase resembles rat liver phenylalanine hydroxylase in being phosphorylated
by cAMP-dependent protein kinase, phosphorylation resulting in activation eKaufman, 1983,. Recombinant
human phenylalanine hydroxylase incorporates between 0.6 mol *Kowlessur et al., 1996, and 0.97 mol
*Martinez et al., 1995, of phosphate per phenylalanine hydroxylase subunit, resulting in 1.5- and 1.2-fold
activation, respectively, of the BH4-dependent activity. This modest degree of human enzyme activation is

less than the 2- to 4-fold activation observed with either rat liver *Abita et al., 1976; Donlon and Kaufman,
1977, or recombinant rat enzyme «Citron et al., 1992b,.
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An even more striking difference in regulatory properties between recombinant human phenylalanine
hydroxylase and its rat counterpart has been observed with other known activators of the latter enzyme.
Whereas preincubation with phenylalanine or lysolecithin activates the BH 4-dependent activity of the rat
enzyme 8- and 25-fold, respectively, the human hydroxylase is activated only 2.2-fold by either of these
treatments *Kowlessur et al., 1996,. Similar results were reported for the uncleaved fusion products of
human phenylalanine hydroxylase with the maltose-binding protein *Knappskog et al., 1996a.,.

The K, for phenylalanine emeasured with BH, as the cofactor, of recombinant human phenylalanine

hydroxylase is 50 uM <Kowlessur et al., 1996,, a value close to the normal level of phenylalanine in human
plasma and notably lower than the K, value +280 uM, for the recombinant rat liver enzyme «Citron et al.,
1992bh,. The corresponding values for the human fusion protein and its cleavage products are closer to
those of the recombinant rat hydroxylase sMartinez et al., 1995,. Most of the other catalytic properties of
human phenylalanine hydroxylase are similar to those of the rat enzyme *Knappskog et al., 1996a;
Kowlessur et al., 1996; Martinez et al., 1995,.

Just as was found with rat liver phenylalanine hydroxylase «Curtius et al., 1990; Davis et al., 1992,,
7-tetrahydrobiopterin «7-BH 4, has cofactor activity with human recombinant phenylalanine hydroxylase

*Kowlessur et al., 1996,. Significantly, this pterin is also a potent inhibitor of the human enzyme when
tested against the likely hepatic concentration of BH,. Moreover, the inhibition shows the same peculiar
pattern as the one that was originally reported for rat liver phenylalanine hydroxylase, i.e., greater
inhibition at higher phenylalanine concentrations *Davis et al., 1992, with 50 percent inhibition by 5 uM
7-BH,4 occurring at 100 uM phenylalanine. Based on the inhibition of rat phenylalanine hydroxylase by

7-BH4, it was proposed that this inhibition could account for the mild HPA observed in patients with
suspected deficiency of 4a-carbinolamine dehydratase that excrete 7-BH, *Davis et al., 1992,. The
demonstration that HPA patients who excrete 7-BH, are indeed deficient in the dehydratase «Citron et al.,

1993, together with the evidence that this pterin is a potent inhibitor of human phenylalanine hydroxylase
*Kowlessur et al., 1996,, strongly supports the proposed mechanism for the HPA seen in
dehydratase-deficient patients.

Human phenylalanine hydroxylase is only moderately stimulated by the several agents «e.g.,
phenylalanine and lysolecithin, that markedly activate rat hydroxylase; this finding suggests that the
human enzyme is in a relatively activated state sKowlessur et al., 1996,. If these unusual in vitro
properties of the human enzyme in vitro accurately reflect the enzyme's state of activation in vivo, it would
mean that some earlier notions about phenylalanine homeostasis in humans that were derived from
properties of rat liver phenylalanine hydroxylase would have to be modified. At resting blood and hepatic
levels of phenylalanine, the rat enzyme has very low activity, but it is poised to be massively activated in
response to a physiologic demand, such as that resulting from eating a protein-rich meal Donlon and
Beirne, 1982, or from glucagon-stimulated phosphorylation activation *Beirne et al., 1985; Donlon and
Kaufman, 1977,. By contrast, the properties of recombinant human phenylalanine hydroxylase indicate
that its basal activity is relatively high even without phenylalanine- or glucagon-mediated activation. This
higher basal activity of human enzyme may explain why the mean normal plasma phenylalanine
concentration in adult human subjects is 58 UM «Scriver et al., 1985, and in the rat is 96 puM <Delvalle and
Greengard, 1976,. Based on site-directed mutagenesis, the structural basis for the relatively activated
state of human phenylalanine hydroxylase can be explained on the basis of a cysteine residue being
present at residue 29 in human PAH, whereas a serine occurs at that position in rat PAH *Wang et al.,
2001,.
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The human phenylalanine hydroxylase subunit consists of 452 amino acids *Kwok et al., 1985,. The initial
breakthrough on the structural biology of phenylalanine hydroxylase came when the structure of the
catalytic domain of human enzyme was determined by x-ray crystallography *Erlandsen et al., 1997b,; it
was quickly followed by further information including the regulatory and tetramerization domains sreviewed
in Erlandsen and Stevens, 1999; Flatmark and Stevens, 1999,. «See Supplement: "Structural Studies of
Phenylalanine Hydroxylase Enzyme"; also see http://stevens.scripps.edu/pkuweb/tsld001.htm., Despite
the enforced use of truncated species of protein to generate crystals, these findings have provided unique
insights into the way the enzyme functions and how various mutations affect integrity and function.
However, it should be borne in mind that the properties of the truncated species of the enzyme differ from
those of the intact protein in several important respects. First, the crystallized truncated species lacks the
N-terminal regulatory domain, and the N-terminus as a whole is important for maintaining rat PAH in the
optimal catalytic conformation *Wang et al., 2001,; the formation of an Arg-13 to Ser-16 phosphate salt
bridge and the resulting conformational change of the N-terminal tail also can explain the higher stability
toward limited tryptic hydrolysis of the phosphorylated human enzyme <Miranda et al., 2002,. Second, as
originally shown for the rat liver enzyme <Fisher and Kaufman, 1973; lwaki et al., 1986,, proteolytic
removal of 11 kDa eapproximately 100 amino acid residues, from the N-terminus stimulates by
approximately 30-fold the BH4-dependent activity of the protease-resistant catalytic domain that is located
toward the central portion of the molecule. As a result, the isolated remaining species can no longer be
activated by preincubation with L-phenylalanine. Further recent results for recombinant rat enzyme <Horne
et al., 2002, support the model whereby on phenylalanine binding, the mobile N-terminal residues
associate with the folded core of PAH, and phosphorylation may facilitate this interaction. Third, results of
limited proteolysis of rat hydroxylase «lwaki et al., 1986, show that removal of a 5-kDa portion
eapproximately 45 amino acid residues, from the C-terminus does not lead to activation, destroys the
enzyme's ability to form tetramers, eliminates the cooperative binding of phenylalanine, and implicates the
C-terminus in the formation of tetramers from two dimers. The properties of the engineered truncated
species of human phenylalanine hydroxylase used in the crystallization studies are coherent with these
earlier results of studies of the rat liver enzyme. The truncated human enzyme occurs almost exclusively
as dimers and does not show positive cooperativity of binding of phenylalanine *Knappskog et al., 1996a,;
the stretch of amino acids that determines these two properties had been narrowed to 25 residues at the
C-terminus. Dimerization of phenylalanine hydroxylase monomers is mediated by the interaction of two
symmetry-related loops eresidues 414+420, located close to the C-terminus of the crystallized truncated
species *Erlandsen et al., 1997b,.

With further regard to structural and stability effects of phosphorylation, nature does not use aspartate <D,
or glutamate *E, at position 16 but an autoregulatable, phosphorylatable serine. The negative charge on
the side chain at that residue owing to phosphorylation is the key, analogous to other phosphoproteins. As
discussed earlier, phosphorylation results in a salt bridge between Arg13 and Ser16, and futher support
for limited conformational change localized to the region of the phosphoserine has been provided
*Miranda et al., 2004,. This study also provides an explanation for the resistance to tryptic proteolysis «at
Arg13, in the modified protein owing to interaction with phosphoserine. All in all, it does seem plausible
that the local conformational change induced by phosphorylation has consequences for the turnover of the
enzyme in vivo, in addition to short-term reversible activation and activation by phenylalanine.

Rat liver phenylalanine hydroxylase contains one atom of iron per subunit. The iron is essential for
catalytic activity «Parniak and Kaufman, 1981; Fisher et al., 1972,. The Fe3* atom sits in a crevice 10 A
below the surface of the protein on the floor of the active center. It is coordinated to residues H285 and
H290 and one oxygen atom in residue E330 *Erlandsen and Stevens, 1999,. Through the use of
site-directed mutagenesis, the two equivalent histidine residues in rat phenylalanine hydroxylase had
been shown previously to be necessary for iron binding *Gibbs et al., 1993,. A close-up of the active site
surrounding the iron also showed three water molecules liganded to the iron «Erlandsen and Stevens,
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1999,. The advent of the structural information described earlier «Erlandsen and Stevens, 1999,, coupled
with x-ray absorption spectroscopy *Wasinger et al., 2002, and hybrid density functional theory sBassan et
al., 2003,, has yielded insights into the role of iron in the mechanism of action of PAH. When both
substrate and cofactor are bound, water is lost from the ferrous active site of the enzyme. This opens a
coordination center in the ironell, center for the reaction with O, to generate an active intermediate for the

direct, coupled hydroxylation of the cosubstrates.

Some PKU mutations are associated with residues in the region of the iron at the active site, i.e., T278,
E280, P281, and F331. Single-point mutations in the PAH gene, not including silent and missense
mutations, have been mapped onto the protein *Erlandsen and Stevens, 1999,. The effects of these
mutations, which can range from mild to severe HPA phenotypes, now can be interpreted in the context of
their effects on the structure/conformation of the resulting protein. Four cofactor-binding regions have
been identified in the vicinity of the active-site iron *Erlandsen and Stevens, 2001,. Some residues
adjacent to cofactor-binding motifs are also associated with mutations resulting in recently discovered mild
or variant forms of HPA that are responsive to BH, *Kure et al., 1999,.

More recently, it has been observed *Miranda et al., 2005, that Tyr325 in human PAH appears to have an
important role in ensuring stoichiometric binding of iron, correct geometry of the complexes with substrate
and cofactor, and a favorable coupling efficiency of the PAH reaction. That amino acid residue also
appears to be important for the correct cooperative regulation by L-phenylalanine.

Two mutations together account for almost 50 percent of PKU patients in the northern European
population; they are both in the C-terminal end of the catalytic domain. The splice defect allele

*lV12nt1g® a, deletes exon 12 «Marvit et al., 1987, and interferes with tetramer formation; when

expressed in COS cells, the allele is a null, mainly owing to instability of the protein *DiLella et al., 1987;
Waters et al., 2000,. The other common mutation, R408W, is located at the start of the tetramerization
helix; replacement of the arginine by the larger tryptophan residue could interfere with proper folding of the
tetramer. When expressed in COS cells, it has less than 1 percent wild-type activity DiLella et al., 1987;
Waters et al., 1998,, the level of immunoreactive phenylalanine hydroxylase is comparably low, and the
low activity results from protein instability, at least when expressed in COS cells «Okano et al., 1991;
Waters et al., 1998,.

Regulation of Phenylalanine Hydroxylase

Human liver PAH and rat liver PAH have some significant differences in their regulated properties, and the
following should be read with this in mind. Since PAH catalyzes the rate-limiting step in the major pathway
by which phenylalanine is catabolized to CO, and water and thus has the highest sensitivity coefficient

eKacser and Burns, 1981, for metabolic runout of phenylalanine esee Fig. 77-2,, it is a likely site for
regulation of phenylalanine homeostasis *Milstien and Kaufman, 1975,. The enzyme can play this role
because its catalytic activity is exquisitely sensitive to changes in concentrations of its substrate,
phenylalanine. This sensitivity ensures that exposure of tissues to high levels of phenylalanine will be kept
to a minimum, and it also ensures that the hydroxylase-catalyzed conversion of phenylalanine to tyrosine
will not lead to depletion of phenylalanine to the point where normal protein synthesis is compromised.

This delicate balance is accomplished by a synergistic interaction between two types of regulating
mechanisms: activation by phenylalanine and activation/deactivation by
phosphorylation/dephosphorylation. Together they accommodate short-term regulation of PAH activity.
These mechanisms enable a more responsive coupling between hydroxylase activity and tissue levels of
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phenylalanine than could be achieved by an enzyme having simple Michaelis-Menten kinetics. The
Michaelis-Menten relationship describes a rectangular hyperbolic response in the initial velocity to
variation in substrate concentration; it shows that activity of the enzyme is geared to availability of
substrate. While it may constitute an adequate regulatory mechanism at substrate concentrations at or
below K, values, it is a relatively insensitive coupling device at higher substrate concentrations.

Regulation by substrate and cofactor

The first evidence for short-term regulation of rat liver PAH was the 20- to 30-fold increase in the

BH 4-dependent activity on brief exposure to a phospholipid such as lysolecithin ¢Fisher and Kaufman,
1972, 1973,; by contrast, activity of the enzyme in the presence of DMPH,4, a synthetic pterin cofactor,

was only slightly increased by lysolecithin treatment «Fisher and Kaufman, 1972,. The sigmoid relationship
between initial velocity and phenylalanine concentration in the presence of BH, changed to hyperbolic
with lysolecithin ¢Fisher and Kaufman, 1972, 1973,. Diverse treatments of PAH such as limited proteolysis
eFisher and Kaufman, 1973, and alkylation of a single sulfthydryl group *Parniak and Kaufman, 1981, also
markedly increased the BH 4-dependent hydroxylase activity. In the presence of BH,, PAH is

predominantly in a low-activity form, expressing only 3 to 5 percent of its potential activity.

Although there is no evidence to indicate that any of the aforementioned modes of activation are of
physiologic significance, they delineate some of the characteristics of the activated hydroxylase. Activation
by substrate is probably involved in acute physiologic regulation of PAH, a process discovered first when
6-MPH, was used to assay the enzyme *Nielsen, 1969, and then when BH,, the natural cofactor, was
used *Kaufman, 1970,. This activation process was further investigated later «Phillips and Kaufman, 1984;
Shiman and Gray, 1980,. In the presence of BH,, the results of these studies can be accommodated by a
single model that depicts PAH in equilibrium between a low-activity conformation E and an active
conformation E¢ePhillips and Kaufman, 1984,:

[IMAGE]

[IMAGE]

According to this formulation, the E¢conformation of PAH can be stabilized by the binding of
phenylalanine to a regulatory site, whereas the E conformation can be stabilized by the binding of BH4 in
the absence of or prior to phenylalanine binding. In contrast to the natural coenzyme BH,4, synthetic
analogues such as DMPH, are not effective in pushing the equilibrium in the direction of E; hence more of
the enzyme would exist as E¢

The preceding model assumes that there is a second site distinct from the catalytic site that binds
phenylalanine, which, when occupied, leads to activation. Phenylalanine increases the binding of PAH to
a hydrophobic matrix «Shiman et al., 1979,, and it changes the fluorescence of the enzyme «Phillips et al.,
1984,. These observations support the model because they imply that phenylalanine changes the
conformation of the enzyme. The amount of phenylalanine bound by rat liver hydroxylase is 1.5 mol
phenylalanine per 1 mol PAH subunit sParniak and Kaufman, 1981,; this finding provides direct
experimental support for the existence of a second phenylalanine-binding site.
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Studies of the inactivation of rat liver phenylalanine hydroxylase by bombarding it with high-energy
electrons have provided additional structural details about how the pterin cofactor and phenylalanine
interact to regulate the activity of the enzyme. From the loss of activity as a function of radiation dose, it
was shown that the target size or minimum mass necessary for the 6-MPH 4-dependent activity is the

dimer, with radiation causing physical destruction of one monomer at a time. By contrast, low doses of
irradiation actually increase the BH ,-dependent activity; this phase is followed by a decrease in activity at

higher doses, with the target size again corresponding to a dimer. The results with BH, support the

important conclusion that this pterin inhibits or inactivates tetramers but not dimers and that a radiation hit
in any part of the tetramer relieves the inhibition, resulting in activation at low doses of radiation ¢Davis et
al., 1996,.

Parallel studies of the radiation-induced loss of the phenylalanine-activated hydroxylase indicate that
phenylalanine increases the interactions between the subunits in a dimer and weakens the interactions
between dimers in a tetramer. Furthermore, pretreatment of the enzyme with phenylalanine prevents the
increase in BH,-dependent activity seen at low doses of radiation, which appears to require a tetrameric

structure. Phenylalanine activation, therefore, appears to be due in part to its ability to remove the
BH4-mediated inhibition of the activity of tetramers «Davis et al., 1997,.

In relation to substrate activation and negative regulation by the cofactor, binding parameters and the
conformational states of the enzyme have been studied using isothermal titration calorimetry <Pey et al.,
2004; Pey and Martinez, 2005, and molecdular dynamic simulations *Teigen et al., 2003, 2004,. These
studies have thrown further light on the conformation of the N-terminal autoregulatory region in the
presence and absence of phenylalanine and on the inhibition caused by specific interactions of the
dihydroxypropy! side chain of the cofactor *see Fig. 77-9,.

Regulation by phosphorylation/dephosphorylation of subunits

Activity of the hydroxylase is increased severalfold by phosphorylation, a reaction catalyzed by
cAMP-dependent kinase *Abita et al., 1976,. Activation by phosphorylation is fully expressed when the
enzyme is assayed in the presence of BH, but not in the presence of DMPH, or 6-MPH 4. Activation is

accompanied by the incorporation of about 0.70 mol inorganic phosphate per subunit M, = 50,000.

Because less than stoichiometric amounts of phosphate are incorporated into the pure hydroxylase in
vitro, it seems likely that PAH isolated from rat liver is already partially phosphorylated, and indeed, five
different preparations of the native enzyme had an average of 0.31 mol erange 0.23+0.42 mol, phosphate
per 1 mol of subunit M, = 50,000. The phosphorylated form of human hepatic PAH is recognized by a

monoclonal antibody, and this reagent was used to show that binding of antibody correlates closely with
the phosphorylation state of PAH in crude cell extracts from rat liver «Green et al., 1990,. It also was
shown that dibutyryl cCAMP stimulates phosphorylation of PAH in isolated rat kidney tubules.

The amino acid sequence at the serine [32P]phosphorylation site of rat liver phenylalanine hydroxylase is
SRK[32P]SNFGQQ *Wretborn et al., 1980,. The amount of this peptide is at least twice that calculated
from the radioactivity of the sample, implying that it contains a substantial amount of endogenous
phosphate. The finding provides independent evidence that hepatic PAH, in untreated rats, is a mixture of
phosphorylated and nonphosphorylated forms. It also provides an explanation for an earlier claim
*Barranger et al., 1972, that rat PAH exists as three isozymes edesignated pi, kappa, and upsilon,.
Chemical analysis showed that the preparation contained different amounts of protein-bound phosphate,
with the predominant form corresponding to the monophosphorylated tetramer M, = 200,000, and the

second most prevalent form corresponding to the diphosphorylated tetramer sDonlon and Kaufman,
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1980,. The catalytic properties of the two forms of PAH were fully consistent with their states of
phosphorylation: Relative PAH activity «in the presence of BH,4, was higher for the diphosphorylated

tetrameric form than for the monophosphorylated species. These results indicate that the major, if not the
sole, structural determinant for elution time of different forms of PAH on a calcium phosphate column «the
method used for isolation of these multiple forms, is the amount of protein-bound phosphate in PAH.
Phosphoprotein phosphatase 2A catalyzes the dephosphorylation of rat hepatic PAH ¢Ingebritsen and
Cohen, 1983; Jedlicki et al., 1977,.

Activation of rat liver PAH by phosphorylation has physiologic significance. Glucagon causes fourfold
activation of rat hepatic PAH in vivo «Donlon and Kaufman, 1978, and in vitro *Abita et al., 1980,. The
effect is rapid and transient, it involves phosphorylation «Carr and Pogson, 1981; Donlon and Kaufman,
1978; Garrison and Wagner, 1982,, and it can be elicited by repeat injections, implying that decay of the
activated state is not due to proteolytic degradation of the hydroxylase. The effect of glucagon is
detectable when PAH is assayed in the presence of BH, but not in the presence of synthetic cofactor

analogues such as DMPHy,.

Glucagon and insulin have broadly opposing metabolic effects in vivo. Insulin depletion increases in situ
phenylalanine hydroxylation activity in rats «Santana et al., 1985,. Addition of glucagon to hepatocytes
from diabetic rats further stimulates this elevated activity «Carr and Pogson, 1981,. These results were
confirmed in studies of PAH activity in liver extracts from rats 3 days after the onset of diabetes «Donlon
and Beirne, 1982,; PAH appeared to be more highly phosphorylated in diabetic livers. The diabetic state
increases not only the BH,-dependent PAH activity but also the DMPH 4 -dependent «and

6-MPH ,-dependent, activity. The increased PAH activity seen in diabetic rats is due not only to an

increased degree of phosphorylation but also to an increased amount of hydroxylase protein «Guerin et
al., 1968,.

Studies in cultured cells elucidate further the multiple forms of PAH. Normal adult rat liver contains
different forms of PAH in different states of phosphorylation «Donlon and Kaufman, 1977, 1978,, with
different isoelectric points *Tourian et al., 1975,. The form corresponding to half-phosphorylated
tetramersx, designated form Il eDonlon and Kaufman 1977, 1980,, has an isoelectric point of 5.60; form Il
is the most and form | the least prevalent. H, hepatoma cells contain a single form of the hydroxylase
*Miller and Shiman, 1976; Tourian, 1976, that is similar in its behavior to the half-phosphorylated
tetramers. By immunochemical criteria, the single species of PAH in hepatoma cells is distinct from the
three forms present in normal adult rat liver and the single form in rat kidney «Tourian, 1976; Tourian et al.,
1975,. Treatment of hepatoma cells with hydrocortisone selectively "induces" the expression of the two
forms that are present in adult liver but missing in hepatoma cells «Miller and Shiman, 1976,; i.e., the
pattern after hydrocortisone treatment of cultured cells is similar to that in rat liver. The notion that
hydrocortisone induced the expression of different hydroxylase isozymes is not relevant because the
so-called isozymes <Barranger et al., 1972, differ only in their states of phosphorylation sDonlon and
Kaufman, 1980,. The hydrocortisone effect is a complex one involving some kind of posttranslational
modification of the enzyme, in addition to its effect on the amount of the enzyme in the cells.

Effect of ligands on PAH

Phenylalanine and BH 4 have opposite effects on the rate of phosphorylation and activation of purified rat
liver PAH. Significant concentrations of the naturally occurring 6-R diasterecisomer of BH, ¢6+8 UM,

inhibit phosphorylation and activation by 80 percent, whereas 200 uM L-phenylalanine stimulates both
processes to a modest extent; phenylalanine can completely overcome the inhibition caused by BH4

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. -50 - Any use is subject to the Terms of Use on www.ommbid.com.



Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

«Phillips and Kaufman, 1984,. Inhibition of phosphorylation is quite specific for the 6-R diastereoisomer of
BH4; relatively large concentrations of 6-MPH,4 or DMPH,4 do not inhibit it eDoskeland et al., 1984; Phillips
and Kaufman, 1984,. The phosphorylated PAH requires less phenylalanine to be activated than does the
nonphosphorylated form «Doskeland et al., 1984; Shiman et al., 1982,: 29 and 51 uM phenylalanine were
required to obtain half-maximal activation of the phosphorylated and nonphosphorylated forms,
respectively. These findings are again consistent with the notion that the enzyme exists as an equilibrium
mixture of high-E¢activity and low-E-activity conformations. Inhibition of phosphorylation in the presence
of BH,4 and stimulation in the presence of phenylalanine imply that the active form of PAH *E( is a better

substrate for phosphorylation than the low-activity form <E,.

It seems likely that the opposing effects of BH, and phenylalanine on direct activation of the enzyme and

on kinase-mediated activation are a dominant feature of the physiologic regulation of hepatic PAH. In the
case of the kinase reaction, the effect of BH, could be to limit the extent of phosphorylation, and thus

activation, when the levels of hepatic phenylalanine are very low and high hydroxylase activity is not
required. This would be true under basal conditions. Higher concentrations of phenylalanine then would
be able to overcome the inhibitory effect of BH,4, allowing an increase in the extent of phosphorylation and

activation of the hydroxylase when the organism needs higher hydroxylase activity to catabolize excess
phenylalanine. This inhibitory effect of BH, then would serve to protect against depletion of the

organism's pool of phenylalanine below essential levels.

Activation of PAH by phosphorylation and phenylalanine are probably synergistic modes of regulation.
Phosphorylation sand activation, by cAMP-dependent protein kinase is stimulated by phenylalanine
*Doskeland et al., 1984; Phillips and Kaufman, 1984,, whereas phosphorylation sensitizes the enzyme to
activation by phenylalanine «Carr and Pogson, 1981; Doskeland et al., 1984; Shiman, 1980,. A useful
adaptive consequence of these interlocking control mechanisms is enhanced responsiveness of PAH
activity to altered levels of phenylalanine.

Pancreatic glucagon secretion is stimulated by protein feeding «Muller et al., 1970,. Blood glucagon
increases in association with the postprandial rise in blood amino acids, and amino acids are potent
stimulators of pancreatic glucagon release «Guttler et al., 1978; Rocha et al., 1972,. Since glucagon
activates hepatic adenylate cyclase with an increase in hepatic cAMP levels, it follows that activation of
cAMP-dependent protein kinase and phosphorylation-mediated activation of PAH will attend protein
feeding. A consequence of this regulatory response to a postprandial rise of blood phenylalanine is
accelerated catabolism of the amino acid to maintain homeostasis. Since phenylalanine is also a
glycogenic amino acid ssee Fig. 77-2,, activation of phenylalanine hydroxylase also may be geared to
increased gluconeogenesis. This limb of the regulatory process would be coupled to the blood glucose
level. A fall in blood glucose would increase glucagon release and suppress insulin release, resulting in
phosphorylation-mediated activation of PAH with a resulting gluconeogenic effect.

Dihydropteridine Reductase

*This enzyme and its role in BH, metabolism are discussed in more detail in Chap. 78., DHPR, an

essential dimeric enzyme in the hydroxylating systems for phenylalanine, tyrosine, and tryptophan <Fig.
77-11,, is widely distributed in animal tissues «Craine et al., 1972,. Whereas its occurrence in brain and
adrenal medulla is not surprising in view of its role in the tyrosine hydroxylation system in these tissues
and in the tryptophan hydroxylation system in brain, why DHPR should be found in tissues such as heart
and lung, which have little or no aromatic amino acid hydroxylating activity, is obscure. Its wide tissue
distribution, together with BH,4, hints at undiscovered roles for both BH, and DHPR. For example, BH, is
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the cofactor for nitric oxide synthase *Tayeh and Marletta, 1989,, an important enzyme active in lung, and
recycling of BH, may be required there ssee Chap. 78,. In addition to its role in regenerating BH,, it has
been proposed that DHPR plays an ancillary role stogether with dihydrofolate reductase, in brain to keep
folate in the tetrahydro form <Pollock and Kaufman, 1978,. DHPR deficiency is a cause of human HPA
eKaufman et al., 1975a,, so it should be considered in the diagnostic investigation and treatment adapted
accordingly ssee Chap. 78,.

Biosynthesis of BH,4

*This topic and its relevance to HPA are described in further detail in Chap. 78., The cofactor function of
BH, in the hydroxylation reaction with aromatic amino acids is related to its ability to reduce molecular

oxygen; BH,4 provides electrons and, in turn, is oxidized to qBH, *Kaufman, 1971, 1997,. The
consumption of BH, is stoichiometric during hydroxylation of substrate. Whereas the DHPR-catalyzed
reaction regenerates ¢recycles, BH, from gBH, moment by moment, so the cofactor functions
catalytically, the steady state of BH, ultimately depends on biosynthesis from precursors. Its fundamental

role in cellular biochemistry and pathogenesis of disease is a large topic *Kaufman, 1997; Thony et al.,
2000; Werner-Felmayer et al., 2002,; its specific relevance to the human HPAs is the subject of Chap. 78.

As outlined earlier, a dominant theme in the acute regulation of phenylalanine hydroxylase is the balance
between the activating effect of phenylalanine and the deactivating effect of BH,. A variation of this theme

also operates to regulate the mammalian biosynthesis of BH,4 and explains how phenylalanine itself
controls the synthesis of BH, through a regulatory protein that interacts with guanosine triphosphate
cyclohydrolase GTP-CH,. All three genes involved in the de novo biosynthesis pathway yielding BH4

have been cloned, sequenced, and mapped to chromosomes. There is evidence that elevated amounts of
the end products of hydroxylase-dependent tryptophan and tyrosine pathways downregulate BH 4

synthesis.

PHENOTYPIC EFFECTS OF PAH MUTATIONS

Comment

A disease-causing PAH mutation has a measured effect at three levels of the phenotypic components that
compose the "phenome": «1, at the enzyme levelZzon enzyme integrity and function «a proximal

level,Zand +2, at the nonenzymic levelszea, on phenylalanine homeostasis and thus on its concentration

in body fluids sthe intermediate level, and <b, on the brain, its function, and cognitive development «a distal
level,. The likelihood that categorical genotype-phenotype correlations can be found at all phenotype
levels of this autosomal recessive trait is confounded by the extent of allelic heterogeneity, the complexity
in the buffering that results in phenylalanine homeostasis, and the fact that the distal phenotype *IQ, is
itself a complex trait «Scriver and Waters, 1999,. We discuss the relationships first at the most proximal
level sPAH enzyme,, then at the most distal level sbrain,, and finally at the intermediate level, where
phenylalanine appears to be the mediator between a mutant PAH genotype and its association with
hazard to cognitive development and function. A better understanding of the related phenome <Freimer
and Sabatti, 2003, and how it can be perturbed is necessary to understand fully the disease called PKU.
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Effect of PAH mutation on enzymic <hydroxylating, function

The effect of PAH mutations on PAH protein function can be assessed either directly or indirectly by three
quite different approaches: +1, by enzyme assay on a tissue biopsy sample in vitro, *2, by an isotopic
method in vivo, and *3, by gene expression analysis in vitro. The first two methods measure the effect of
mutant genotype sas homoallelic or heteroallelic forms of homozygosity or in the heterozygote, on
enzymatic function in patients, whereas the third measures the effect of a particular allele placed in a
recombinant gene construct on homopolymeric PAH senzyme, activity.

Hepatic Enzyme Activity in Biopsy Samples

Several early studies using the relatively crude assay of the day identified deficient enzymatic activity by
direct assay on liver samples from PKU patients sMitoma et al., 1957; Udenfriend and Bessman, 1953;
Wallace et al., 1957,. Corroboration with more refined assays followed *Choo et al., 1979; Cotton, 1977;
Kaufman, 1958,. These and other studies identified cross-reacting material *CRM+ and CRMe, hepatic
enzyme phenotypes in PKU «Bartholomé and Dresel, 1982; Choo et al., 1979, 1980; Yamashita et al.,
1985,. Very low enzyme activity with apparently normal affinity for substrate also was observed «Friedman
et al., 1973, 1972b,. The largest single study of hepatic PAH enzyme activity *Bartholomé et al., 1975,
used a reliable assay on liver biopsy material obtained from a group of very well-monitored patients with
HPA; patients with typical PKU had less than 1 percent normal activity, whereas those with non-PKU HPA
had more enzymatic activity, usually more than 5 percent of normal <Fig. 77-12,. This particular study also
showed that impaired hydroxylating activity and primary deficiency of PAH enzyme integrity are not
synonymous; some patients who had HPA in vivo and yet had "intact" phenylalanine hydroxylating activity
in vitro actually had a primary disorder of BH, cofactor metabolism <Bartholomé et al., 1975,. Another
variant of deficient PAH enzyme activity owing to mutation at the PAH locus, noteworthy because it is
BH4-responsive, has been discovered. In this form, a primary PAH gene allele alters PAH protein in some

way that is correctible with pharmacologic doses of BH, in vivo swww.pahdb.mcgill.ca; see the section on
BH 4-responsive HPA below,.
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Measured activity of phenylalanine hydroxylase enzyme. Top: In vitro on hepatic needle-biopsy material
eleft,, in vivo by isotope infusion eright,. Bottom: Measured in vivo by ingestion of isotope and analysis of
expired 13CO2. The in vivo data «top, were obtained by infusion of heptadeuterated phenylalanine
followed by measurement of the rate of tyrosine labeling at steady state. The in vivo assay in the bottom
figure measures cumulative expired 13CO2 for 80 min after ingestion of a tracer dose of
L-[1-13C]phenylalanine; propositi in this study were persons with phenylketonuria, variant PKU, and
non-PKU HPA and the corresponding heterozygotes of known genotype eindicated on abscissa,. The
figure is a composite of data from three sources <Bartholomé et al., 1975; Trefz et al., 1981; Treacy et al.,
1997,.

Interindividual variation in hepatic enzyme activity in PKU patients <Bartholomé et al., 1975, has been
attributed largely to allelic heterogeneity «Bartholomé et al., 1984,. The issue of PAH allelism and possible
allelic interaction, usually of negative type, at the polypeptide level came to prominence in several studies.
For example, propositi with non-PKU HPA had in vitro hepatic enzyme activity approximately 5 percent of
normal, and their parents had activity approximately 3 percent of normal smean 6 subjects,, which in the
latter is a level much lower than the expected half-normal value for heterozygotes «Kaufman et al., 1975b,.
Some obligate heterozygotes for the PKU phenotype again had enzyme activity well below expectation
«14+44 percent of normal, «Bartholomé, 1979; Bartholomé and Dresel, 1982; Grimm et al., 1977,. The
deviant gene-dose effects in vitro seen in these subjects imply negative cooperativity at the subunit level
of PAH enzyme, perhaps a dominant negative mutation effect. Whether this unusual dose effect also
occurs in vivo is not yet known. Meanwhile, one must question why heterozygotes with low activity in vitro
would not have HPA and why patients with considerable activity in vitro nonetheless have HPA. One could
say that the HPA phenotype, a so-called Mendelian trait, has the attributes of a complex trait in vivo
«Scriver and Waters, 1999,; there is much yet to be learned about the buffering processes and the
boundary conditions for this or any other metabolic phenotype *Scriver, 2002; Strohman, 2002,.

Isotopic Studies in Vivo

Phenylalanine hydroxylating activity can be estimated by an indirect assay in vivo following intravenous
infusion of isotopically labeled substrate: The rate at which labeled phenylalanine is converted to tyrosine
is measured in plasma esee Fig. 77-12, «Clarke and Bier, 1982; Curtius et al., 1972; Lehmann et al., 1983;
Lehmann and Heinrich, 1985; Milstien and Kaufman, 1975; Trefz et al., 1978, 1981; Van Spronsen et al.,
1998,. Phenylalanine hydroxylating activity measured in this way is clearly deficient in the patient with a
PKU phenotype *Scriver, 1998a; Van Spronsen et al., 1998,. There was earlier conflicting evidence
*Thompson and Halliday, 1990, that now can be explained. The discrepancy between earlier and recent
findings is the subject of an editorial *Scriver, 1998a, accompanying a paper by van Spronsen and
colleagues +1998,. A reader *Scott C Denne, personal communication, September 11, 1998, of the
editorial and the article explained how a technical artifact accounts for the difference between earlier
findings and the new data. In the earlier paper sThompson and Halliday, 1990,, d,-tyrosine was used to

measure the tyrosine Ra, whereas van Spronsen used [13C]-labeled tyrosine. The different methods have
consequences for the background shift effect in the measurements by mass spectrometry. A larger
magnitude of background shift effect would account for essentially all the apparent phenylalanine
hydroxylation measured in the earlier study. Accordingly, the apparent flux through the hydroxylation
reaction reported in the earlier study was an artifact of method and measurement. In other studies, the
findings in vivo have been corroborated by direct measurements in vitro of hepatic enzyme activity in
biopsy material «Trefz et al., 1981,. The in vivo method itself is further validated by evidence for regulated
adaptation of PAH enzyme activity under physiologic conditions «Clarke and Bier, 1982,.
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Phenylalanine hydroxylating activity smore precisely, the oxidation rate, also can be assayed in vivo as a
flux through the whole pathway by a noninvasive approach where [1-14C] or [1-13C]-labeled
phenylalanine sLehmann et al., 1986; Treacy et al., 1997; Muntau et al., 2002, is ingested, and labeled
CO,, is measured in expired air. This approach has the virtue of simplicity. It shows the predicted

gene-dose effect esee Fig. 77-12,, it confirms by an independent approach that hydroxylating activity is
deficient in PKU patients, and it is sensitive enough to distinguish between the two phenotype classes
*PKU and non-PKU HPA phenotype, *Treacy et al., 1997,, although it is not sufficiently sensitive to
correlate a particular mutant genotype with phenotype within its major class.

Nonisotopic Studies in Vivo

A nonisotopic method that involves an oral load of phenylalanine <0.6 mmol/kg of body weight, and
several blood samples taken over 72 hours has been devised to assess PAH activity in vivo *Guldberg et
al., 1995,. Patients with genotypes predicted to harbor severe, intermediate, or mild PAH alleles manifest
corresponding PKU, variant PKU, and non-PKU HPA phenotypes in the rates at which they clear the load
from plasma. The observed rates were concordant with the clinical classification based on pretreatment
plasma phenylalanine values and daily diet phenylalanine tolerance «Guttler, 1980,. The method, of
course, measures all parameters of phenylalanine runout and not PAH enzyme activity alone; that is, it
measures both complex and Mendelian phenotypes.

In Vitro Expression Analysis

Yet another way to demonstrate the effect of PAH alleles on the corresponding hydroxylating activity is by
expression analysis in vitro. This method was used early in the study of PKU alleles to analyze the effect
of the human R408W allele «DilLella et al., 1987,. An expression vector [p91023¢B,] containing the mutant
PAH cDNA, created by site-directed mutagenesis, and a plasmid construct containing normal cDNA
sequence were separately transfected into cultured mammalian «COS, cells; PAH enzyme activity was
then assayed in the presence of synthetic cofactor «6-MPH,,. When related to wild-type activity, the

expression levels for R408W-mutant enzyme activity and for PAH immunoreactive protein were less than
1 percent, whereas they were 100 percent for mRNA. When the R408W allele was reanalyzed in a
different expression system in the presence of natural cofactor *BH,,, the original findings were

corroborated *Svensson et al., 1992,.

In a landmark study ¢Fig. 77-13,, the molecular basis of phenotype heterogeneity in PAH-deficient HPA
was analyzed for several different alleles by expression analysis in vitro, the results being correlated with
the metabolic phenotype in vivo «Okano et al., 1991,. PAH mutations, such as R408W, with a "severe"
effect on enzyme function in vitro were associated with a severe PKU phenotype in vivo, whereas
mutations with a "mild" effect in vitro conferred a corresponding phenotype in vivo.

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. - 56 - Any use is subject to the Terms of Use on www.ommbid.com.



Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

Relationships between predicted phenylalanine hydroxylase activity <by in vitro expression analysis, and
biochemical phenotypes in HPA patients. Least-squares analysis was used to calculate regressions, for
which equations and correlation coefficients are shown. «Top left, Relationship between predicted
phenylalanine hydroxylase activity and 1/pretreatment serum phenylalanine levels in Danish
phenylketonuria *PKU, patients sn = 51,. «Top right, Relationship between predicted phenylalanine
hydroxylase activity and 1/pretreatment serum phenylalanine levels in German PKU patients sn = 44,.
*Bottom left, Relationship between predicted phenylalanine hydroxylase activity and phenylalanine
tolerance at age 5 years in Danish PKU patients *n = 48,. Bottom right, Relationship between predicted
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phenylalanine hydroxylase activity and 1/serum phenylalanine 72 hoursafter an oral protein load at age 6
months in German PKU patients en = 23,. *From Okano et al., 1991. Used by permission.,

At the present time, many different human PAH mutations have been analyzed by expression analysis in
vitro esee table under the heading "IVE*Human" in www.pahdb.mcgill.ca,. The database also contains
information on 12 artificially created mutations in the human PAH nucleotide sequence *see table under
"IVE-Atrtificial”, and on 41 artificially created mutations in the rat Pah gene ssee table under "IVE*Rat",.
*There are search options on the home page of PAHdb: "IVEsHuman" is listed under user-defined
queries; the other two tables are under prequeried data. There is a link to "IVEsCommentary" where the
use and interpretation of the "IVEsHuman" table is described., The advantages and disadvantages of in
vitro expression analysis of the PAH gene in one or another of the available systems have been discussed
in detail sWaters, 2003; Waters et al., 1998,.

Data from expression analysis in vitro provide the evidence that PAH mutations actually alter protein
function; they document the severity of the mutation effect; and they help to describe the mechanism of
the effect. Mutations affecting protein integrity and function are grouped under four broad headings
*Flatmark et al., 1997,: <1, knockout or null alleles with undetectable activity, 2, alleles that specifically
affect the catalytic center and impair V ,ax, *3, alleles with a kinetic effect altering affinity K, for
substrate or cofactor, and 4, alleles mapping to regulatory, catalytic, or tetramerization domains that
affect folding of the protein, thus altering its stability and thereby increasing turnover and loss of the
protein. A fifth group has emergedzmissense alleles conferring BH,4 responsiveness that do not map to

BH4-binding residues *see below,.

About two thirds of phenotype-altering PAH mutations are predicted from the DNA sequence to be
missense alleles, where the substitution of one amino acid for another could affect folding and stability of
the protein. Numerous PAH mutations have been identified to have this latter effect «Gamez et al., 2000;
Pey et al., 2003; Waters et al., 1999; Waters et al., 2000,. A recent study <Pey et al., 2007, confirms that
decreased protein stability associated with missense mutations is the major molecular pathogenic
mechanism in PKU. Pey and colleagues studied the effect of PAH mutations by using the protein design
algorithm FoldX to predict the energetic impact on the PAH protein and its native-state stability. Eighty of
the missense mutations studied in their project had data for in vitro expression analysis in eukaryotic
systems, allowing comparison with the corresponding metabolic data. Pey and colleagues examined 238
other PAH mutations with the algorithm, leading to the conclusion that the residues encoded in exons 7, 8,
and 9 and in the interdomain regions of the protein play important structural roles and constitute hotspots
for destabilizing the enzyme. Pey and colleagues further considered the mechanism underying BH4
responsiveness, leading to the suggestion that in BH4- induced stabilization of PAH protein mutants with
mild stability defects, response to BH, occurs when the latter molecule acts as a chemical/pharmacologic
chaperone, thus interpreting earlier observations on the therapeutic effect of BH, on the phenotype

Muntau et al., 2002; Erlandsen et al., 2004,. Additional studies using a yeast two-hybrid system to
analyze mutations mapping to the regulatory domain detected subtle aberrations in PAH enzyme
oligomerization suggestive of a dominant negative-like effect on interactions between mutant and
wild-type subunits in the tetrameric enzyme *Waters et al., 2001,.

Very few disease-causing PAH alleles directly affect kinetic behavior and specific activity of the enzyme;
examples include D143G in one study *Knappskog et al., 1996b, and Y277D and E280K in another <Pey
et al., 2003,. Some mutations have a combined effect on protein folding and on binding of substrate or
cofactor «Gjetting et al., 2001a; Leandro et al., 2000,.
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Artificial alleles in the homologous rat PAH gene have been analyzed by expression analysis in vitro.
Replacement of serine 16, a phosphorylation site, by anion residues *E16 or D16, activates the enzyme
constitutively eKowlessur et al., 1995,. The P281L allele increases the K, value for phenylalanine
*Quinsey et al., 1996,, whereas various substitutions of the E286 residue alter pterin binding and function
«Dickson et al., 1994,. Removal of the C-terminal domain of the rat enzyme subunit reduces enzymic
activity <Hufton et al., 1998,. An artificial rat mutation <L448A, with the potential to disrupt a leucine
zipper/coiled-coil domain affects assembly of dimers into tetramers <Hufton et al., 1998,. Accordingly, it is
of interest that the disease-causing human mutation A447D affects a residue adjacent to L448 «Guldberg
et al., 1996a,. Further studies of the rat gene indicate that residues 16 to 26 in the regulatory domain of
the PAH enzyme subunit are critical for a regulatory effect involving interaction with the natural BH,4

cofactor *Wang et al., 2001,. The rat S29C allele increases enzyme activity fourfold. The human enzyme
has cysteine at this position, and this difference between rat and human enzymes might explain the
different regulatory properties of rat and human enzyme «Wang et al., 2001,. In the catalytic domain, the
S249 residue appears to facilitate critical interaction between the amino group of phenylalanine and the
enzyme <Jennings et al., 2000,.

"Virtual* Molecular Modeling ein Silico,

The crystal structures of the catalytic domain and the regulatory domain *N-terminal region, of human
PAH enzyme residues 118424, have been resolved at 2.0 A and provide the first structural view of how
mutations occurring in exons of the gene could affect protein integrity *Erlandsen et al., 1997b, 2000;
Erlandsen and Stevens, 1999; Flatmark and Stevens, 1999; Fusetti et al., 1998,. The truncated enzyme
crystallizes as a homotetramer, with each monomer containing a catalytic domain and a tetramerization
domain *Fusetti et al., 1998,. The latter functions as a domain-swapping arm that interacts with the other
monomers to form an antiparallel coiled-coil. R408W, the most prevalent of all PKU-causing alleles,
affects the highly conserved arginine position on the hinge loop connecting the tetramerization arm to the
core of the monomer; R408 also forms a hydrogen bond with the main chain carbamyl of L308, A309, and
L311 «Fusetti et al., 1998,. Mutations affecting the three latter residues all cause PKU. Replacement of
R408 by tryptophan severely disrupts alignment of the arms; replacement by glutamine would be less
disruptive, and the R408Q allele is indeed associated with milder forms of HPA in patients «Kayaalp et al.,
1997, and with considerable enzyme activity by expression analysis in vitro Waters et al., 1998,.

A supplement describes in great detail the putative mechanisms by which missense alleles affecting
amino acid residues could affect PAH protein integrity and function esee Supplement: "Structural Studies
of Phenylalanine Hydroxylase Enzyme," by Erlandsen and Stevens ¢ Prisc, please check spelling,,.

Effects of PAH mutation on nonenzymic phenotypes

Comment

Despite limitations in translating data from analysis of PAH alleles in vitro into the clinical equivalent,
broad correlations do exist between predicted PAH enzyme activity in vivo and either the metabolic
phenotype eplasma phenylalanine level, clearance after loading, and dietary tolerance, *Eiken et al.,
1996c¢; Eisensmith and Woo, 1995; Guldberg et al., 1995; Okano et al., 1991; Svensson et al., 1993, or
the 1Q score attained in a patient *Di Silvestre et al., 1991; Giittler et al., 1993; Ramus et al., 1993; Trefz
et al., 1993,. Yet problematic and interesting deviations from that predicted have been noted sLangenbeck
et al., 1988, in the observed phenotype in untreated PKU patients.
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Discordant correlations between genotype and eclinical, phenotype should not be a surprise because they
are readily apparent in patients with "monogenic" diseases *Romeo and McKusick, 1994; Summers,
1996,, diseases in which phenotype is accountable to more than penetrant alleles at a major locus
eScriver, 2002; Scriver and Waters, 1999,.

One can ask either of two questions and expect the answers to be still largely hidden: Can one predict
phenotype from genotype? Can one predict genotype from phenotype? Interpretations of discrepancies
tend to focus on possible modifiers of phenotype in single-gene disorders; the modifiers include boundary
conditions, stochastic and environmental variation, and genetic factors. Among the latter may be allelic
variation «in the same gene; so-called malleable genotypes, and postzygotic mutation. Modifier genes
may produce their effects by direct interaction with the major gene, by modulating interactions between
proteins, by effects on alternative pathways or parallel systems, or by more distant effects, all of which
tend to shift our view from the simple highly penetrant Mendelian trait to the biological reality that most
phenotypes are in fact complex traits *Nakai et al., 2003; Scriver and Waters, 1999; Summers, 1996,. In
brief, no genetic disease is uninfluenced by other genes sLander and Schork, 1994,. A careful study of
phenotypes in PKU and non-PKU HPA will show that the same mutant genotype is not necessarily
associated with an identical phenotype in different individuals. For clinical purposes, treat the actual
phenotype, not that predicted from genotype «Scriver, 2002,.

Effect on IQ and brain function

Penrose #1946/1998, knew that untreated siblings with PKU could attain quite different levels of cognitive
development. Discrepancies between a particular PAH genotype and the predicted effect on
phenylalanine metabolismzand thus on the IQ score in an individual untreated PKU patientszwere
"rediscovered" many years later and observed both within and between families +Di Silvestre et al., 1991;
Guttler et al., 1993; Koch et al., 1997; Langenbeck et al., 1988; Ramus et al., 1993; Trefz et al., 1993,
*Fig. 77-14,. Since 1Q must be one of the most complex of complex human traits, it is perhaps surprising
that any correlation, even a weak one, between IQ score and genotype at the solitary PAH locus should
be found. It does imply that the mutant genotype is a principal determinant of the metabolic phenotype
*Benit et al., 1999, that, in turn, affects cognitive phenotype.
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IQ impairment classified as severe, moderate, or mild from 1Q scores in untreated phenylketonuria *PKU,
adults is related to mutant human phenylalanine hydroxylase *PAH, activity as predicted from genotype.
Filled circles are data for singletons. Open circles with joining lines are siblings. Mutation data for "sibs
with shared genotype" are incomplete, and enzymic activity could not be predicted. Nonetheless, in this
series, the untreated PKU sibs, with the same sunknown, genotype, have different cognitive phenotypes.
*Adapted from data by Ramus et al., 1993,

There is broad concordance: PAH alleles with a "severe effect in vitro" are likely to cause PKU with low 1Q
scores in the untreated state, whereas mild PAH alleles are likely to cause non-PKU HPA with higher 1Q
scores. A correlation further exists between predicted severity of an allele, the metabolic phenotype, and
findings by noninvasive magnetic resonance imaging *MRI, in brain sWalter et al., 1993,. All this we know,
and it implies that one mediator of the genotypic effect on cognitive development and brain function is
likely to be the phenylalanine level itself in body fluids *Ramus et al., 1993,: The level, on average, is
higher in PKU than in non-PKU HPA patients. But something other than the PAH genotype and its effect
on the metabolic sphenylalanine, phenotype now can be taken into account.

Blood-Brain Barrier: Modifier of Phenotype

Noninvasive in vivo 1H-magnetic resonance spectroscopy *MRS, has been used sWeglage et al., 1998a,
to measure free phenylalanine concentrations in brain in four untreated adult patients with classic PKU
egenotypes unknown,, all with similar plasma phenylalanine values in a similar range ¢1200+1500 pM,. Of
the four patients, two were retarded and had severe abnormalities of brain myelin, as revealed by MRI,
whereas two had normal 1Q scores and minimal myelin abnormalities. The former «low-1Q, pair had high
brain phenylalanine levels 650 and 670 uM,, whereas the latter snormal-IQ, pair had brain phenylalanine
levels below detectability. In a second study *Weglage et al., 1998b, using similar analytic techniques, the
same group evaluated two siblings with the homoallelic R408W genotype, poor treatment compliance,
similar high blood phenylalanine levels [yet different WAIS-R 1Q scores *90 and 77,], and different degrees
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of brain white matter change detected by MRI,. After a standard-load test, the sibling with the higher 1Q
and less severe MRI signs accumulated less phenylalanine in brain and cleared it more quickly over 40
hours than did the sibling with the more severe phenotype. A third study *Moller et al., 1998, in 11 typical
PKU patients and 3 untreated adult PKU patients with normal intelligence corroborated the findings under
both static and kinetic conditions. These important observations are further corroborated by independent
observations *Moats et al., 1999,.

Whether impaired flux of phenylalanine from plasma into brain «on an L-type carrier for large neutral
amino acids, is a significant explanation for discordance between a "brain phenotype" and a "plasma
phenylalanine phenotype" in phenylketonuria has become a topic for debate. Whereas it could be seen as
a variant adaptive biologic mechanism to explain a favorable discordance snormal IQ outcome in
untreated classic PKU,, it seems unlikely that modest and putative physiologic variations in the
blood-brain barrier BBB, flux of phenylalanine s*Weglage et al., 2002, play a significant role in the
interindividual variations in outcome of 1Q values in treated PKU patients <Pietz et al., 2002; Rupp et al.,
2001,. There is also a cautionary tale to tell about the rigor of the quantitative measurements by MRS of
brain free phenylalanine concentrations and the associated blood-brain amino acid ratio *Kreis, 2000,. On
the other hand, there can be little doubt that phenylalanine has access to the brain compartment on a
mediated saturable membrane transport process and that its flux on this L-type amino acid carrier can be
modified in the presence of other substrates such as the branched-chain amino acids that share the
carrier «Pietz et al., 1999; Koch et al., 2003,.

The findings imply that rare and extreme outlier interindividual variation in brain phenylalanine transport is
another factor to explain interindividual differences in IQ scores in PKU sWeglage et al., 1998a,.
Phenylalanine transport from blood to cellular organ is a mediated and complex process *see the section
"Pathogenesis: Metabolic Phenotypes and Neurotoxicity” below,. A transport component from blood
across the hepatic cell plasma membrane has been shown elsewhere to be a significant component in
whole-body phenylalanine homeostasis <Salter et al., 1986,. Transporter genes, like enzyme genes, are
subject to allelic variation. Perhaps spolymorphic, allelic variation in a <high-K,,, brain phenylalanine
transporter is a modifier of PKU-causing PAH genotypes. The NMR observations in vivo are preliminary,
but their importance is obvious, and they must be further confirmed.

Effect on Phenylalanine Homeostasis

One of the early analyses of correlations between mental and biochemical phenotypes in untreated PKU
eLangenbeck et al., 1988, suggested that modifiers must be involved to explain a discordant
genotype-phenotype relationship. Treacy and colleagues ¢1996, have shown, by isotope tracer analysis in
two siblings with PKU of known mutant PAH genotype *R408W/I65T,, that significant differences in
metabolic runout of phenylalanine, to form the minor metabolites spathway 3B in Fig. 77-2,, have a
modifier effect that accounts for consistent and significant differences in dietary phenylalanine tolerances
and in the metabolic phenotypes of the siblings.

In another study *Treacy et al., 1997,, phenylalanine hydroxylation rates in vivo were analyzed by
measuring the flux of ingested [13C]-labeled phenylalanine appearing as expired 12CO,. The study was

done in patients with different clinical forms of HPA. There were broad correlations between mutant
genotypes «of predicted severe, intermediate, or mild effect, and the corresponding metabolic phenotype;
however, there also was discordance in the correlations among individuals. This led to the conclusion that
whereas phenylalanine oxidation in vivo is largely under the control of the PAH locusZthis being evident
in the gene-dose effect on phenylalanine oxidation in controls, obligate heterozygotes, and propositi
*Treacy et al., 1997,7the individualized "homeostasis value" cannot be explained solely by hepatic
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hydroxylating activity. Accordingly, as expected of an important biochemical and physiologic process,
whole-body phenylalanine homeostasis has features of a complex quantitative trait sTreacy et al., 1997,; it
is an emergent property *Mayr, 1982, in which the whole is more than the sum of its parts, probably
reflecting the scale-free networks that characterize the intricate hubs and links of the "metabolome" +Oltvai
and Barabasi, 2002,.

PAH Gene Molecular Complexities That Influence Metabolic Phenotype

Discordance between predicted PAH enzyme activity and phenylalanine oxidation rates in vivo may reflect
interactions between different species of mutant PAH subunits, and a yeast two-hybrid system in vitro for
expression of PAH alleles sWaters et al., 2001, begins to reveal how mutant heteroallelic PAH genotypes
could affect the enzyme and thus the metabolism of phenylalanine. Most PKU patients in outbred
populations are not homoallelic in mutant genotype; about three-quarters of PKU propositi are
heteroallelic in diverse populations, and the corresponding values ¢j, for homozygosity are accordingly low
«Carter et al., 1998; Guldberg et al., 1996a,.

Interindividual phenotypic variation within a family is sometimes explained by an unusual degree of allelic
variation within the family. Families are known in which three different PAH alleles, instead of two,
segregate to cause different intrafamilial forms of HPA <Avigad et al., 1991; Guldberg et al., 1996¢; Ledley
et al., 1986a; Tyfield et al., 1990,. Molecular evidence of two mutant alleles occurring in cis on a PAH
haplotype have been reported *Aulehla-Scholz and Heilbronner, 2003; Gjetting et al., 2001b, *see
summary list of cis mutations at www.pahdb.mcgill.ca for further data,.

Meta-analyses of genotype-phenotype correlations have now been done on data from more than 1000
patients expressing more than 100 different pathogenic PAH alleles «Desviat et al., 1999; Guldberg et al.,
1998; Kayaalp et al., 1997,. Analysis was restricted to individuals in whom the genotype was either
homoallelic or functionally hemizygous, where a missense allele is paired with a null «Guldberg et al.,
1995,. Several alleles, whose effects were not explained by genotypic or phenotypic misclassification,
were associated with more than one metabolic and clinical phenotype. This flexible discordance between
genotype and phenotype awaits a full explanation. All the alleles in this category are missense «e.g.,
L48S, 165T, R158Q, R261Q, and Y414C,.

These studies yield the following conclusions: «1, PAH genotype classification is broadly predictive of
metabolic «and clinical, phenotype and therefore useful for counseling and treatment, and <2, a small
subset of ambiguities highlights the fact that HPA owing to PAH enzyme deficiency involves more than
simple predictable PAH allele expression «i.e., a single-gene effect,.

The theme of variation in the homozygous phenotype for a so-called recessive disease has been
examined by Weiss and Buchanan ¢2003,. Whereas historically the Mendelian homozygous state was
assumed to be homoallelic, it is now apparent that one must go beyond the conventional two-allele
classification smutant, wild type, to accommodate the heteroallelic state of the mutant homozygous
phenotype. As revealed in the meta-analyses mentioned earlier «Guldberg et al., 1998; Kayaalp et al.,
1997, there is a quasi-continuous genotype-phenotype distribution reflecting what is "phenogenetic
equivalence" *Weiss and Buchanan, 2003, among the vast number of diploid genotypes that could result
from coinheritance of any pairing among the hundreds of mutant PAH alleles. Table 77-6 indicates how
that phenotypic variation could reflect the inheritance of a genotype with an effect predicted from
expression analysis of the individual alleles in vitro. Once again, consideration of the phenogenetic
relationship brings one back to the maxim "treat the phenotype rather than the genotype" «Scriver, 2002,.
Table 77-6: PAH Genotype-Phenotype Relationships: Observed versus. Expected Phenotypes in
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184 Individuals with PAH Deficiency

Observed Phenotype PKU

Genotype Expected . . Obs =

Score * Phenotype * Classic Moderate Mild MHP  Total Exp, %

2 Classic PKU 42 11 4 7 57 73.7

3 Moderate PKU 10 13’ 6 b4 29 44.8
Moderate/mild . . .

4 PKU 1 6 6 z 13 92.3

5and 6 Mild PKU 1 3 23’ 2 29 79.3

8 Mild PKU/MH z z 10c 10 20 100.0

9-16 MHP 7 7 1 35 36 97.2

Total 54 33 50 47 184

*Sum of estimated effects of individual alleles, where 1 = classic PKU, 2 = moderate PKU, 4 = mild
PKU, and 8 = mild HPA -MHP, symptoms.

*Determined, for each patient, on the basis of the sum of the observed alleles of the two PAH
mutations.
‘Groups in which observed matched the expected phenotype «Guldberg et al., 19964a,.

From Weiss and Buchanan, 2003.

PAH Alleles Conferringa BH ,-Responsive Phenotype

BH, is a catalytic cofactor for PAH hydroxylating activity. Mutations at human loci encoding enzymes for
BH, synthesis and recycling in vivo esee Chap. 78, both impair PAH enzyme function and confer a
dependency for therapeutic replacement of BH,. However, mutations also exist at the PAH locus itself;
these confer a variant enzymic and metabolic phenotype responsive to BH,4 «in pharmacologic doses up
to 20 mg/kg of body weight per day, in the absence of any impairment of BH, homeostasis. Since its
initial description *Kure et al., 1999,, the condition has become widely recognized ¢see list of cases in
Spaapen and Rubio-Gozalbo, 2003,. Its significance has produced molecular considerations about the
interaction between the 6-R-BH, isomer and the surface of the PAH protein «Erlandsen and Stevens,
2001,. Detailed investigations of phenylalanine clearance rates from plasma and the simultaneous rates of
phenylalanine oxidation to CO, in vivo have been investigated in this class of BH4-responsive HPA

Copyright © The McGraw-Hill Companies, Inc. All rights reserved. -64 - Any use is subject to the Terms of Use on www.ommbid.com.



Chapter 77: Hyperphenylalaninemia: Phenylalanine Hydroxylase Deficiency

*Muntau et al., 2002,. BH,4 increases phenylalanine oxidation in the responsive patient. The majority of
responsive patients express a missense PAH allele that can be in any region of the PAH protein. It has
been proposed that perhaps 60 percent of patients with HPA and phenylalanine values less than 800
umol/liter are BH4-responsive <Blau, 2003,. The tetrahydropterin home page swww.BH ,.0rg, lists relevant

clinical reports; the corresponding PAH alleles are listed there and in www.pahdb.mcgill.ca. The
mechanism of the 6-R-BH, effect is likely to be specific to the PAH allele and its effect on the protein; a

beneficial chaperone-like effect on the folding, assembly, and/or thermodynamic stability of the mutant
PAH protein to slow its intracellular degradation is a hypothesis awaiting the test Waters, 2003,.
Nonetheless, the BH,4-responsive phenotype shows the clinical relevance of PAH mutation analysis and

of performing a BH,4 loading test in all patients with persistent postnatal HPA.

Mutation Effects in Heterozygotes: Significance for Classification

Identification of a heterozygote carrying a disease-causing PAH allele has long been a challenge ssee
McDonald and Charlton, 1997, because the phenotypic effect of a single mutant PAH allele on
phenylalanine homeostasis is highly buffered and thus "recessive," as both predicted *Kacser and Burns,
1973, 1981, and observed <Fig. 77-15,. Nonetheless, discerning whether predicted severity of a PAH
allele is reflected in a corresponding metabolic phenotype continues to attract attention. For example, a
subject «Scriver, 2002, identified by newborn screening had persistent non-PKU HPA <325 mM,; studies
later in life revealed euphenylalaninemia and molecular "heterozygosity" by DNA analysis

+c.970-6G® T/+,; another allele was not recognized, and the unusual circumstance of heterozygosity with
neonatal HPA was declared. There could be another explanation: heteroallelic mutant genotypezone null
allele and one very "mild" allele unidentified.

A stylized summary of evidence for «1, the recessive nature of the plasma amino acid phenotype in the
phenylalanine hydroxylase *PAH,-deficient HPAs eplasma phenylalanine values, right ordinate,, and ¢2,
gene-dosage effect on the rate of hydroxylase-dependent oxidation of phenylalanine in vivo from 13C0O2
in expired air eleft ordinate,. Original data from Rosenblatt and Scriver and, 1968 and Treacy et al., 1997.
«Adapted from Scriver #1998a,; used by permission of the American Society for Clinical Investigation.,
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Several studies have examined the metabolic phenotype in obligate heterozygotes, attempting to find a
genotype-phenotype correlation. Overnight fasting followed by an oral phenylalanine load <100 mg/kg,
segregated heterozygotes as a group with varying degrees of efficiency «Spada et al., 1998, according to
the fasting plasma phenylalanine value, the postload plasma clearance of phenylalanine, and the postload
rise in tyrosine; there was no correlation in any of the metric parameters with the predicted severity of the
PAH allele.

In an earlier study, a discriminate function of plasma amino acid values for phenylalanine and tyrosine sthe
dependent variable,, related to in vitro expression activity of the PAH allele sthe independent variable,, did

yield a significant correlation r = 0.40; n = 140; p <.001, *Svensson et al., 1994,. In another study *Treacy

et al., 1997,, a measure in vivo of hydroxylating activity using 13CO, excretion after ingestion of labeled

phenylalanine revealed a gene-dose effect in heterozygotes as a group esee Fig. 77-12 and Fig. 77-15,;
however, considerable interindividual variation was found among different heterozygotes expressing the
same mutant allele esee Fig. 77-12,. The latter finding makes it no easier than it was to classify a
heterozygote by this new measure of phenotype. Heterozygosity is still classified just as well by a simple
plasma amino acid algorithm *Rosenblatt and Scriver, 1968; Treacy et al., 1997, and best by DNA
analysis.

PATHOGENESIS: METABOLIC PHENOTYPES AND NEUROTOXICITY

Whereas the enzyme deficiency is a hepatic phenotype, the major clinical effect of HPA in the PKU
phenotype is on brain development and function. Thus the variant metabolic phenotype must be at least a
necessary, if not perhaps a sufficient, explanation for the neurotoxicity. Herein we discuss metabolic
phenotypes associated with mutation at the PAH locus affecting integrity of the PAH enzyme and how,
through this effect on the metabolic phenotype, mutation ultimately may affect the brain.

Phenylalanine and Neurotoxicity

Phenylalanine is increased severalfold in brain in mentally retarded individuals with PKU «McKean and
Peterson, 1970, and is probably the chief villain in neurotoxicity *Knox, 1960,. Derivatives of
phenylalanine esee Fig. 77-2, are not present at sufficient concentrations to be toxic in PKU «Kaufman,
1989,; their concentrations, in cerebrospinal fluid *«CSF,, for example *Antoshechkin et al., 1991,, bear no
relation to those used to show toxic effects in vitro or in animal experiments «Scriver et al., 1989,, and a
recent study in the mutant mouse orthologue of PKU sSarkissian et al., 2000a, denies the relevance of
metabolites other than phenylalanine itself. The report of normal intelligence in two euphenylalaninemic
sisters who excreted large amounts of phenylalanine metabolites provides further evidence that the
abnormal amounts of these metabolites are not the cause of neurotoxicity in PKU sWadman et al., 1975,.

Induction of temporary HPA in treated patients with PKU provokes acute measurable impairment of higher
integrative brain function Huijbregts et al., 2002; Krause et al., 1985, and abnormal
electroencephalographic tracings *Epstein et al., 1989; Krause et al., 1986,. Under these conditions, urine
dopamine excretion *Krause et al., 1985, and plasma L-dopa levels *Krause et al., 1986, correlate
inversely with plasma phenylalanine and directly in the measures of brain dysfunction. These effects on
brain dysfunction appear when plasma phenylalanine exceeds 1300 uM <Krause et al., 1985,, a significant
value that correlates with concentrations that alter transport and distribution of phenylalanine in the brain
esee below,. Whereas such measurements say little about the profile of brain metabolites, direct
eSarkissian et al., 2000a, and indirect *Avison et al., 1990, evidence from NMR studies in animal models
and in patients with PKU ssee below,, from analysis of CSF metabolites *Antoshechkin et al., 1991; Bach
et al., 1991; Lukkelund et al., 1988, and from miscellaneous studies ¢Lou et al., 1987; Smith, 1985,
indicates that high plasma phenylalanine levels indeed do have an effect on brain chemistry and thus on
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brain function.

The threshold value for plasma phenylalanine for its acute neurotoxic effect #1300 uM, does not
necessarily correspond with the value associated with chronic neurotoxicity in PKU. Evidence for a lower
value in the latter case is apparentZfirst in brain white matter, where the changes visible by MRI can be
found in treated patients with chronic HPA whose levels are less than 600 uM <Bick et al., 1991, and
second in treated patients whose 1Q scores are distributed below the normal range despite long-term
maintenance of plasma phenylalanine values of less than 300 uM <Michel et al., 1990,. On the other hand,
in untreated non-PKU HPA, where plasma phenylalanine levels are less than 600 uM, there may be no
significant abnormalities *Weglage et al., 2001,.

These findings have implications for treatment because they suggest that the putative threshold level for
plasma phenylalanine is different for acute and chronic effects on the brain. They also hint that something
about the phenylalanine-restricted diet may yet be less than totally adequate in preventing the
neurotoxicity. Finally, they indicate that if severe HPA recurs in later life for whatever reason, a reversible
acute neurotoxicity will appear first; if this degree of HPA persists, irreversible chronic neurotoxicity could
be a consequence.

How Might Deviant Phenylalanine Metabolism Be  Neurotoxic?

Pathogenesis can be considered from three viewpoints: 1, a putative deficiency of tyrosine in the brain,
2, the effect of increased phenylalanine on transport and distribution of metabolites in the brain, and «3,
an effect on neurochemical processes. No single effect by itself seems sufficient to explain the PKU brain
phenotype, but however complex the process, the ultimate effect will be a disturbance of normal chemical
homeostasis in the brain.

Tyrosine deficiency

Complete deficiency of PAH enzyme activity promotes tyrosine to the status of an essential dietary amino
acid from which a line of reasoning called the justification hypothesis +Bessman et al., 1978, proposes
jeopardy for the fetus with PKU and then in postnatal life for two reasons: «1, The affected fetus/newborn
cannot obtain tyrosine from its own supply of phenylalanine, and <2, the maternal supply of tyrosine to the
fetus is compromised by maternal heterozygosity. However, at least five lines of evidence refute this
hypothesis: 1, Postnatal tyrosine supplementation alone without reduction of phenylalanine intake does
not prevent mental retardation in PKU <Batshaw et al., 1981,, <2, postnatal phenylalanine restriction by
itself should not be beneficial, yet it is, and it appears largely to prevent neurotoxicity ssee the section
"Treatment of PKU" below,, *3, there is no consistent or pathologic reduction in plasma tyrosine content in
untreated patients with PKU <Koepp and Held, 1977,, *4, there is no evidence of significant tyrosine
deficiency in cord blood samples obtained from newborns with PKU «Scriver et al., 1980,, and *5, tyrosine
supplements during treatment of PKU sufficient to increase plasma tyrosine levels do not improve
neurophysiologic parameters or neuropsychological functions «Pietz et al., 1995a; Smith et al., 1998,.

Although the findings pertain only to extracellular tyrosine, the corresponding intracellular values may be
higher than the extracellular values in PKU because the mechanisms by which tyrosine might be reduced
in phenylketonuric plasma lead to intracellular accumulation «Christensen, 1986, 1987, and because not
only is lymphocyte tyrosine increased in persons with PKU as well as in heterozygotes sThalhammer et
al., 1980, 1982,, but brain tyrosine is also increased in PKU «McKean and Peterson, 1970,.
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Effect on Transport Processes and Metabolic Distribution in the Brain

Transport of phenylalanine across the BBB has been measured in vitro in a human capillary preparation
*Choi and Pardridge, 1986; Hargreaves and Partridge, 1988,. A high-affinity system <K, » 20 n,

operates on the blood side of the capillary endothelium, whereas a very high-affinity system K, »
0.25¢0.30 nM, operates on the brain side. This arrangement keeps the phenylalanine concentration in the
interstitial fluid low and stable during the diurnal fluctuations in its plasma level sMaher et al., 1984;
Svensson et al., 1991,.

Amino acid uptake across the BBB has been measured noninvasively in vivo by positron-emission
tomography «PET, using 11 C-labeled substrate saminocyclohexane carboxylate, *Koeppe et al., 1990,.
These and other studies in vivo sMomma et al., 1987, show that affinity for phenylalanine uptake is the
same both in vivo and in vitro *Choi and Pardridge, 1986,. The studies in vivo etMomma et al., 1987, also
show competition on the BBB transport system between phenylalanine and other large neutral amino
acids *LNAAs,, such as branched-chain amino acids, methionine, tyrosine, and tryptophan. Phenylalanine
has the highest affinity for the system. Consequently, elevated concentrations of phenylalanine could
impair uptake of other LNAAs into the brain, and the availability for the brain of these amino acids from
blood is predicted to be impaired by even modest supraphysiologic concentrations of phenylalanine in the
range of 200 to 500 uM e<Pardridge, 1998,. Inhibition had been demonstrated in vivo in patients with PKU
and fits the prediction closely *Koeppe et al., 1990,.

The transporter responsible for LNAA brain uptake has been partially characterized. It is a
sodium-independent system originally designated LAT by Christensen and colleagues <1994, and now
designated LAT1 «Boado, 2002,, and it appears to be a heterodimer of the 4F2hc heavy chain and LAT1
light chain «Kanai et al., 1998,. Both cDNAs have been isolated from BBB cDNA libraries *Boado et al.,
1999; Boado, 2002,. The LATL1 transcript enhanced tryptophan transport into frog oocytes coinjected with
the 4F2hc transcript, a substrate transport inhibited by other LNAAs, and was highly expressed in brain
capillaries and not detected in liver, heart, lung, or kidney, indicating selective expression at the BBB
*Boado et al., 1999; Boado, 2002,.

Brain uptake and content of phenylalanine in vivo in patients with PKU have been measured by other
methods. The intravenous double-indicator technique estimates in vivo transport of phenylalanine and
other amino acids across the BBB *Knudsen 1994; Knudsen et al., 1994, and has shown saturation in the
hyperphenylalaninemic state with inhibition of leucine transport *Knudsen et al., 1995,. MRS measures
free phenylalanine content and distribution in brain «Moller et al., 1995, 1997; Novotny et al., 1995; Pietz
et al., 1995b,. Subjects with PKU have elevated phenylalanine levels and show saturation of the separate
transport processes from plasma to interstitial fluid and from extracellular space into brain cells *Moller et
al., 1997,

The important studies using MRS to measure free phenylalanine in the brain *Moller et al., 1998;
Pardridge 1998; Weglage et al., 1998a; see the section "Effect [of PAH alleles] on IQ and Brain Function"
above, imply that interindividual variation exists in the transport of phenylalanine into brain cells and that
concentrations of free phenylalanine in brain tissue are one of the ultimate determinants of brain
phenotype in PKU. Interindividual variation in MRS among patients with PKU has been substantial sMoats
et al., 2000; Weglage et al., 2002,, even between siblings who have similar blood phenylalanine levels
and an identical PAH genotype *Weglage et al., 2002,. This variation is probably not artifactual and may
explain the variation in cognitive ability observed in untreated PKU in patients and their siblings who have
similar mutant PAH phenotypes *Ramus et al., 1993; Weglage et al., 2002,.
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Competition for uptake between amino acids occurs on carriers in other membranes in the brain.
Phenylalanine inhibits transport of tyrosine *Aragon et al., 1982, and tryptophan eHerrero et al., 1983, in
synaptosomal plasma membrane vesicles. Hence the combined effects of tyrosine sequestration in
somatic cells and inhibition of uptake in the brain seem to reduce tyrosine availability for synthesis of
catecholamine neurotransmitters sMcKean, 1972,. These mechanisms also may affect tryptophan
availability for serotonin synthesis sMcKean, 1972,. Both brain catecholamines and serotonin are deficient
in the Pah enu2 mouse model for PKU <Puglisi-Allegra et al., 2000,.

There is MRS evidence Pietz et al., 1999, in a crossover study that LNAAs compete with phenylalanine
at the BBB, and whereas the adverse effect of excess phenylalanine on other LNAAs may be pathogenic
in PKU, dietary supplements of LNAAs, if harmless themselves, could block the potentially harmful influx
of phenylalanine into the brain. Kaufman earlier #1976, suggested that the interaction between the LNAAs
during transport into brain may be used to advantage in the treatment of PKU, and this has been
examined *Berry et al., 1982; Huether et al., 1985; Jordan et al., 1985,. Dietary supplements of
branched-chain amino acids sufficient to double their plasma values in patients with PKU will reduce
phenylalanine levels in plasma and CSF <Berry et al., 1982, and improve their psychological test
performance «Jordan et al., 1985,. Renal handling of phenylalanine and derivatives has intrinsic interest
but has only marginal influence on neurotoxicity and is not discussed here esee Scriver et al., 1989, for
detalils,.

Effects on Neurochemistry and Metabolism

The cause of defective brain myelination in PKU has long been a focus of interest. There are many
explanations for this abnormality «Baba et al., 1987; Dwivedy and Shah, 1982; Hommes, 1991; Huether et
al., 1982; Johnson and Shah, 1980; Matsuo and Hommes, 1987; Shah, 1979,, but none is
comprehensive. Additional evidence from MRI «Shaw et al., 1991; Thompson et al., 1991a, indicates that
the process of dysmyelination «Ullrich et al., 1994, is more prevalent than had been suspected even in
well-treated patients sThompson et al., 1991a, and in non-PKU HPA.

The myelination problem has been studied in the enu2 mouse, a counterpart of human PKU ssee the
section "Animal Models" below,. MRI and histologic studies do not reveal a dysmyelination *Kornguth et
al., 1994, or abnormalities in cytoarchitecture or histomorphometry. However, more recent histologic and
biochemical studies of the enu2 mouse brain and on in vitro cultured oligodendrocytes from brain of
wild-type control mice *BRBR strain, exposed to abnormal concentrations of L-phenylalanine in the
medium eup to 3500 puM,, suggest that myelinating oligodendrocytes adopt a nonmyelinating phenotype
and overexpress a glial fibrillary acid protein s«GFAP, sDyer et al., 1996,. This effect has been attributed to
a reduction of cholesterol synthesis. In the enu2 mouse model, Shefer and colleagues +2000, found that
forebrain, but not hindbrain, was hypomyelinated and that there was a corresponding reduction of
3-hydroxy-3-methylglutaryl coenzyme A reductase *HMGR,, the rate-limiting enzyme in cholesterol
synthesis, in microsomes isolated from the forebrain but not in microsomes isolated from the hindbrain.
The reduced activity of HMGR seemed to result from downregulation by increased phenylalanine because
the number of oligodendrocytes remained normal and because HMGR activity and cholesterol synthesis
also were decreased in microsomes of the oligodendrocyte-like 4C8 glioma cells on exposure to 2424 M
phenylalanine for 3 weeks *Shefer et al., 2000,.

Increased turnover of myelin as a component of brain dysfunction «Changeux and Danchin, 1976;
Hommes and Moss, 1992, is associated with loss of neurotransmitter smuscarinic acetylcholine, receptor
density in the enu2 mouse model Friedman and Kaufman, 1971; Hommes, 1993,. Related studies in a rat
model smade hyperphenylalaninemic by phenylalanine loading with PAH inhibition by
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DL-a-methylphenylalanine, that used measurements of neural cell adhesion molecule \NCAM,, GFAP, and
hyaluronate-binding activity found that these parameters were grossly altered in brain exposed to HPA
*Hommes, 1994,. A similar model demonstrated deficit in myelin basic protein neurofilament staining and
maturation of myelin and axons; early-onset HPA produced permanent deficits in axon myelination in
outer cortical layers *Reynolds et al., 1993,.

Brain protein synthesis is perturbed by excessive phenylalanine, as shown by PET in PKU patients
*Paans et al., 1996,. This effect has been attributed to polysome disaggregation <Binek et al., 1981, and
inhibition of translation initiation «Okano et al., 1986,. The effect can be offset by augmenting the pool of
LNAAs *Binek-Singer and Johnston, 1982,. These findings may be relevant to treatment ssee below,.

Brain histology and cellular development are altered in human PKU <Bauman and Kemper, 1982,, the
corresponding "artificial" animal models Bauman and Kemper, 1982; Cordero et al., 1983; Huether et al.,
1983; Huether and Neuhoff, 1981; Johnson and Shah, 1984; Reynolds et al., 1993; Swaiman and Wu,
1984,, and the enu2 mouse *Dyer et al., 1996,. The number and spread of dendritic basilar processes of
large pyramidal cells are reduced by HPA in rat pups *Cordero et al., 1983,; high levels of phenylalanine
and its metabolites, both in culture *Swaiman and Wu, 1984, and in vivo Huether et al., 1983; Huether
and Neuhoff, 1981,, decrease proliferation and increase loss of neurons. DNA content is decreased in
affected brain cells sHuether et al., 1983,, and its synthesis is impaired *Johnson and Shah, 1984,. The
net effect is impaired brain growth «Reynolds et al., 1993,. Long exposure to the deviant metabolic
phenotype impairs development of brain architecture in untreated patients with PKU, with abnormalities in
myelination, width of the cortical plate, cell density and organization, dendritic arborization, and number of
synaptic spines *Bauman and Kemper, 1982,.

To summarize, phenylalanine itself is probably the neurotoxic agent in PKU. Metabolites of phenylalanine
are not found in the human «or mouse, disease at sufficiently high concentrations to disturb metabolic and
chemical relationships in brain. Whatever the mechanism, the neurotoxic consequences of PKU are either
acute and reversible or chronic and irreversible; they both affect neuropsychological function.

ANIMAL MODELS

Animal models have long served to study pathogenesis of the disease phenotype in PKU; certain of them
also enable studies of potential new ways to treat HPA.

Artificial Models

Hyperphenylalaninemic animal models are not homologues of human PKU when they are achieved by the
use of exogenous phenylalanine loads and chemical agents to block the phenylalanine hydroxylation
reaction «Kaufman, 1976,. Such studies, done mainly in rats, were a major source of the early data about
putative effects of HPA on brain metabolites and chemistry sLane and Neuhoff, 1980; Vorhees et al.,
1981,. However, the phenylalanine load used to produce HPA in the animals produced an additional
burden of tyrosine when PAH enzyme activity was left intact. Accordingly, it was necessary to inhibit the
enzyme to obtain the requisite HPA without hypertyrosinemia. Unfortunately, some of the agents used for
this purpose ¢p-chlorophenylalanine and a-methylphenylalanine, for example, had additional effects,
notably inhibition of tetrahydrobiopterin-requiring hydroxylating reactions in brain *Hoshiga et al., 1993,
with secondary consequences for neurochemistry.
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A Natural Model

Better opportunities to obtain a mammalian counterpart of human PKU now exist in mice McDonald,
1994; McDonald et al., 2002; Shedlovsky et al., 1993,. The mouse gene *Pah, has been cloned and
characterized *GeneBank Accession Number X51942, cDNA,; it controls expression of hepatic enzyme
activity, and there are strong homologies between mouse and human phenylalanine hydroxylase genes
and enzymes «Ledley et al., 1990,. The mouse Pah locus is in a linkage group on chromosome 10 <Ledley
et al., 1988a,, homologous to the region on human chromosome 12 where human PAH is located.
Mutations at the mouse Pah locus in the BTBR line have been produced by chemical mutagenesis with
N-ethyl-N-nitrosourea *McDonald et al., 1990a,. The first strain with evidence of mutant phenylalanine
hydroxylation to be produced by this method had a defect in GTP-CH 1 «Bode et al., 1988; Hyland et al.,
1996,. Other strains, subsequently identified, had mutation at the Pah locus affecting phenylalanine
hydroxylase function sMcDonald et al., 1990b; Shedlovsky et al., 1993,. These strains are orthologues of
human PKU and non-PKU HPA. The mutations and the associated phenotype have been characterized
«McDonald and Charlton, 1997,. The enul mouse sPah®"ul/enul is a counterpart of non-PKU HPA and
homozygous for the mutation ¢.364T® C in exon 3 *V106A,; the enu2 mouse, a counterpart for human
PKU, is homozygous for a mutation in exon 7 [c.835T® C *F263S,].

A third variant, enu3, is now historic; its splice mutation has been described sHaefele et al., 2001,. The
enul mouse has normal plasma phenylalanine and normal behavior on the mouse breeder diet «Teklad
Number 8626,, whereas the enu2 mouse has a 10- to 20-fold elevation of plasma phenylalanine, excretes
phenylketones in the urine when fed the breeder diet, and has changes in behavior and in coat color. A
hybrid strain <Pahenul/enu2 - heteroallelic for the exon 3 and exon 7 mutations, offers advantages for the
manipulation of blood phenylalanine levels «Sarkissian et al., 2000b,; negative complementation may exist
in the heteropolymeric tetrameric Pah enzyme of this strain. These animals are described in more detail
on the PAHdb Web site and elsewhere *Scriver et al., 2003,.

It has been noted that breeding of the enu mice is difficult. To offset this difficulty, the mutant Pahenu2
allele has been transferred from the BTBR background to the BI/6 genomic background, with much
improved breeding efficiency for the mutant strain «B Thony, personal communication, 2005,.

The orthologous enu mouse strains are being used to study pathogenesis of brain disease sHommes,
1994; Kornguth et al., 1994,, the effect of maternal HPA on fetal cardiac organogenesis *McDonald et al.,
1997,, and the efficacy of enzyme-substitution therapy with phenylalanine ammonia lyase <Safos and
Chang, 1995; Sarkissian et al., 1999; Sarkissian et al., 2000b,.

Measurement of phenylalanine metabolites «i.e., phenylpyruvate, phenyllactate, and phenylacetate, in
brains of normal., enul, and enu2 mice shows that metabolite levels are minimally elevated in the enul
enon-PKU HPA, mouse and increased in the enu2 «PKU, mouse Sarkissian et al., 2000a,. However,
concentrations of these metabolites are not sufficient to be toxic; phenylalanine itself remains the best
candidate for a chemical cause of impaired cognitive development.

The search for the mechanism behind the aberrant brain phenotype in PKU continues with new studies in
the enu2 mouse *Smith and Kang, 2000,. Saturation by phenylalanine of the L-amino acid carrier at the
BBB and distortion of the ratio of free phenylalanine to large neutral amino acids in the intracerebral total
acid-soluble metabolite pool reduced local rates of protein synthesis by one-fifth in the adult homozygous
mutant mouse. On the other hand, there was no decrease of tRNA-bound neutral amino acids in the pool.
The latter finding is rather surprising and suggests that distorted function at the BBB may not directly
underlie the mechanism of impaired brain protein synthesis in the PKU phenotype. An excellent summary
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of research in the enu mouse models has appeared as a meeting report from the principle investigators
McDonald et al., 2002,.

SCREENING AND DIAGNOSIS

Comment

Guthrie and Susi published their landmark description of a simple phenylalanine method for detecting
phenylketonuria in large populations of newborn infants in 1963 «Guthrie, 1996; Guthrie and Susi, 1963,,
and many years later it is apparent that applications of the method and its derivatives have "gone around
the world, changed the natural history of a disease *phenylketonuria,, and through genetic screening,
have introduced new concepts and approaches to the practice of medicine and health care" Scriver,
1998b,. This section describes the principles and practices that made screening for PKU, a
population-based procedure, a prototype for spopulation, genetic screening.

Principles

The rationale for population screening of newborns is early medical intervention *National Academy of
Sciences, 1975,. The goal in diagnosis of HPA is correct medical intervention. These objectives each
require processes and resources.

A medical screening test identifies individuals who probably have a disease from those who probably do
not «Wilson and Jungner, 1968,. A genetic screening test finds persons who are apparently at risk of
incipient or established disease in themselves or in their relatives because of genotype *National
Academy of Sciences, 1975,. On the order of 10 million newborn infants are screened annually worldwide
for HPA, and relatives of affected probands are now interested in knowing their genotype, and they seek
testing. Accordingly, PKU screening and directed testing have become some of the more widely applied
"genetic” tests in health care American Academy of Pediatrics Committee on Genetics, 1989,. The
procedure is now seen as the gold standard against which screening for other inborn errors of metabolism
can be judged «Seymour et al., 1997,, and it is now enhanced by the use of tandem mass spectrometry
*Chace et al., 1993, 1998; Pollitt et al., 1997,.

Screening

Screening tests for HPA are performed in the newborn and identify the level of phenylalanine in blood.
The original method, urine screening for phenylpyruvic acid, is unreliable to identify PKU sMedical
Research Council Steering Committee for the MRC/DHSS Phenylketonuria Register, 1981,. Screening at
the level of the PAH genotype, by DNA smutation, analysis *Cotton, 1997,, will not replace a reliable
phenotype test for HPA because of vast allelic heterozygosity in the PAH gene and locus heterogeneity in
HPA.

The most reliable newborn screening tests employ microbiologic, enzymatic, chromatographic,
fluorometric, or most recently, mass spectrometric methods to measure the phenylalanine content of dried
capillary *not cord, blood samples collected on filter paper. Phenylalanine in blood spots on properly
stored filter paper is stable for years, and accurate retrospective measurements are feasible. How the
blood sample is taken from the newborn, its effect on the baby, and the efficiency of the procedure have
been analyzed. A Microlance needle for venipuncture on the dorsum of the hand scompared with two
sizes of lancets for sampling by heel prick, has proved to be less painful, more successful on the first
attempt, and faster, although collecting capillary blood by puncturing the heel remains the most frequently
employed procedure. The microbiologic *Guthrie and Susi, 1963, and chromatographic methods are both
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semiquantitative, with limitations on accuracy at low phenylalanine concentrations. Enzymic and
fluorometric sMcCaman and Robins, 1992, methods are fully quantitative down to the lowest plasma
phenylalanine levels and have the added advantage of a low coefficient of variation. Tandem mass
spectrometry sMS/MS, is also fully quantitative and has the added advantages of simultaneously
measuring tyrosine as well as combining screening for PKU with that for a number of other inborn errors in
a single analysis *Chace et al., 1993,. The technical issues are relevant. A crucial attribute of a screening
test is its sensitivity, which is its ability to minimize the frequency of false-negative results. An enzymic test
based on an NADH-detecting biosensor, as well as MS/MS, has special promise for this purpose *Chace
et al., 1998; Huang et al., 1998,. Because PKU screening is best done soon after birth, and because
blood phenylalanine begins to rise in the affected infant only after separation from the placenta, capillary
blood phenylalanine values in affected cases will be lower the closer the day of testing is to the day of
birth «Fig. 77-16,. This has been believed to impair the sensitivity of the test when performed in specimens
collected before day 2 of life s/American Academy of Pediatrics Committee on Genetics, 1982; McCabe et
al., 1983,, but prospective studies of early newborn screening indicate that HPA is readily detectable in
specimens collected by the end of day 1 «Doherty et al., 1991; Hanley et al., 1997; Meryash et al., 1981,.
Regardless, it is desirable to use a fully quantitative test to separate abnormal from normal values as
accurately as possible; the issue is particularly relevant when an infant has non-PKU HPA sHanley et al.,
1997,. A review of neonatal screening for HPA in Britain «Smith et al., 19914a, found that all false-negative
tests in that program were performed by the semiquantitative microbiologic inhibition assay *Guthrie test,
and that none was associated with the fully quantitative fluorometric assay.

Retrospective analysis of blood phenylalanine values *mean + 2 SD,, related to age, in neonates with
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confirmed persistent HPA and a diagnosis of phenylketonuria. Regressions are for male infants ssolid line,
and female infants sbroken line,. Original data are from Holtzman et al., 1974a and Holtzman et al.,
1974b. «From Scriver and, 1982. Used by permission.,

Despite the apparent reliability of newborn screening for HPA on days 12 of life, even earlier discharge
from hospital nurseries is quite frequent. For example, one-quarter of term newborns in the United States
are discharged at or before 24 hours *Sinai et al., 1995,. Because the obstetric practice is unlikely to
change in the culture of cost saving, the search for a better screening practice has to focus elsewhere
eAmerican Academy of Pediatrics Committee on Genetics, 1982; Kirkman et al., 1982; Levy et al., 1984;
McCabe et al., 1983; Schoen et al., 1983; Scriver, 1983; Smith et al., 1991a,. Routine follow-up *repeat,
testing of infants to capture those with false-negative first tests is deemed to be inefficient and expensive
*Schoen et al., 1983; Sepe et al., 1979; U.S. Congress, 1988, but nonetheless is being recommended in
parts of the United States *American Academy of Pediatrics Committee on Genetics, 1992; Sinai et al.,
1995,. Most screening programs that do not include routine repeat testing request a repeat specimen
whenever the initial screening specimen was collected before 24 hours *Walraven et al., 1995,. To convert
the test from semiquantitative to fully quantitative status has technical merits *Kirkman et al., 1982;
Scriver, 1983; Smith et al., 1991, and is now underway in many screening programs as a result of the
introduction of MS/MS «Levy and Albers, 2000,. Any squantitative, method applied to filter-paper blood
samples should compensate for the effect of climate and season on the phenylalanine value <Hill, 1969;
Lambert, 1994,. The threshold «cutoff, value signifying HPA can be lowered to improve sensitivity but at
some loss in specificity and predictive value *Clemens et al., 1990; Doherty et al., 1991,. A phenylalanine
value of 150 uM «2.5 mg/dl, should detect all neonatal cases of PKU unless there is a biologic reason
eHanley et al., 1997, for a normal value in an affected infant at the time of the test. However, MS/MS
technology seems to have the capacity to improve both sensitivity and predictive value by allowing for a
phenylalanine:tyrosine ratio with 2.5 as the discriminator scutoff, above which persistent HPA is highly
likely «Chace et al., 1998,.

Whereas a screening program will not detect every case of persistent HPA, the error rate is low [two
studies found that only about 1 in 70 cases of PKU is missed *Holtzman et al., 1986a; Medical Research
Council Steering Committee for MRC/DHSS Phenylketonuria Register, 1981,] and can be lower still
*Hanley et al., 1997,. The principal causes for missed cases are noncompliance with the process and
errors of procedure *Holtzman et al., 1986a; McCabe and McCabe, 1983; Medical Research Council
Steering Committee for MRC/DHSS Phenylketonuria Register, 1981,, but biologic causes may occur
occasionally *Hanley et al., 1997,. Reanalysis of the original filter-paper blood sample obtained from
several "missed"” HPA cases has revealed normal blood phenylalanine values at the time of the original
screening test s/American Academy of Pediatrics Committee on Genetics, 1982; Hanley et al., 1997,. The
phenomenon is especially rare in the typical PKU phenotype but occurs more frequently in non-PKU HPA
and seems more likely to affect female infants sHanley et al., 1997; Holtzman et al., 1974; Laberge et al.,
1987; Scriver, 1982, esee Fig. 77-16,. Accordingly, it is possible that some females with HPA may escape
detection and will be ignorant of the risk to offspring in their maternal HPA later in life.

False results, either positive or negative, also arise from artifacts; they include ampicillin contamination of
the sample «Mabry et al., 1988; Kremensky and Kalalydjieva, 1989; Wilcken et al., 1989,, total parental
nutrition with some proprietary amino acid solutions <Mitton et al., 1988,, and even lot-to-lot variability in
the filter paper affecting absorbency and metabolite recovery «Slazyk et al., 1988,.
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As experience with neonatal screening for PKU and allied disorders continues to grow, the need to
improve education and follow-up increases *Meaney, 1988; Smith et al., 1991,. Meanwhile, society will
accept a modest rate of false-positive tests *Sorensen et al., 1984, as a "cost" for maximizing the
sensitivity of screening. In overall economic terms, screening for PKU is cost-effective Bush et al., 1973;
Dagenais et al., 1985; U.S. Congress, 1988,.

Tests for Diagnosis and Differential  Diagnosis

A positive screening test identifies a newborn with HPA. The diagnostic test identifies the cause of the
phenotype in the particular infant.

Some infants with positive screening tests have only transient HPA of no further clinical significance.
Rarely, transient HPA will be caused by 4a-carbinolamine dehydratase deficiency esee Chap. 78,, where
the HPA may persist for days or weeks; it also could be an effect of maternal HPA but only for the first day
or two of life sLevy and Lobbregt, 1995,. Among the infants with persistent HPA, the major cause *>98
percent of cases, is mutation at the PAH locus. Some PAH alleles cause the PKU phenotype, in which the
plasma phenylalanine concentration exceeds 600 uM «10.5 mg/dl, on a normal diet. Other alleles cause
non-PKU HPA in which the phenylalanine value is consistently below 600 M on a normal diet. The
distinction is relevant because harm to cognitive development is more likely to occur at the higher levels of
phenylalanine in PAH deficiency.

Some infants «<2 percent, with persistent HPA have impaired synthesis or recycling of tetrahydrobiopterin
*BH,, *see Chap. 78,, for which there is an international register *Blau et al., 1996, *see www.BH,.org,,

and these patients require specific treatment to offset the deficiency of BH,. Since the plasma
phenylalanine value alone does not distinguish between BH 4-impaired and BH 4-sufficient forms of HPA,
every case of persistent HPA must be investigated further to rule out the disorders of BH, metabolism.

Recently, it has become evident that some patients with PAH deficiency also can be treated with BH,.
These patients do not have a deficiency of BH, but respond with a reduction of phenylalanine when given
BH,4 *Kure et al., 1999; Muntau et al., 2002; Shintaku et al., 2003,. This response is a result of enhanced

PAH activity, as shown by increased phenylalanine oxidation Muntau et al., 2002,. In HPA,
BH4-responsive PAH deficiency always has been considered to be mild PKU eplasma phenylalanine

6001200 pM, or non-PKU HPA eplasma phenylalanine < 600 pM, and has been associated with several
PAH mutations *Muntau et al., 2002; Shintaku et al., 2003,.

Differential diagnosis

A detailed discussion of diagnostic tests and procedures is given in the sixth edition of this text; a précis,
including Table 77-7, is given here.
Table 77-7: Diagnostic Tests for Follow-up of Neonatal Hyperphenylalaninemia
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Approximate Normal Values or

Test Procedure Response in Affected Case

1. Plasma eor blood, phenylalanine and tyrosine «uM, with Phenylalanine 40-130
normal protein intake Tyrosine 50-140

2. Urine total biopterin and neopterin concentrations Biopterin 0.4-2.5
mmol/mol creatinine,; neonates have the higher neopterin Neopterin 0.1-5.0%
values Biopterin 20-80

3. BH, load 7.5 mg/kg orally,, plasma phenylalanine and

tyrosine at 0, 1, 2, 4, 6 and 24 hours «0-h phenylalanine
should be > 200

Fall in phenylalanine to normal or near
normal indicates BH, synthesis is

UM, deficient

4. Plasma ~or dried blood spot, total biopterin eng/mL; Plasma biopterin 1.4-3
Crithidia fasciculata assay, BH, synthesis is deficient
5. CSF concentrations of HVA and 5-HIAA snmol/ml; HVA 400-1000

neonates have the higher values, 5-HIAA 200-400

6. CSF total biopterin and neopterin enmol/ml; neonates

have the higher values, Biopterin 12+40 Neopterin 103

7. percentage of total biopterin as BH,4 in urine and CSF Urine 6080 CSF 9098
8. BH4 load *20 mg/kg orally as the 6R epimer of BHy,, Fall of 3 30-50% in phenylalanine
plasma phenylalanine at 0, 4, 8, 24, 48 hours+0-h indicates BH4-responsive PAH
phenylalanine should be >360 pM, deficiency

CSF, cerebrospinal fluid; HVA, 5-HIAA-, 5-hydroxyindoleacetic acid; HVA-, homovanillic acid.

Adapted from Smith and Lee, 2000.
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Tests at the metabolite level

For Phenylalanine *Whole Blood or Plasma,

The normal value is less than 150 pM in neonates and less than 120 uM in older subjects «Gregory et al.,
1986; Scriver et al., 1985; Scriver and Rosenberg, 1973,.

For Phenylalanine Metabolites

There are no reliable alternatives to measurement of phenylalanine itself for diagnosis *or screening,.
Measurement of phenylpyruvic acid and/or related metabolites esee Fig. 77-2, is not recommended
because formation of phenylpyruvate, the "classic" urine metabolite, depends on transaminase activity
*Brenneman and Kaufman, 1964,, and this may be attenuated in the neonate *Armstrong and Binkley,
1956,. Moreover, there is almost fourfold interindividual variation in the substrate sphenylalanine,
concentration in plasma at which the keto acid is produced in PKU patients *Knox, 1970,.

Phenylalanine Loading Test

A loading test is not recommended. Formerly, it was used to ascertain the presence of PKU by the degree
of phenylalanine intolerance *Woo, 1984,. However, with greater understanding of the relationship
between the ambient plasma phenylalanine level and the classification of HPA and the ability to determine
mutations at the PAH locus along with genotype-phenotype correlation «Guldberg et al., 1998; Kayaalp et
al., 1997,, phenylalanine loading is no longer necessatry. It is especially contraindicated in the newborn
infant, in whom it might raise the phenylalanine to a level that could produce irreversible neurotoxicity and
would delay dietary treatment.

The Plasma Phenylalanine Responseto BH4

The BH, dose *see Table 77-7, is given orally. The test is done with the 6R epimer of BH,. The
phenylalanine level must be elevated when the test is done; a fall in the level after BH, loading usually to

normal or near normal eand usually with an increase in tyrosine, and within the first 6 hours erarely, not
until 24 hours, indicates BH, deficiency. The test could be misinterpreted when BH, cannot function as a

catalytic component of the hydroxylating reaction, as in DHPR deficiency *Kaufman, 1986,. After BH,4
deficiency has been excluded and PAH deficiency established, the larger BH, load 20 mg/kg, may be
given to determine BH, responsiveness with a 30 percent or greater fall in the phenylalanine level
indicating responsiveness. *Note: BH, is available for clinical use from B Schircks, Jona, Switzerland
CH8645.,

For Pterin Metabolites
Measurements are performed reliably only in laboratories with expertise. Pterin metabolite patterns are
abnormal in plasma, CSF, and urine in generalized disorders of BH, homeostasis. The so-called

peripheral form of 6-pyruvoyltetrahydropterin synthase *6-PTS, deficiency may be present when initial
pterin levels in CSF are normal «Allanson et al., 1991,. Biopterin can be measured in dried blood spots on
filter paper. BH,4 levels are high in untreated cases with ambient HPA and intact BH, synthesis sLeeming

et al., 1976, and low in disorders of BH, homeostasis.
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Pterin metabolites stotal biopterin and neopterin, can be measured in urine by several methods; relative
amounts and normal values are age-dependent. PAH enzyme deficiency confers elevated pterin levels
with normal neopterin:biopterin ratios; DHPR deficiency produces elevated total pterin levels and low BH4

levels; 6-PTS deficiency elevates neopterin levels and neopterin:biopterin ratios; and GTP-CH deficiency
produces low pterin values and normal ratios.

For Neurotransmitter Metabolites

CSF levels of homovanillic acid and 5-hydroxyindoleacetic acid, derivatives of tyrosine and tryptophan,
respectively, are usually depressed in disorders of BH, synthesis and recycling but not equivalently in

PKU. CSF neurotransmitter metabolite levels are normal in the peripheral form of 6-PTS deficiency
*Allanson et al., 1991,.

Tests at the enzyme level

For PAH Enzyme

Direct measurement of PAH enzyme activity requires liver biopsy. Indirect in vivo assays are feasible by
stable isotope infusions *Trefz et al., 1978, and by ingestion of 14C-labeled sLehmann et al., 1986, or
13C-labeled phenylalanine *Treacy et al., 1997,; they show high intraindividual correlation, they correlate
with in vitro assays of PAH activity, and they will demonstrate deficient phenylalanine hydroxylating
activity in vivo. <For the four tests listed next, see Chap. 78 for a full discussion.,

For DHPR

Activity is measured in many tissues, including liver biopsy material; cultured skin fibroblasts and
amniocytes, erythrocytes, leukocytes, and platelets; and in dried blood spots on filter paper. An automated
assay of DHPR activity in eluates from dried blood spots on filter paper has been developed *Surplice et
al., 1990..

For 4a-Carbinolamine Dehydratase

Activity can be measured in blood lymphocytes and scalp hair root cells sLei and Kaufman, 1998b,.

For GTP-CH

Activity is measured in liver biopsy material and phytohemagglutinin-stimulated mononuclear leukocytes.
GTP-CH activity is normally low in unstimulated white blood cells and should not be mistaken for an
inherited deficiency.

For 6-PTS
Activity is measured in liver biopsy material and erythrocytes.

Diagnosis by DNA Analysis

The PAH locus can be analyzed both for the disease-causing mutation and for associated polymorphic
haplotype. Venous blood, dried blood spots, buccal cells sobtained by saline mouthwash,, cultured skin
fibroblasts, and other cells are convenient sources of DNA or mRNA transcripts. Analytic methods include
Southern blotting for large deletions,, heteroduplex analysis, single-strand conformational polymorphism,
denaturing gradient gel electrophoresis, chemical cleavage of mismatch, restriction enzyme digestion,
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allele-specific oligonucleotide hybridization «Cotton, 1993, 1997; Grompe, 1993,, and analysis of
"illegitimate" * mRNA, transcripts generated by reverse-transcript PCR «Chelly et al., 1989; Sarkar and
Sommer, 1989,. Detection of a mutation requires proof of causation «Cotton and Scriver, 1998, to rule out
an artifact or the possibility that it is a neutral polymorphic variant. A negative finding by any one method,
however, does not exclude a mutation of clinical significance because no single method can detect all
PAH alleles. Diagnosis of the mutant PAH genotype has some clinical relevance because it is often
possible to predict a severe or a mild effect on enzyme function Guldberg et al., 1994, 1995, 1998; Okano
et al., 1991, and to counsel accordingly.

Prenatal Diagnosis

Indications for prenatal diagnosis exist in the HPAs sLedley et al., 1988b; Scriver and Clow, 1988,.
Treatment under some conditions may be difficult to obtain or administer, and prognosis for a fully normal
outcome still can be uncertain «Barwell and Pollitt, 1987; Riess et al., 1987,. Accordingly, there may be an
interest in avoidance of recurrent disease. Where the option is permitted, families at risk should know that
prenatal diagnosis is feasible «Cleary and Wraith, 1991,.

Fetal diagnosis of PAH deficiency is feasible by DNA analysis *Wo00, 1984,. Unless the mutant alleles in
the proband are known, polymorphic markers *RFLPs,, in gametic association with the PKU alleles, are
the mainstay of fetal diagnosis. The approach requires analysis of parental haplotypes and of the
association between haplotype and PAH mutation. Three-quarters of affected cases are likely to be
genetic compounds for PKU alleles, and this has implications for prenatal diagnosis by either haplotype or
mutation analysis. Amniocytes and chorionic villus samples can be sources of DNA for analysis; maternal
contamination of the chorionic villus sample is a hazard.

Diagnosis of Heterozygotes <PAH Locus,

Identification of PAH heterozygosity is sometimes required. Two relatively simple approaches are
available. One involves the use of isotopes sLehmann et al., 1984, 1986; Treacy et al., 1997,. The tests
are done with small substrate loads, and measurements are made under quasi-steady-state
conditionsZcircumstances that maximize the sensitivity coefficient of PAH enzyme activity in vivo.

The second approach without the use of substrate loads or isotopic tracers can be achieved by taking a
single semifasting noontime blood sample in which phenylalanine and tyrosine are measured
quantitatively *Guneral et al., 1991; Hilton et al., 1986; Rosenblatt and Scriver, 1968,; the effect of
circadian variation should be taken into account if another time is chosen «Scriver et al., 1985,. A
quadratic discriminant function that incorporates the prior probability of heterozygosity *Gold et al., 1974;
Saraiva et al., 1993; Westwood and Raine, 1975, and linear discriminant functions that do not <Freehauf
et al., 1984; Paul et al., 1978; Sartorio et al., 1988; Wenger et al., 1986,, are about equally efficient for
purposes of carrier classification. Measurement of labeled CO, following administration of isotope-labeled

phenylalanine offers no particular advantage over the discriminant-function approach applied to ambient
plasma phenylalanine levels sLehmann et al., 1986; Treacy et al., 1997,.

The advantages and disadvantages of genetic testing by DNA analysis are those already described. On
the other hand, it is a very reliable method if the alleles have been identified in an affected family member.
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TREATMENT OF PHENYLKETONURIA

Comment

In 1965, the Third International Congress of Human Genetics addressed the topic of treatment in medical
genetics. In the discussion, reference was made to "treatment undertaken to modify the environment in
which the [person] lives. The otherwise... potentially deleterious mutation is thus offset, and the individual
prospers. The principles of therapy in this realm are generally clear. In most instances, they are
immediately applicable to [Homo sapiens], and many examples of practical success can be documented"
eScriver, 1967,. Treatment of PKU is one of the classic examples of "euphenic therapy" sLederberg's
term,, where a normal «or near-normal, phenotype is restored without modification of the mutant
genotype. Because recognized approaches to treatment have been in use for sufficient time to assess the
degree of success <Holton, 1995,, and its big success is prevention of mental retardation MacCready,
1974,, PKU is one of those diseases in which process and outcome variables deserve ongoing analysis.
In the meantime, more stringent treatment of HPA is being recommended [Cockburn et al., 1993; Medical
Research Council *UK,, 1993; National Institutes of Health Consensus Development Panel, 2001; Smith,
1994b]. Some 40 years of PKU treatment have been reviewed at international symposia «J Inherit Metab
Dis 25:605, 2002; Eur J Pediatr 155+Suppl 1,, 1996,, where the major good news was reiterated along
with evidence that refinement of treatment protocols is indicated. The PKU story, in both good and less
good parts, reveals how successful but how difficult it is for Homo modificans «a descendant of H.
sapienssapiens, to act as a substitute for the normal PAH genotype. The search for new and improved
therapy for PKU continues «Blau and Scriver, 2003,.

Treatment by Low-Phenylalanine Diet

The mainstay of treatment for PKU is the low-phenylalanine diet «Bickel et al., 1953; Woolf and Vulliamy,
1951,, and treatment by diet has been feasible since the mid-1950s <Bickel et al., 1954; Woolf et al., 1955;
Armstrong and Tyler, 1955,. When started in the neonatal period, it modifies the metabolic phenotype and
prevents the neuropsychological consequences of HPA. Optimal treatment of PKU emphasized in the
National Institutes of Health Consensus Statement on Screening and Management of Phenylketonuria
«National Institutes of Health Consensus Development Panel, 2001, requires <1, early onset of treatment
ewithin 1 month of birth,, 2, continuous treatment for life, including through conception and pregnancy in
the affected female «to benefit the fetus,, and <3, severe restriction of phenylalanine intake to the small
amounts sufficient to hold plasma phenylalanine values as close as possible to the normal range yet
sufficient to support protein synthesis sexcessive restriction will impair growth and development,. The
precise tolerance for phenylalanine «<200-500 mg/day, varies among patients with PKU, even among
those with the same mutant PAH genotypezwhich implies the familiar maxim: Treat the patient, not the
genotype! Help for the patient to comply with treatment remains important; long-term compliance is
difficult sWalter et al., 2002,.

Response to Early Treatment

A prospective, controlled trial of treatment by selective restriction of phenylalanine intake, beginning early
in postnatal life, has never been attempted. Nevertheless, alternatives to a restricting phenylalanine have
proved to be unpromising: ¢1, A single patient treated purposefully from early infancy only by means of a
tyrosine supplement and with no restriction of phenylalanine intake nonetheless expressed the PKU
phenotype *Batshaw et al., 1981,. <2, L-Dopa therapy alone in adult PKU patients off treatment since 10
years of age does not improve frontal lobe and other brain functions «UlIrich et al., 1996,. Conversely,
while never-treated contemporary PKU patients continue to manifest the classic PKU phenotype
eLangenbeck et al., 1988; Pitt and Danks, 1991,, patients treated continuously and carefully with
phenylalanine following neonatal diagnosis avoid severe impairment of cognitive development and
function esee Fig. 15-11 in Scriver et al., 1989,.
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Major inputs u, and runouts st, of free L-phenylalanine in human metabolism. Inputs of this essential
amino acid to the pool of freely diffusible solute are from dietary protein [hence the minimal dietary
requirement Table 77-1,] and turnover of endogenous sbound, polypeptide, pools. Runout is by «1,
hydroxylation to tyrosine sreaction 1 catalyzed by phenylalanine hydroxylase, followed by oxidation,; 2,
incorporation into bound epolypeptide, pools sreaction 2,; and <3, transamination *A, and decarboxylation
*B,. The approximate proportional importance of the three runouts is 3:1:trace at normal steady state ssee
the discussions in Scriver et al., 1989 and Kaufman and, 1999,.

An early study of 28 PKU sibling pairs «Smith and Wolff, 1974, matching the index case who presented
with a late diagnosis and mental retardation with the sibling who had been diagnosed and treated for PKU
from the neonatal period showed that the difference in intellectual development between the early-treated
sibling «IQ values all > 80, and late-diagnosed sibling emean 1Q = 45; range 3081, was significant. In
another historic study *Dobson et al., 1976,, when 36 early-treated PKU patients and their unaffected
siblings were compared, the mean 1Q values were 94 and 99, respectively.

In a large collaborative study in the United States that evaluated the outcome of early-treated PKU
patients sWilliamson et al., 1977,, IQ scores measured in 111 PKU children at 4 years of age, whose
treatment began between 3 and 92 days after birth sDobson et al., 1977,, yielded a mean score of 93
«Stanford Binet Intelligence Scale, for the whole group, and patients treated from the first month had a
higher mean score «IQ = 95, than those first treated between 31 and 65 days of age ¢IQ = 85,. Evaluation
of 132 of these children at 6 years of age *Williamson et al., 1981, found a mean 1Q score of 98;
regression analysis showed that scores at 6 years were related to maternal intelligence, age at onset of
treatment, and average lifetime plasma phenylalanine values during treatment. Evaluation of outcome in
55 of these children at 8 years of age *Koch et al., 1984, found early treatment compatible with attainment
of a "normal" 1Q score *WISC Full Scale 1Q score = 100,. However, the PKU probands, as a group, had a
small 1Q deficit relative to their normal siblins, whose mean 1Q score was 107 «p = 0.001,, and patients
who terminated treatment early scored lower than those who continued it longer *Koch et al., 1984,.
Among the 95 evaluated at 12 years of age *Azen et al., 1991,, 23 had maintained blood phenylalanine
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levels of less than 900 uM for the full 12 years, whereas the remainder had not been able to maintain this
degree of control. 1Q scores correlated positively with age reached at loss of dietary control and with the
midparental 1Q score and negatively with age at which treatment began and with mean blood
phenylalanine value during treatment. The best test scores were obtained by the patients treated longest
and with blood phenylalanine values kept consistently less than 900 uM. Recently, 70 of the 125 patients
who had been followed to 10 years of age were studied as adults *Koch et al., 2002,. The 9 who had
continued diet reported fewer problems and tended to have higher cognitive and achievement scores than
those who had discontinued treatment.

Independent corroborating evidence exists for both the efficacy of treatment and outcome in early-treated
children with PKU «Smith and Beasley, 1988; Smith et al., 1988, 1990,. For example, 263 PKU patients
born between 1964 and 1971 in the United Kingdom for whom outcomes were known and followed
prospectively had a mean 1Q of 96 compared with the estimated population norm of 109.8, and 545 born
between 1972 and 1980 had a mean 1Q of 104 compared with the estimated population norm of 112.4; in
this study, 1Q scores were adjusted to account for the rise in normal scores «and 0.3 IQ points per year,
since standardization of the test in 1932 «Smith et al., 1990; Flynn, 1984,. PKU patients showed a 4-point
deficit «1, for each month's delay after birth until onset of treatment, 2, for each rise of 300 uM in average
blood phenylalanine level with insufficient treatment, and <3, for each 5-month period during infancy when
blood phenylalanine values remained less than 120 uM owing to excessive treatment «Smith et al., 1990,.

More recent studies from the United Kingdom «Griffiths et al., 1998, and the United States *Arnold et al.,
1998, confirm that dietary treatment achieving mean blood phenylalanine levels of less than 360 uM in
early childhood is compatible with normal executive function «higher goal-directed mental activity,
organized in nature and dependent on good control of attention,«Griffiths et al., 1998,: The longer and
better the control of phenylalanine levels, the better was the cognitive and motor function, behavioral
temperament, and executive function Arnold et al., 1998; Smith et al., 2000; Weglage et al., 2000,. These
studies uphold the recommendations for more stringent treatment «Cockburn et al., 1993; National
Institutes of Health Consensus Development Panel, 2001,.

Many early-treated PKU patients have been found to have subtle performance deficits in conceptual,
visual spatial, and language-related tasks sHenderson et al., 2000; Holtzman et al., 1986b; Melnick et al.,
1981; Pennington et al., 1985; Rapoport et al., 1983; Smith, 1985,; in reading and arithmetic skills, as well
as overall school achievement «Azen et al., 1991; Koch et al., 1984; Stemerdink et al., 2000,; and in motor
coordination, attention span, response time, problem-solving ability, working memory, and executive
functioning *Berry et al., 1979; Diamond et al., 1997; Faust et al., 1986; Feldmann et al., 2002; Fishler et
al., 1987; Griffiths et al., 1997a; Holtzman et al., 1986b; Koch et al., 1984; Melnick et al., 1981; Netley et
al., 1984, Pennington et al., 1985; Smith et al., 2000; Welsh et al., 1990; White et al., 2002,. Moreover,
behavior may be more extroverted along with negative task orientation sKalverboer et al., 1994,, and the
frequency of neurotic and emotional disorders *Ris et al., 1997; Weglage et al., 2000,, as well as
hyperkinetic behavior, can be twice normal «Burgard et al., 1994,. Disordered function in the prefrontal
cortex is thought to be at the source of these problems «Diamond, 1994; Eisensmith et al., 1994; Smith et
al., 2000,. Despite these selective deficits, well-treated PKU patients have satisfactory lives «Koch et al.,
1985,: They meet their genetic potential for height «<Holm et al., 1979; Lyonnet et al., 1989,Zalthough they
tend to be overweight sMcBurnie et al., 1991; White et al., 1982,Zand they have normal pubertal
development «Scaglioni et al., 1986, and are gainfully employed *Koch et al., 1997..
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Whereas social class can have an effect on outcome «Smith et al., 1990,, and parental skills influence
compliance with diet sFehrenbach and Petersen, 1989,, treatment of PKU need not disrupt the family
*Kazak et al., 1988,7a fact of some relevance when counseling a family about recurrence risks and the
burden of PKU esee Scriver and Clow, 1988, Riess et al., 1987, and Barwell and Pollitt, 1987, for views of
the "burden" by PKU families,.

To summarize, ¢1, the benefits of early treatment in ameliorating the clinical impact of PKU are well
established, *2, early-treated children have mean 1Q scores approximately half a standard deviation lower
than scores for their unaffected siblings and the corresponding population norm, and <3, early-treated
subjects may exhibit some degree of intellectual impairment attributable at least in part to events in early
childhood. Nevertheless, while subtle neuropsychological impairments are cause for concern, most
early-treated PKU children function within the broad normal range of ability and can attend ordinary
schools.

Does Non-PKU Mild Hyperphenylalaninemia Require ~ Treatment?

There has been an abiding question whether mild HPA <600 uM, should be treated. The question was
tentatively answered over 30 years ago sLevy et al., 1971, when a small group of untreated individuals
with mild HPA were observed to have normal cognitive development, and the conclusion was drawn that
dietary therapy is not needed for mild HPA. A recent paper *Weglage et al., 2001, supports the earlier
proposal. In this analysis, 31 never-treated adolescents or adult individuals with persistent HPA were
evaluated with comprehensive psychological testing, cranial MRI, MRS, and PAH gene mutation analysis.
Their mutant genotypes were compatible with the non-PKU HPA phenotype. There were no deficits in the
various measurements, leading to the conclusion that "dietary treatment is unlikely to be of value to
patients with mild HPA «<600 puM,." The findings also suggest that dietary treatment of such individuals
could paradoxically incur a cost of cognitive development. The authors were prudent and advised that
every patient identified in the newborn period and potentially in this class be followed carefully in the first
year of life to detect any change of status. Occasionally children who, as infants, had phenylalanine
values considered to be in the mild HPA range and continued on a normal diet later have been found to
have levels in the range of PKU requiring dietary therapy <Berlin et al., 1995; Weglage et al., 1998,. They
also reminded the readers that the situation of maternal HPA always must be kept in mind.

Response to termination of treatment

There has long been a concern that premature termination of treatment in midchildhood might impair later
intellectual and neuropsychological performance *Cabalska et al., 1977; Smith et al., 1977, 1978,. As a
result, quite early in the history of PKU treatment there was a small controlled trial of continued versus
terminated treatment sHoltzman, 1977; Holtzman et al., 1975,. Only a small deficit in 1Q *4 points, was
found in 6-year-olds 2 years after termination of treatment. Thus it seemed that to terminate treatment at
this early age would not be cause for concern; nonetheless, the authors of the report recommended a
longer period of observation in a larger number of subjects *Holtzman et al., 1975,. Conditions for that
larger study were fulfilled «Cabalska et al., 1977; Koch et al., 1982; Smith et al., 1977, 1978; Williamson et
al., 1979,; this provided unambiguous evidence that IQ scores in PKU patients usually are compromised
by premature termination of their treatment «Table 77-8,.

Table 77-8: Effect of Treatment Termination on IQ scores of Patients with Phenylketonuria

*AUTHOR: Please supply name, date references for the "Reference” column.,
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Design n IQ Points Significance Tested at M_onths off Reference
«Change, Age <Year, Diet sMean,
%‘i’gltro"ed 14 +3.8 NS 6 24 731
Longitudinal 17 6.3 Yes” 8 41 733
Longitudinal 6 7.8 Yes” 3.6 12 734
Longitudinal 6 «14.2 Yes” 6.6 48 734
Longitudinal 16 8.3 <.001° 11 34 735
Longitudinal 7 0.1 <.05° 13 44 735
Longitudinal 30 *0.08 NS 6 24 736
%‘i’gltro"ed 55 5 <01 6 24 737
(T:rci’gltro"ed 115 45 NS 8 24 738
Longitudinal 14 14 <.005 11 6 740

“Stated to be significant.

* Significance applies to treatment-terminated patients only; those who continued treatment on a
relaxed regimen had less change in 1Q scores. *Smith et al, 1978,.

" The group that terminated diet before age 8 years also showed deterioration in reading and
spelling achievement *WRAT scores, relative to the treatment continuation group.

The phenomenon has been called late-onset phenylalanine intoxication *Woolf, 1979,, the initial features
of which are like those that follow any induced increase in blood phenylalanine levels of the PKU subject
*Epstein et al., 1989; Krause et al., 1985, 1986,. A significant fall in the IQ score ¢by 5¢30 points, is
observed when treatment is terminated in midchildhood «Cabalska et al., 1977; Smith et al., 1978,; the
decrease is smaller when treatment is relaxed rather than terminated «Smith et al., 1978,. It is now
generally agreed that premature termination of treatment is followed by deficits in performance in most
patients sBehbehari, 1985; Koch et al., 1997; Lou et al., 1985; Matthews et al., 1986; Seashore et al.,
1985; Smith, 1985,. One controlled, prospective study of early- and well-treated PKU patients, however,
found no deterioration in cognitive ability following termination of low-phenylalanine diets over the next 10
years *Rey et al., 1996,.
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Termination of treatment affects more than the 1Q score. There are abnormal neurologic features in later
life eMcDonnell et al., 1998,, deviant electroencephalographic findings sBehbehari 1985; Seashore et al.,
1985,, and decreased levels of neurotransmitter metabolites in body fluids sLou et al., 1985; Neilsen et al.,
1988,. The last are analogous to the findings produced by purposeful phenylalanine intoxication *Epstein
et al., 1989; Krause et al., 1986,; impaired vigilance and reaction times sLou et al., 1985,, deficits in social
guotients measured on the Vineland scale Matthews et al., 1986,, and neuropsychological and behavioral
problems «Koch et al., 2002; Ris et al., 1997; Smith, 1985, are also seen.

Termination of treatment is also associated with abnormal brain white matter visualized by MRI *Bick et
al., 1991; McDonnell et al., 1998; Shaw et al., 1991; Thompson et al., 1990, 1991a; Villasana et al., 1989,.
The clinical relevance of this finding is unclear because it occurs even in well-treated patients still on
treatment sThompson et al., 1991a,. Nonetheless, there is some evidence, not all of it consistent *Bick et
al., 1991; Pearsen et al., 1990; Shaw et al., 1991,, that the MRI changes are more severe in patients with
a history of higher levels of phenylalanine «Shaw et al., 1991; Thompson et al., 1991a,. For example, two
adolescent patients with non-PKU HPA, both untreated, had normal MRI findings; their phenylalanine
levels had apparently never exceeded 600 uM <Bick et al., 1991,. The MRI findings, if of a shorter duration
in treated PKU patients, disappear when treatment reduces blood phenylalanine levels <Battistini et al.,
1991; Thompson et al., 1990; Walter et al., 1997,, implying that the abnormality in this circumstance is
one of dysmyelination rather than demyelination sWalter et al., 1997,. Although the changes in white
matter are more common than overt neurologic changes [Medical Research Council UK, 1993], and
perhaps more prevalent than measurable neuropsychological deficits, their association with long-term
HPA of some degree seems undeniable.

Stringency of treatment: The threshold argument

Is there a tolerable degree of HPA in the treated patient with PKU and in the untreated patient with
non-PKU HPA? There is, so far, no clear answer to this question. Until all causes of cognitive dysfunction,
MRI abnormalities, and the likeZincluding the diet itself «Cockburn et al., 1996; Eiken et al.,

1996b,zhave been ferreted out, we are left with the concern that any increase in phenylalanine could be

a troublemaker at every stage of life in patients with HPA. Nevertheless, persons with untreated non-PKU
HPA achieve normal cognitive function in the presence of persistent but modest HPA, as shown by
absence of significant abnormalities in untreated adolescents and adults with well-documented non-PKU
HPA «<600 uM, *Weglage et al., 2001,. The latter findings require us to question whether the
phenylalanine-restricted diet modality has some undesirable consequences that were avoided in the
untreated HPA patients see the section "Pathogenesis: Metabolic Phenotypes and Neurotoxicity" above,.

In reality, for treated patients with PKU, there may be no threshold value for blood phenylalanine at which
the brain will escape an effect of persistent HPA [Medical Research Council sUK,, 1993]. The results in
one study *Michel et al., 1990, imply that an even very modest HPA level «<300 pM in the treated patient,
may incur cognitive dysfunction, but again, this finding could implicate something harmful in the process or
modality of treatment itself. Evidence for the argument against safety in an arbitrary threshold value has
come mainly from treated patients with classic PKU «Flynn, 1984; Michel et al., 1990; Smith et al., 1988,
1990, but also has been advanced from other observations sDiamond, 1994; Smith et al., 1991,: In all
treated patients, outcome correlates with the quality of treatment and the ambient blood phenylalanine
value. Meanwhile, the prudent position remains the one proposed in recent guidelines: Treat PKU as
early, as well, and for as long as possible [Cockburn et al., 1993; Medical Research Council *UK, 1993;
National Institutes of Health Consensus Development Panel, 2001].
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Stringency of treatment: Prolongation

Although some patients were advised long ago that treatment would be for life e+Naughten, 1989,, most
received different advice at the time of diagnosis. In the United States, for example, there was no standard
policy for continuation or termination of treatment until the late 1970s «Schuett et al., 1980,. When the
evidence began to emerge that early termination of treatment might have undesirable consequences, the
majority of American clinics changed policy and began to recommend treatment for the duration *Schuett
and Brown, 1984,. Unfortunately for patients who had already discontinued treatment, it was difficult to
reinstate it successfully eFinkelson et al., 2001; Hogan et al., 1986; Schuett et al., 1985,. With hindsight, it
seems illogical to terminate treatment in patients with classic PKU, but patients, families, and advisors all
had their reasons to do soZamong them, the adverse social conditions of the treatment erestrictions in
lifestyle,, the inadequate organoleptic properties of the phenylalanine-restricted diet products spoor flavor
and offensive smell,, and the awkward nutritional considerations how to keep the intake of phenylalanine
far below normal when the intake of other nutrients must be increasing while the patient is growing,.

Risk of brain dysfunction owing to HPA, however, persists throughout life, albeit less in adulthood than in
childhood during the rapid development of brain functions. Accordingly, guidelines recommend that
treatment should continue beyond childhood, through adolescence and into adulthood, certainly during
conception and pregnancy, and perhaps for the lifetime of all patients [Cockburn et al., 1993; Medical
Research Council *UK, 1993; National Institutes of Health Consensus Development Panel, 2001].
Compliance can be beneficial *Koch et al., 1999, but is clearly difficult to achieve «Walter et al., 1993, and
will require better support programs sLevy and Waisbren, 1994, and better resources than are presently in
place for treatment during late adolescence and into later life sFisch et al., 1997; McDonnell et al., 1998,.
As long as the dietary mode of treatment has the imperfections familiar to anyone who has experienced it,
compliance will be a problem beyond childhood. Adolescent patients, well treated in the first decade, can
tolerate 3 months of HPA eat levels 100021300 pM, without evidence of neurotoxicity Griffiths et al.,
1997b, 1998,, but whether their executive functions are immune to harm or whether a longer period of
HPA can be tolerated has yet to be analyzed. Abnormal neurologic features can occur in adult patients
after termination of treatment with a rise of blood phenylalanine to the aforementioned levels sMcDonnell
et al., 1998,.

Treatment for the previously untreated:  Benefit

It was in an untreated child with PKU who was mentally retarded and had behavior abnormalities that
Bickel and colleagues first demonstrated the benefit of the phenylalanine-restricted diet *Bickel et al.,
1954,. On diet, her blood phenylalanine levels decreased, her behavior improved with increased
awareness and responsiveness, and she made developmental gains. This initial result of dietary treatment
and subsequent further evidence of benefit in mentally retarded, never-treated children sArmstrong et al.,
1957; Hsia et al., 1958; Woolf et al., 1955,Zpresumably the result of relieving the intoxication of extreme
HPA sWoolf et al., 1955,Zhas led to an examination of dietary benefit in retarded adults with PKU, usually
those in group homes or institutions «Baumeister and Baumeister, 1998; Harper and Reid, 1987; Hoskin et
al., 1992; Koch et al., 1999; Marholin et al., 1978; Williams, 1998; Yannicelli and Ryan, 1995,. The
objective is not to increase the presumably unchangeable cognitive function but to have a positive effect
on behavior by reducing hyperactivity and developing some degree of appropriate social interaction,
thereby lessening the threat of physical injury to self and others and reducing need for intensive nursing
care and psychotropic medication sLevy, 2000,. Studies of benefit from the institution of a
phenylalanine-restrictive diet in these adults have had mixed results. Individual case reports generally
have reported marked reductions in disturbed behavior «Harper and Reid, 1987; Hoskin et al., 1992;
Williams, 1998,, but controlled studies have shown inconsistent results, with some patients benefiting but
others unchanged *Marholin et al., 1978,. A survey of the experience among residential facilities for the
mentally retarded found that 46 percent of the patients with PKU had positive behavioral changes when
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on a phenylalanine-restricted diet *Yannicelli and Ryan, 1995,. From an economic standpoint, the greatest
benefit seems to be in untreated patients who require a large amount of nursing care *Brown and Guest,
1999,. It would seem that diet should be attempted in these patients and continued if there is a significant
reduction in the need for care. However, this may not be evident until the degree of HPA has been
substantially reduced for several months. Consequently, if there is no improvement over a shorter period
of diet, it should not be concluded that diet is ineffective.

The modalities for dietary treatment:  Implications

Protein intake by itself cannot be reduced sufficiently to prevent HPA in PKU without causing deficiencies
of other essential amino acids. PKU patients are "consumers with special needs" «Scriver, 1971,, and they
require elective restriction of phenylalanine intake. Tolerance for dietary phenylalanine [200+500 mg/day
*Acosta et al., 1983,] to maintain plasma phenylalanine levels at "nontoxic" levels in young PKU patients
is far below the normal intake. Tolerance increases significantly only during the latter half of a pregnancy
Thompson et al., 1991b,.

A synthetic diet free of phenylalanine and presumed to be adequate in other nutrients is used to treat
PKU. Several commercial products provide the amino acids in adequate amounts sAmerican Academy of
Pediatrics, 1976,. Although these products have nutrient compositions and proportions vastly different
from human nutrient compositions and proportions vastly different from human milk, some have been
formulated to resemble human milk in most aspects ¢Link and Wachtel, 1984,, and efforts are constantly
being made to improve their composition and organoleptic properties *Acosta et al., 1977; Kindt et al.,
1983; Kindt and Halvorsen, 1980,. However, they are still unlike human milk in their content of essential
fatty acids sAgostoni et al., 1998; Cockburn, 1994; Farquharson et al., 1993; Gu et al., 1995; Riva et al.,
1996,. Whereas PKU and normal subjects have similar nitrogen requirements *Acosta et al., 1977; Kindt
et al., 1983; Kindt and Halvorsen, 1980,, classic PKU patients provide evidence that the recommendations
for protein requirements in humans can be refined *Kindt et al., 1984, 1988,. The artificial diets used to
treat PKU alter body composition. They incur lower levels of trace minerals ee.g., zinc, selenium, iron,
copper, and chromium, and cholesterol *Gropper et al., 1988; Scriver et al., 1987,. Absence of preformed
arachidonic acid and the C22:6+n-3, fatty acid [docosahexaenoic acid *DHA,] in treatment diets sAgostoni
et al., 1998; Giovannini et al., 1966, distorts the fatty-acid composition of plasma and erythrocytes in
patients and perhaps also in the brain *Acosta et al., 2001a; Cockburn et al., 1996; Galli et al., 1991;
Giovannini et al., 1966; Moseley et al., 2002,.

Treatment of PKU can be made more physiologic and plasma phenylalanine homeostasis can be
improved «MacDonald et al., 1998, by distributing protein intake throughout the day *Acosta and
Yannicelli, 1994, and by increasing the nonphenylalanine protein intake to at least 3 g/100 kcal *Acosta
and Yannicelli, 1994,. These measures also may avoid the poor growth seen in some treated patients
evan der Schot et al., 1994; Van Spronsen et al., 1997, and, when combined with more appealing
treatment products, may prevent feeding problems «MacDonald et al., 1994,.

The dietary mode of treatment has many pitfalls. First, there can be long-term HPA from excessive
treatment «Hanley et al., 1970; Smith et al., 1990, or persistent HPA with inadequate treatment, and both
will affect outcome adversely. Second, the poor organoleptic properties staste and smell, of most
low-phenylalanine products affect compliance adversely. Third, in the absence of full understanding of
pathogenesis, and without assurance that phenylalanine levels in the brain can be normalized by dietary
means alone in PKU, it is still unclear whether supplements of certain free L-amino acids «i.e., leucine,
isoleucine, valine, tyrosine, tryptophan, and lysine, are helpful, necessary, or advisable Kaufman, 1976;
Hommes, 1989; Hommes and Lee, 1990; Berry et al., 1982; Jordan et al., 1985; Huether et al., 1985, *see
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section "Pathogenesis: Metabolic Phenotypes and Neurotoxicity" above, as well as Pietz et al., 1999,. A
supplement of L-tyrosine «100 mg/kg of body weight daily, increased plasma tyrosine but produced no
change in neuropsychological performances according to double-blind crossover studies with
measurements of three neurophysiologic parameters *Pietz et al., 1995a; Smith et al., 1998,. Others claim
some benefit from tyrosine supplements at a higher dose <180 mg/kg per day, ¢Lou, 1994,, although
tyrosine supplementation has not consistently been found to improve neuropsychological function in
treated PKU <Kalsner et al., 2001; Poustie and Rutherford, 2000,. Supplements of breast milk are
considered beneficial in young PKU infants on diet treatment sMcCabe et al., 1989,, and the supply of
decosahexaenoic acid *DHA, in breast milk may contribute to higher IQ scores in PKU patients treated
early with breast-milk supplements <Riva et al., 1996,.

An alternative to full dietary treatment in PKU has been proposed by the Danish group for use in
never-treated adults, previously treated but off-diet adolescents, and adults supposedly on diet but who
cannot comply with the rigid requirements of the diet. This alternative consists of reduced natural protein
intake and a supplement of large neutral amino acids <LNAAs, excluding phenylalanine and enriched in
tyrosine and tryptophan. The concept is that by competition with other LNAAs at the BBB, brain influx of
phenylalanine is reduced, thereby lowering the level of phenylalanine in the brain sAnderson and Avins,
1976, *see the section "Pathogenesis: Metabolic Phenotypes and Neurotoxicity" above,. The supplement
has been used extensively by the Danish group with reported improvement in behavior domains such as
motor skills, socialization, communication, emotionality, attention span, and frustration tolerance in a
majority of the patients «Kalkanoglu et al., 2002,. Reports from Poland and the United States indicate
reduction in brain phenylalanine *Koch et al., 2003, and suggest improvement in psychological and
emotional health Giewska et al., 2001; Koch et al., 2003,. A recently published double-blinded crossover
study of LNAAs or placebo from Australia indicated that LNAAs had some effect in lowering the blood
phenylalanine level and in improving executive function, especially in those who were not in dietary
compliance *Schindeler et al., 2007,. Preliminary data from a very recent study of 4 patients on LNAAs for
1 year who were on a normal diet indicated a decline of approximately 50% in the blood phenylalanine
level sMichals-Matalon et al., 2008,. An accurate assessment of its benefits awaits objective studies that
may soon be underway.

Is the diet modality for PKU therapy without risk?

Outcome with dietary treatment is not optimal for many patients with PKU esee the section "Treatment of
PKU" above,. The cause generally has been assumed to be imperfect compliance with the treatment
protocol leading to attendant HPA. But could suboptimal outcome be a function of the treatment modality
itselfzthe phenylalanine-restricted dietzrather than persistence of HPA? Perhaps toxicity or important
deficiency in the diet modality is the problem.

Cockburn «1994, noted that "much of the increase in gray matter weight [of human brain] is due to the
development of the complex arborisations and synaptosome formation, which subserve neuronal function
and the learning processes. Myelination proceeds rapidly after birth and in this process neuroglial cells
envelop the axons of cortical neurons%. 60 percent of the total energy intake of the infant during the first
year is utilized by the brain and much of the energy used to construct neuronal membranes and deposit
myelin comes from fat in human milk and infant formulas. Fat, however, is not simply a source of
hydrocarbon for energy production but is comprised of a series of complex hydrocarbon structures [fatty
acids] necessary for the creation of membranes."
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Cockburn, his colleagues, and others *Agostoni et al., 1998; Giovannini et al., 1966, have built a case for
the importance of long-chain polyunsaturated fatty acids, notably DHA, in the diet of human infants. This
fatty acid is present in human milk but at much lower concentrations in the infant formulas currently in use.
Moreover, the liver is unable to synthesize DHA from a-linolenic acid [C18:3n-3] in the first months of life
eFarquharson et al., 1995a,. The DHA content of cerebral cortex is significantly higher in breast-fed infants
than in formula-fed infants <Farquharson et al., 1995b,. The "requirement" for DHA could be met by a
dietary supplement of 30 mg/day eapproximately 0.2 g/100 g fatty acid, in the diet of formula-fed infants
eFarquharson et al., 1993,. Cockburn 1994, cites evidence "that preterm infants fed human milk have a
higher developmental status at 18 months and a higher intelligence quotient in late childhood than those
fed infant formula." This outcome is thought not to be explained by the social environment «Porter, 1996,.
Are these findings relevant to PKU?

Long-chain polyunsaturated fatty acids such as DHA and arachidonic acid are present as such only in
animal foods <Agostoni et al., 2000,. Thus patients with PKU can have a very low dietary intake of DHA
[and arachidonic acid <Agostoni et al., 1998,] when phenylalanine-restricted diet products replace cow or
human milk feedings. The majority of PKU diets in infancy also provide only a low intake of a-linolenic
acid, which might replace DHA when hepatic synthesis of DHA matures later in infancy *Cockburn et al.,
1996,. Patients with PKU have significantly reduced concentrations of DHA eand other long-chain
polyunsaturated fatty acids, in plasma and erythrocytes *Moseley et al., 2002,. Diet-treated children with
PKU have erythrocyte membranes that are poorly populated in the DHA molecules «Cockburn et al., 1996;
Giovannini et al., 1966,, a deficit likely to be reflected in membranes of the nervous system.
Breast-feeding, in the 20- to 40-day postnatal interval before phenylalanine-restricted dietary treatment
usually began, is linked to higher IQ scores among patients with PKU *Riva et al., 1996,. Accordingly,
disappointments in the outcome of treatment might be related as much to deficiency of DHA in early
infancy as to chronic HPA. The hypothesis deserves further investigation, careful review of dietary
compositions, and possible supplementation with DHA, particularly during infancy, in the treated patient
with PKU. The findings also heighten the relevance in seeking possible alternatives to the dietary mode of
treatment esee the section "Treatment of PKU" above,.

The special problem of aspartame

L-Aspartyl-L-phenylalanine methyl ester strivial name Aspartame, is an artificial sweetener; on hydrolysis, it
releases free L-phenylalanine, L-aspartic acid, and methanol. Aspartame is marketed widely. For example,
it has replaced more than 12 percent of the total sweeteners consumed annually in America. Its wide
availability makes it a potential hazard in the dietary management of PKU ee.g., 1 quart of Kool-Aid
contains 280 mg phenylalanine, more than half the daily allowance of the amino acid for a PKU patient,.
Accordingly, those with HPA who are on diet and their providers must know about Aspartame, read
product labels, and adjust diet accordingly. Despite claims to the contrary, Aspartame seems to present
no hazard to PKU heterozygotes, including pregnant heterozygotes «Caballero et al., 1986,. Studies in
normal subjects and heterozygotes, done at ninetieth and ninety-ninth centiles of projected Aspartame
intakes with single-bolus ingestion sthe worst-case scenario,, found no significant disturbance of blood
phenylalanine, tyrosine, and large neutral amino acid levels in response to the load <Filer and Stegink,
1989,; these findings have been corroborated «Curtius et al., 1994,.

PET following ingestion of Aspartame showed a nonsignificant decrease in brain amino acid transport, as
measured with an inert marker «Koeppe et al., 1991,. Aspartame loading does not change behavior in rats
*Mullenix et al., 1991, and has no effect on photically induced myoclonus in baboons. Notwithstanding
such esoteric studies, PKU heterozygotes will find reassurance that a hamburger and a milk shake can
safely replace a craving for Aspartame-flavored sustenance.
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In summary, the overall advantages of treating HPA with the phenylalanine-restricted diet are clear: 1,
reversal of key biochemical abnormalities, <2, improved neuropsychological performance, and <3,
prevention of neurologic deterioration. The disadvantages are also clear: +1, difficulty in obtaining full
compliance with the treatment process, 2, the need for complex social support, 3, risks of nutrient
imbalance and deficiency, and 4, persisting uncertainty that dietary treatment in its present formulations
and by itself can achieve all that is desired «Cockburn et al., 1996; Riva et al., 1996; Smith, 1994a,.

Cofactor Therapy: Tetrahydrobiopterin-Responsive PAH Alleles

Over 30 years ago, Milstien and Kaufman suggested the possibility that a tetrahydropterin might be used
to treat those with PKU who still possess some residual phenylalanine hydroxylase activity *Milstien and
Kaufman, 1975a,. This has now been shown to be true. Beginning in 1999 «Kure et al., 1999, with the
demonstration that a mild form of PKU responded to pharmacologic doses of tetrahydrobiopterin by a
substantial reduction in the serum phenylalanine concentration, studies have shown that there is a subset
of patients with PKU in whom tetrahydrobiopterin therapy lowers phenylalanine Fiege and Blau, 2007;
Bernegger and Blau, 2002; Fiori et al., 2005; Matalon et al., 2004; Mitchell et al., 2004; Leuzzi et al., 2006;
Levy at al., 2007; Muntau et al., 2002, Lindner et al., Spaapen and Rubio-Gozalbo, 2003; Burton et al.,
2007; Hennermann et al., 2005,. None of these BH,4-responsive patients has an abnormality in the

synthesis or recycling of BH, cofactor.

The overall frequency of responsiveness in studies of largely unselected patients has varied from 20 to 40
percent «Burton et al., 2007; Fiege and Blau, 2007; Mitchell et all, 2005; Hennermann et al., 2005; Boveda
et al., 2007,. Proving correct the prediction of Milstien and Kaufman that residual phenylalanine
hydroxylase activity would be required for therapeutic benefit from a tetrahydropterin «Milstien and
Kaufman, 1975a,, most responders have mild PKU or mild hyperphenylalaninemia sMuntau et al., 2002;
Fiege and Blau, 2007; Fiore et al., 2005; Leuzzi et al., 2006,. Specifically, the frequencies have been 80 to
95 percent among patients with mild hyperphenylalaninemia, 50 to 75 percent among patients with mild or
moderate PKU, but only 5 to 15 percent among those with classic PKU «Fiege and Blau, 2007; Mitchell et
al., 2005; Leuzzi et al., 2006; Fiore et al., 2005; Hennermann et al., 2005; Desviat et al., 2004,. The most
frequent regimen for determining BH, responsiveness in these studies was to administer 20 mg/kg

tetrahydrobiopterin *6-R-BH 4, as a single or divided dose and to compare the blood phenylalanine

concentrations obtained before and within 24 to 36 hours after dosing. A notable exception was a large
multicenter study of 485 patients administered a daily dose of 10 mg/kg for 8 days with responsiveness
determined by the blood phenylalanine concentration on the eighth day <Burton et al., 2007,. A 30 percent
or greater reduction in the blood phenylalanine level has been the standard for responsiveness.

The critical question about the efficacy of BH, in the treatment of PKU is whether long-term therapy is

effective in reducing the stringency of the phenylalanine-restricted diet or eliminating the need for diet.
Several studies have examined this question by treating patients with BH, from 12 months to over 5 years
eHennermann et al., 2005; Lambrushchini et al., 2005; Shintaku et al., 2004; Cerone et al., 2004; Steinfeld
et al., 2004; Trefz et al., 2005; Belanger-Quintana et al., 2005,. These reports show that BH,4

responsiveness continues and that some patients can maintain blood phenylalanine control without diet,
whereas others can maintain control with a substantially liberalized diet.

The primary biochemical effect of BH, in this new phenotype increases the catalytic flux of phenylalanine

by increasing PAH enzyme function; secondarily, it ameliorates the metabolic phenotype «Mutau et al.,
2002; Okano et al., 2004,. This important PAH enzyme phenotype also has been analyzed from the
viewpoint of structural biology *Erlandsen and Stevens, 2001; Erlandsen et al., 2004,. Mapping 15
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different PAH mutations associated with BH, responsiveness onto their structural model of a PAH
monomer, Erlandsen and colleagues +2004, determined multiple mechanisms for BH, responsiveness.
For some alleles, BH, therapy overcomes kinetic variants affecting binding of BH, and cooperativity of
substrate binding. Additional BH 4-binding mutants have been reported subsequently */Aguado et al., 2007,
Perez et al., 2005,. For other alleles, BH, therapy acts as a chemical chaperone to prevent misfolding of

mutant PAH and its consequent proteolytic degradation, thus maintaining PAH in an active configuration
«although only rarely restored to wild-type levels,. This seems to be the more frequent mechanism of
pharmacologic BH, action.

The BH4-responsive alleles are a particular subset of those causing PKU and related forms of
hyperphenylalaninemia ssee www.pahdb.mcgill.ca and www.BH 4 .org/for catalogues and commentary,.
The majority of BH4-responsive PAH alleles map to the catalytic domain of the enzyme monomer in one

of two regions: in the cofactor-binding regions themselves or in regions that interact with the secondary
elements involved in binding «Zurfluh et al., 2008,. The remaining alleles map to the regulatory or
tetramerization domain. Wherever the allele has caused misfolding of the protein with loss of integrity and
function, the response to BH, may be revealing a chaperone-like effect, in which case the

BH4-responsive HPA phenotype may be prototypes for "pharmacologic chaperone” therapy of genetic

disease *see Scriver and Waters, 1999; Blau and Erlandsen, 2004,. Consistent with the phenotype of mild
PKU or mild hyperphenylalaninemia, the BH 4-responsive mutations express a PAH with residual activity

*Erlandsen et al., 2004,.

A clinical trial to identify BH, responsiveness should be considered in every patient with PKU or a variant

non-PKU form of HPA. Recommendations for performing this trial and its interpretation have been
published recently sLevy et al., 2007,. PAH mutation analysis may be very helpful in predicting
responsiveness as well as interpreting unclear results.

A proprietary form of BH, esapropterin dihydrochloride, 6R-BH4; KUVAN; BioMarin Pharmaceutical, Inc.,

Novato, CA 90907, has become available recently. A phase 11l clinical trial of this preparation indicated
that a daily dose of 10 mg/kg for 6 weeks was safe and efficacious in reducing the blood phenylalanine
level by 30% or more in responsive patients sLevy et al., 2007,.

BH4 therapy is likely to be very helpful in controlling the blood phenylalanine level as well as reducing the
stringency of diet in BH,-responsive patients with a maternal PKU pregnancy. However, the safety of BH,4
during pregnancy has not yet been assessed in the dose required to treat PKU.

Enzyme Therapy

If enzymatic activity could be restored in PKU patients, it would deal with the primary problem, PAH
enzyme deficiency, and there would be no need for a phenylalanine-restricted therapeutic diet. Two
approaches to enzyme therapy have been considered.
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Enzyme replacement

Orthotopic liver transplantation «in a patient with chronic end-stage liver disease, completely corrected the
biologic phenotype of PKU «Vajro et al., 1993,. Accordingly, heterologous partial transplantation of normal
liver tissue or implantation of normal hepatocytes could replace lost enzyme activity in PKU patients. It
would constitute somatic multigene therapy. No dedicated initiatives in this direction have been reported.
In theory, only a small replacement of enzyme activity would be needed to convert this mutant autosomal
recessive phenotype from homozygous mutant to heterozygous *Kacser and Burns, 1981,.

A novel approach to enzyme therapy using phenylalanine hydroxylasesbased fusion proteins has been
described recently «Eavri and Lorberboum-Galski, 2007,. The authors used small peptides called protein
transduction domains that facilitate the penetration of fused proteins through the membranes of eukaryotic
cells. The HIV transactivator of transcription *TAT, peptide has been most widely studied in this role, and
TAT fusion proteins are delivered efficiently into cultured cells intact tissue and live tissues when the agent
is injected into mice. The pharmacokinetics of the TAT fusion protein reveals that the liver is its main
target. Accordingly, the authors first contructed a TAT-PAH fused protein. They also constructed a
different set of PAH-based fusion proteins using human hepatocyte growth factor. Again, liver was the
main target. The PAH-based fusion proteins were produced in bacterial cells, and when used in the
mouse, they lowered plasma phenylalanine levels within minutes of intravenous administration of the
fusion protein. The authors suggest this method as an alternative concept for the treatment of PKU among
other metabolic diseases.

Enzyme substitution

Phenylalanine ammonia lyase *PAL, <EC 4.3.1.5, is a robust autocatalytic protein with no requirement for
a cofactor *Hodgins, 1971,. The enzyme will convert L-phenylalanine stoichiometrically to a nontoxic
derivative etrans-cinnamic acid, and trace amounts of ammonia ¢Hoskins et al., 1984,. PAL is similar in
nature to histidine ammonia lyase esee Chap. 80,; the catalysis-competent form of PAL requires
posttranslational autocatalytic conversion of a serine residue to dehydroalanine to create the catalytic
center of the enzyme <Hodgins, 1971,. Efficacy of the enzyme to treat hyperphenylalaninemia in vivo has
been examined and shown to be promising for clinical use s«Gamez and Sarkissian, 2005,.

PAL has been administered to human PKU patients using a reactor placed in the extracorporeal
circulation */Ambrus et al., 1987; Larue et al., 1986,; the effect of enteric-coated capsules given orally to
such patients also has been examined *Hoskins et al., 1980, 1984,. In both circumstances, the trials were
brief and limited in scope but sufficient to observe a modest fall in blood phenylalanine values. The high
initial cost of PAL enzyme was partially overcome, for the animal studies described here, by using a
recombinant gene from Rhodosporidium toruloides Gilbert et al., 1985, expressed in nonpathogenic E.
coli and purified by column chromatography *Sarkissian et al., 1999,. PAL also has been expressed in
Lactococcus lactis to "treat" hyperphenylalaninemic rats «Liu et al., 2002,.

In a rat model of chemically induced HPA, microencapsulated PAL placed in the intestinal lumen lowered
phenylalanine concentration in intestinal and somatic tissues and in plasma *Bourget and Chang, 1985,
1986, 1989,.

The mutant hydroxylase-deficient mouse model sMcDonald et al., 2002; Sarkissian et al., 2000b, has
been used to demonstrate that recombinant protected PAL administered orally will ameliorate HPA in the
natural mutant state, providing proofs of principle both pharmacologic and physiologic for this form of
enzyme substitution therapy Safos and Chang, 1995; Sarkissian et al., 1999,. Parenteral administration
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of PAL reduces brain phenylalanine levels «Sarkissian et al. 2003, and PEGylated conjugates of PAL
reduce the systemic phenylalanine pool size in the mutant animal model over the long term «Sarkissian
and Gamez, 2005,. Structure-based chemical modification, with polyethylene glycol sthe pegylation
process,, of R. toruloides PAL, for which there is a crystal structure at 1.6 A *Wang et al., 2005,, enhances
in vivo activity of PAL and its metabolic efficacy; it also reduces the immunogenicity of its injectable form
*Gamez et al., 2005,. Human T-cell epitope mapping has been performed on PAL for MHC class | and
class Il associated T-cell epitomes. PEGylation of surface lysine residues covered the immunogenic
regions of PAL. Lysine residues have been removed or added in an unsuccessful attempt to improve the
therapeutic enzyme «Gamez et al., 2007,.

PAL-PEG conjugates other than those with R. toruloides include Anabaena variabilis, Nostoc punctiforme,
and Petroselinum crispum. They each have defined characteristics, and some of their derivatives «Gamez
et al. 2007,, e.g., site-directed mutants, show short- and long-term dose-related correction of
phenylalanine concentrations in the mutant mouse model. These conjugates are not toxic, they have a
gender effect smale mice respond better,, and they restore pigmentation in the treated animals «CN
Sarkissian, personal communication, 2007,. When biochemical and structural features are taken into
account, a double mutant «C503S, C565S, of A. variabilis has enhanced thermal stability and resistence
to proteolic cleavage *Wang et al. 2008, and may have the most promise as a substitute therapeutic
enzyme for treatment of PKU.

Gene Therapy

The limitations of conventional dietary therapy and the tardiness of clinical initiatives in enzyme therapy
give gene therapy for PKU a profile it might not otherwise have. The promise lies in putting a normal
human PAH gene in place of or in addition to the mutant gene in somatic cells of the patient. Germ-line
therapy would constitute a potential "cure" for the next and successive generations of PKU individuals, but
it will not be used soon for ethical and technical reasons. Meanwhile the possibilities of somatic cell gene
therapy for PKU are at hand: A cloned PAH cDNA is available, ways exist to deliver the incoming gene to
target cells, targeted integration of the gene into the somatic nuclear genome is feasible, and there is
reasonable assurance that the incoming gene will be expressed and transmitted to daughter cells. Of
particular relevance, an orthologous *PKU, mouse model *McDonald et al., 2002, is available on which to
practice somatic cell gene therapy.

A human PAH cDNA has already been expressed in a variety of cultured mammalian cells <Ledley et al.,
1986b; Peng et al., 1988,. Expression is transient when integration of the cDNA is not stable, but when a
recombinant retrovirus is used as a vector to infect the cells, integration is stable, and the PAH gene is
transmitted to subsequent generations. A functional PAH gene thus had been introduced successfully into
NIH 3T3 mouse fibroblasts, Hepal-a mouse hepatoma cells, and normal mouse hepatocytes in primary
culture Pey et al., 2007,. However progress with PAH gene transfer ultimately must be measured in the
living PKU organism.

Cultures of primary hepatocytes from the phenylalanine hydroxylasesdeficient mouse have been
transfected with a wild-type mouse Pah cDNA -Liu et al., 1992, using a variant of the LNCX retrovirus
*Miller and Rosman, 1989, and with an asialo-orosomucoid-poly-sL-lysine, DNA complex «Cristiano et al.,
1993,. These transduced cells express high levels of mouse Pah-specific mMRNA enzyme activity, as well
as immunoreactive protein. Phenylalanine hydroxylasesdeficient mice also have been treated in vivoet
situ with a recombinant adenoviral vector containing a human PAH cDNA <Fang et al., 1994,. Although the
HPA phenotype was normalized in 1 week, the effect did not persist.
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A recombinant adenoviral vector carrying the human PAH cDNA and a control element, when infused via
the portal vein into liver of the PKU mouse, produced significant PAH enzyme activity, but the effect did
not persist, and repeat administration of the vector met neutralizing antibodies *Eisensmith and Woo,
1996,.

There have been no reports of success, either ex vivo or in vivo, with retrovirus-mediated gene transfer in
the PKU mouse model. Moreover, the report of a leukemia-like disorder following a retroviral-based gene
therapy trial is a somber reminder that correctly targeted gene insertion is a critical element of retroviral
gene therapy in the human subject «Thomas et al., 2003,.

Recombinant adeno-associated viral srAAV, vectors have become popular, being capable of long-term
transgene expression and of transducing nondividing cells while evoking only trivial immune response
*Thomas et al., 2003,. Successful reconstitution of the normal phenotype ei.e., pigmentation, blood
phenylalanine level, and behaviour, in the PKU enu2 mouse and restoration of sufficient hepatic
phenylalanine hydroxylase activity followed infusion, through the tail or portal vein, of an rAAV vector
eideally of serotype 8, containing mouse Pah cDNA <Ding et al.,0 2006; Harding et al., 2006; Mochizuki et
al., 2004, or the human PAH-cDNA +Oh et al., 2004, 2005,. The therapeutic effect could persist up to 40
weeks sMochizuki et al., 2004,, and the neuropathologic changes in brain have shown signs of reversal in
the treated PKU enu2 mouse *Embury et al. 2007,. Site-specific genome integration of a Pah-cDNA,
achieved in the PKU enu2 mouse with the phiBT1 phage integrase corrected the variant phenotype *Chen
and Woo, 2005,, tolerated repeated dosage of the transgene «Chen and Woo, 2007, and overrode a
gender effect «Laipis et al. 2003, in female mice where estrogen limited the supply of BH, cofactor in

hepatocytes *Chen et al., 2007,. However, contrary to predictions that their integration efficiency would be
low, actively transcribing genes in nondividing cells have have actually experienced deletions following
rAAV vector integration Nakai et al., 2003,. Heterologous, non-liver gene therapy for PKU has been
examined. It is understood in all such work that catalytic amounts of cofactor *BH,, must be present
wherever the site of expression of the incoming gene may be, if there is to be sustained PAH enzyme
function. In vitro experiments with retroviral transduced human T cells from PKU patients obtained high
levels of PAH enzyme activity «Lin et al., 1997,. Pah gene expression in erythrogenic bone marrow in PKU
mice was successful at the molecular level but had no effect on the metabolic phenotype *Harding et al.,
2003,. Human skin fibroblasts and keratinocytes were transduced in culture with independent retroviral
vectors expressing PAH and GTPCH genes, the latter providing the BH,4 cofactor; phenylalanine
clearance was enhanced in this preparation «Christensen et al., 2000,. Would transformed skin grafts act
as a metabolic sink in the human patient?

A human PAH gene placed in a construct with promoter elements from mouse muscle creatine kinase has
been studied in the PKU mouse model «Harding et al., 1998,. This transgene expressed human PAH
enzyme activity in mouse cardiac and skeletal muscle cells but not in cells of liver or kidney. The
heterologous PAH enzyme expression in vivo required large repeated doses of BH, to produce the

metabolic effect. If hepatocyte transplantation becomes feasible in human subjects [it has been done in
rabbits and dogs *Kay et al., 1992], the patient's own hepatocytes could be obtained, transduced ex vivo
by one of the methods mentioned here, and then reimplanted. In the meantime, one surmises that any
real progress in human somatic cell gene therapy is likely to reflect a perceived failure of all other forms of
treatment, and it will depend on better methods of transfer and better gene expression in vivo *Ding et al.,
2003,.
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MATERNAL HYPERPHENYLALANINEMIA

Comment

Inborn errors of metabolism interact with the process of human reproduction *Vargas and Levy, 1998, in
several ways: *1, They may cause infertility, «2, the pregnancy may affect maternal metabolic control, 3,
a fetal metabolic defect may affect the pregnancy, and <4, a maternal metabolic phenotype may affect
fetal development. Maternal HPA is in the last category.

Maternal HPA is harmful to the embryo and fetus because it is a form of metabolic teratogenesis
*American Academy of Pediatrics, 2001; Levy and Ghavami, 1996, and, as such, resembles the fetal
alcohol syndrome «Costa et al., 2002; Levy and Ghavami, 1996, and the effects of maternal diabetes
mellitus. The problem has long been recognized <Dent, 1957; Levy, 2003; Mabry et al., 1963,, as has the
potential for intrapartum treatment to prevent harm to the fetus Allan and Brown, 1968; Levy, 2003,.
However, achievements still fall short of expectations because we have yet to learn how to identify,
counsel, and treat every mother with HPA and the fetus at risk *Hanley et al., 1999; Scriver, 1967,. Should
we fail, the incidence of HPA-associated mental retardation could rebound to levels experienced before
newborn screening came into practice *Kirkman, 1992; Scriver, 1967,.

A Metabolic Embryopathy

Maternal HPA is unquestionably a cause of embryopathy and fetopathy sLenke and Levy 1980; Levy and
Ghavami, 1996; Lipson et al., 1984, Scriver, 1967,. Its consequences include microcephaly, impaired
cognitive development, congenital heart disease, dysmorphic facial features, and intrauterine growth
retardation sLenke and Levy, 1980,. Fetal ultrasonography in the second trimester will detect congenital
heart disease but not microcephaly; in the first trimester it will date gestational age and determine whether
the pregnancy is viableZfacts relevant to counseling and treatment sLevy et al., 1996a,. Maternal HPA
can cause hypoplasia of the corpus callosum in the fetus, but the changes in cerebral white matter seen in
postnatal PKU are absent sLevy et al., 1996b,.

Paternal HPA does no harm to the product of conception ¢Fisch et al., 1991; Levy et al., 1991,. The
occurrence and pattern of congenital heart disease in maternal HPA have been studied sLevy et al.,
2001,. It seems to appear only when the maternal phenylalanine level is 900 uM or more and is especially
likely to occur when the level is greater than 1800 puM. However, even at the highest levels of maternal
phenylalanine, only a third of the offspring have congenital heart disease, in contrast to the almost
invariable occurrences of microcephaly and mental retardation at those levels sLenke and Levy, 1980,.
This seems to imply that HPA is necessary but not sufficient for congenital heart disease and that a
second factor, possibly a polymorphism in a cardiogenic gene, is also required. In addition, heart defects
with coarctation of the aorta and hypoplastic left heart syndrome are significantly overrepresented, and
tetralogy of Fallot and patent ductus arteriosus are more frequent relative to children with congenital heart
disease in the general population.

Whereas there is no doubt that unmodified maternal HPA is an overall hazard to the fetus, there are
thresholds for particular effects: a threshold at 900 uM for congenital heart disease and a possible
threshold at the 400-uM level for reduced cognitive development <Levy et al., 1994,. Conversely, there
seems to be a linear dose-dependent effect on head circumference beginning at the lowest elevations of
maternal phenylalanine *Drogari et al., 1987,. The prudent interpretation would view any degree of
maternal HPA as hazardous to the fetus, but with lower risk when the maternal phenotype is the milder
non-PKU form of HPA sLevy et al., 1994, 2003..
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Pathogenesis

The normal transplacental gradient for phenylalanine favors the fetus. The fetal:maternal ratio is 1.5 on
average when there is maternal HPA <Brenton, 1988; Hanley et al., 1987,, but there is interindividual
variation, with higher values in early pregnancy. Values overall range from 1.1 to 2.9 sHanley et al., 1987;
Schoonheyt et al., 1994,. It follows that one cannot predict the phenylalanine pool size in a particular fetus
from the maternal phenylalanine level other than to say that it will be the same as or greater than the
maternal value. From this, it follows that the aim of treatment is to keep the maternal phenylalanine value
as near to normal as possible as early as possible in the pregnancy.

An excess of phenylalanine is harmful to the embryo Denno and Sadler, 1990; Roux et al., 1992,,
probably through the same mechanisms that make it harmful to the CNS of the postnatal human infant
«Brenton and Haseler, 1990; Levy amd Ghavami, 1996,. The phenylalanine effect in the fetus is totally
dependent on maternal HPA and its transport across the placenta; the fetus seems to have no ability to
alter the phenylalanine level sLevy et al., 1984, despite evidence in vitro of almost complete PAH activity
as early as the thirteenth gestational week *Raiha, 1973,. This accounts for the lack of a difference in
teratogenic effect between the fetus with PKU and the non-PKU heterozygous fetus sLevy et al., 1992,.
The effect does not require accumulation of metabolites derived from phenylalanine itself sLevy et al.,
1988, because they are apparently harmless to the fetus «Dorland et al., 1993,. Among the likely
mechanisms for the effect are competition between phenylalanine and other amino acids for uptake by
fetal tissues and perhaps by the placenta <Brenton, 1988; Brenton and Haseler, 1990; Gardiner, 1990;
Kudo and Boyd, 1990; Vorhees and Berry, 1989,.

Several experiments have been used to study the pathogenesis of maternal HPA <Brass et al., 1982;
Kirby, Mihagawa, 1990; Loo et al., 1983; Sadova and Sutcliffe, 1988; Sato et al., 1988,, but many of these
have used pharmacologic manipulations that have included inhibitors of phenylalanine hydroxylation
combined with phenylalanine load to produce HPA in the maternal compartment. Should the inhibitors
have reached the fetus, their own effect cannot be dissociated from the effect of phenylalanine alone.
Accordingly, the preferred model is a PAH-deficient mouse strain *Shedlovsky et al., 1993, in which the
effect of the maternal phenylalanine level could be manipulated purposefully and is the result of mutation
affecting phenylalanine hydroxylation activity in the maternal compartment. Cho and McDonald <2001,
used this model to show teratogenic effects similar to those in human maternal PKU.

A recent study deserves special mention. Oberdoerster and colleagues «2000, found that exposure of
human astrocytes, including fetal astrocytes, to phenylalanine decreased cell proliferation and DNA
synthesis. Since the microcephaly observed in maternal PKU is really fetal microencephaly, these findings
suggest that inhibition of DNA synthesis could be the mechanism for the fetal neuropathology of maternal
PKU.

One further idea about pathogenesis should be mentioned. The justification hypothesis indicts tyrosine
deprivation rather than phenylalanine excess as the important pathogenic event in PKU «Bessman et al.,
1978,. A formal test of the hypothesis, made by measuring phenylalanine and tyrosine in cord-blood
samples from infants with PKU or non-PKU HPA and from matched controls, found no deficiency of
tyrosine in term offspring with HPA born to mothers heterozygous for a mutant PAH allele «Scriver et al.,
1980,. Nonetheless, the hypothesis persists as an echo *Bessman, 1998, in a newer study *Rohr et al.,
1998, that found midpregnancy tyrosine values lower in women being treated for maternal HPA than in
controls euntreated pregnant non-HPA women,. Because the plasma tyrosine levels of the HPA women
could be increased by a dietary supplement of tyrosine, these findings might be seen to validate the
justification hypothesis sBessman, 1998,. In response to this suggestion sLevy, 1998, and with a careful
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reading of the primary paper *Rohr et al., 1998,, however, one finds no support for the idea that the
harmful effects of maternal HPA are anything but a result of phenylalanine excess. Whether one
supplements maternal tyrosine intake or not, the primary goal in the management of the HPA pregnancy
remains reduction of the maternal phenylalanine pool size to safe levels.

Preventing the Fetal Effects of Maternal Hyperphenylalaninemia

Prevention requires broad awareness of the problem, recognition and identification of women with HPA in
the reproductive age group, and a planned pregnancy so that with a phenylalanine-restricted diet, if
necessary, the maternal plasma phenylalanine level will be normal or at least less than 400 uM from
conception to delivery sAmerican Academy of Pediatrics, 2001; Cockburn et al., 1993; Levy and Ghavami,
1996,.

Better awareness of the hazard in maternal HPA requires better education of all those involved in
maternal health, obstetrics, and prenatal care; even well-established programs do not track all women at
risk eMowat et al., 1999,. Better detection of the women with HPA in the reproductive age group will come
with a combination of initiatives *Mowat et al., 1999,. The first initiative is to track women already known to
regional treatment programs *Waisbren et al., 1988,, perhaps through patient registers «Cartier et al.,
1982; Smith and Wolff, 1978,, while recognizing that tracking and follow-up of cases will be better for
persons whose HPA was treated in childhood and adolescence and less so for those not treated
*Waisbren et al., 1988,. The second method is to realize that women 35 years of age and older and those
from areas of the world without routine newborn screening might not have been screened in the newborn
periodzand thus among them will be women with unsuspected HPA <Hanley et al., 1999; Mowat et al.,
1999,. They can be detected by measuring their blood phenylalanine, and a case for doing so
systematically as a health care policy has been proposed ¢Hanley, 1994; Hanley et al., 1999; Mowat et al.,
1999,. The third method, by all accounts the least desirable, is through the birth of a microcephalic infant
signaling unsuspected maternal HPA «Gungor et al., 1996; Koch et al., 1990; Mowat et al., 1999;
Naughten and Saul, 1990; Superti-Furga et al., 1991,.

A woman with HPA should be counseled about the merits of treatment and the need to normalize her
phenylalanine levels before conception or as early as possible in the first month of pregnancy. When the
maternal phenylalanine level clearly exceeds 400 UM «Levy et al., 1994,, treatment should be prescribed
and should begin before conception. With increasing recognition that the phenylalanine-restricted diet
should continue after childhood sNational Institutes of Health Consensus Development Panel, 2001,, more
women with HPA entering reproductive age should be on diet. Nevertheless, because of lowered
compliance with diet therapy in older subjects, their phenylalanine level will likely be too high for optimal
metabolic control of a maternal PKU pregnancy «Schmidt et al., 1996,. Accordingly, even these women
will require intensive dietary intervention when planning pregnancy or when pregnant.

Data from the prospective international Maternal Phenylketonuria Collaborative Study *MPKUCS, indicate
that with optimal metabolic control, including maintenance of the phenylalanine level at 120 to 360 uM
from before conception to delivery, risk to the fetus should be no greater than for the general population
*Koch et al., 2000; Platt et al., 2000; Roch, 2003; Waisbren and Azen, 2003,. Metabolic control is entirely
achievable through strict adherence to the phenylalanine-restricted diet and is independent of the
maternal or fetal PAH genotype *Gulttler et al., 2003,. The degree of risk with delay of treatment, once
conception has occurred, depends on the gestational age at which metabolic control is achieved.
Regardless of the blood phenylalanine level, metabolic control can be achieved within 2 to 3 days of strict
dietary compliance *Duran et al., 1999,. If control is established within the first 8 gestational weeks,
congenital heart disease is prevented <Levy et al., 2001,, but IQ at 7 years of age is reduced to a mean of
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100 as compared with the mean 1Q of 105 when metabolic control is achieved before conception
*Waisbren and Azen, 2003,. Notably, offspring cognitive outcome is negatively correlated with the number
of elapsed gestation weeks until metabolic control is achieved *Waisbren and Azen, 2003,. When
metabolic control is not achieved until 10 gestational weeks or later, the likelihood increases for congenital
heart disease, microcephaly or reduced head circumference, low I1Q or frank mental retardation, and poor
somatic growth eLevy et al., 2003; Roch, 2003; Waisbren and Azen, 2003,. Accordingly, counseling to the
family should be cautious, and they should know that any delay in onset treatment can have severe
adverse effects on the fetus. They also should know that such delay is seen by some as reason to
consider termination of pregnancy.

Now that the efficacy of rigorous preconception-intrapartum treatment of maternal HPA is no longer in
doubt, many studies *Brown et al., 2002; Clark and Cockburn, 1991; Drogari et al., 1987; Giittler et al.,
1990; Naughten and Saul, 1990; Thompson et al., 1991b; Waisbren et al., 1988, are showing how difficult
it can be to achieve the desired effect. It is clear that social support, awareness, and education are
important for compliance with treatment sLevy and Waisbren, 1994; Shiloh et al., 1993; Waisbren et al.,
1988, 1991, 1995, 1997,. For women without social support, a "resource mother" susually the mother of a
child with PKU who is trained to be a social resource to a woman with HPA who is planning a pregnancy
or is pregnant, may provide this support «St. James et al., 1999,. Intensive psychotherapy also may be
required *Antshel et al., 2002,. The diet must be strictly maintained, blood phenylalanine measured
weekly, and phenylalanine depletion avoided by recognizing the striking increase in phenylalanine
tolerance that begins toward the end of the second trimester and accelerates severalfold during the third
trimester «Clark and Cockburn, 1991; Hyanek et al., 1988; Michaels-Matalon, 2003,. This represents both
enhanced protein synthesis in the fetal-maternal unit and perhaps a capacity for phenylalanine
metabolism gained during the latter part of pregnancy by the heterozygous fetus.

The diet consists of a phenylalanine-free amino acid mixture swhich may include vitamins, minerals, fat,
and a source of carbohydrates, and low-protein natural and special foods *Acosta, 1995,. The qualitative
eorganoleptic, features of the amino acid medical product often have a strong influence on dietary
compliance. Some products are better tolerated than others for some women «Owada et al., 1988; Rohr et
al., 2001; Thompson et al., 1991b; Wardley and Taitz, 1988,, and their use can be associated with
satisfactory fetal outcomes <Drogari et al., 1987; Thompson et al., 1991b,. Gelatin encapsulation of the
mixture to mask the disagreeable odor and taste may be important for some women *Kecskemethy et al.,
1993, provided they can swallow the required large number of capsules *Rohr et al., 2001,.
Supplementation of branched-chain amino acids sVorhees and Berry, 1989, seems not to be required for
optimal metabolic control and offspring outcome *Acosta et al., 2001b,. Tyrosine supplementation will
improve maternal tyrosine levels, if indicated *Rohr et al., 1998,.

The newborn offspring born to an untreated sor poorly treated, mother with HPA may be thought to have
PKU if the newborn screening specimen is collected within the first 12 hours postpartum; the phenomenon
reflects maternally transmitted phenylalanine. If the baby has not itself inherited HPA, the phenylalanine
increase clears by 24 hours postpartum, and the infant should be given a normal diet sLevy and Lobbregt,
1995,.

The mother with HPA may safely breast-feed her offspring. The relatively small increase in breast milk
total phenylalanine «Fox-Bacon et al., 1997, can be easily metabolized by the heterozygous offspring or
incorporated in a phenylalanine-restricted dietary regimen should the offspring have HPA, the breast-fed
heterozygous offspring of maternal HPA maintains normal phenylalanine levels sFox-Bacon et al., 1997,.
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Despite progress in reducing its potential impact on the frequency of mental retardation «Kirkman and
Frazier, 1996,, maternal HPA continues to be an important challenge even after more than 40 years of
awareness that it would become such in the global management of PKU «Dent, 1957; Kirkman, 1992;
Mabry et al., 1963; Scriver, 1967,. It is a problem that must be resolved; otherwise, achievements in the
prevention of mental retardation associated with PKU and related forms of HPA will have been gained at
the cost of a terrible Faustian bargain.
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