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Phenylalanine hydroxylase (PAH), which
catalyzes the conversion of phenylalanine
to tyrosine, shares physical, structural and
catalytic properties with tyrosine hydroxy-
lase (TH) and tryptophan hydroxylase (TPH)
that catalyze the rate-limiting steps in the
biosynthesis of the neurotransmitters dopa-
mine, noradrenaline, and serotonin. Be-
cause these neurotransmitter systems have
all been implicated in the pathophysiology
of schizophrenia, the aromatic amino acid
hydroxylases are among the likely candi-
dates for genes associated with schizophre-
nia. A mutation in the functionally critical
tetrahydrobiopterin cofactor binding do-
main of the PAH gene had been identified in
African-American patients with the diag-
nosis of schizophrenia, and biochemical
analyses suggested that this mutation has
physiological consequences related to amine
neurotransmitter function. DNA sequencing
of the highly conserved cofactor binding
domain of the PAH, TH, and TPH genes in
African-American subjects with schizophre-
nia and unrelated, never mentally ill sub-
jects from the NIMH Schizophrenia Genetics
Initiative, was undertaken to assess the con-
cordance of mutant genotype with psychia-
tric phenotype. The K274E mutation was
observed in the PAH gene cofactor binding
domain, and several polymorphisms were
identified in adjacent intronic regions of the
PAH, TH, and TPH genes. All of the genetic
variants observed were represented in the
schizophrenia group and in the never men-
tally ill group. Genetic evaluation of the
family members of subjects with the PAH

K274E mutation showed that all individuals
with the K274E mutation also exhibited the
PAH L321L polymorphism in the catalytic
domain of the PAH enzyme.
� 2002 Wiley-Liss, Inc.
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INTRODUCTION

Phenylalanine hydroxylase (PAH) catalyzes the con-
version of phenylalanine to tyrosine, the rate limiting
step in the catabolism of phenylalanine. Tyrosine
hydroxylase (TH) catalyzes the hydroxylation of tyro-
sine to L-dopa, the rate-limiting step in the synthesis of
catecholamines such as dopamine and noradrenaline,
and tryptophan hydroxylase (TPH) catalyzes the rate-
limiting step in the biosynthesis of serotonin. The
dopamine, noradrenaline and serotonin neurotransmit-
ter systems have all been implicated in the pathophy-
siology of schizophrenia [Van Kammen and Kelley,
1991; Joyce, 1993; Lieberman et al., 1998].

Thearomatic aminoacid hydroxylases sharephysical,
structural, and catalytic properties. All three enzymes
require the reduced pterin tetrahydrobiopterin as co-
factor, as well as molecular oxygen and iron, to hydro-
xylate their amino acid substrate [Hufton et al., 1995].
Structure/function analyses have identified a central
catalytic domain that contains sites for substrate, iron,
and cofactor binding, an N-terminal region with reg-
ulatory properties, and a C-terminal domain involved
with intersubunit binding [Hufton et al., 1995; Waters
et al., 1998]. The humanPAH, TH, and TPH genes show
a high degree of sequence homology with the most
conserved region of 340 amino acids localized in the
catalytic domain. This region has a 49% sequence
identity among the hydroxylases without any gaps and
with mostly conservative substitutions [Boularand
et al., 1995]. Localization of the human TPH gene near
the TH locus, and the level of sequence conservation,
suggest that the three enzymes are members of a gene
superfamily [Ledley et al., 1987].

The PAH gene was screened for sequence variants in
psychiatric patients to test the hypothesis that PAH
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mutation, by altering phenylalanine metabolism, could
have long-term effects including predisposition to
psychiatric disorders [Richardson et al., 1999a,b]. The
genetic analysis identified in four patients, all with
the diagnosis of schizophrenia, the K274E mutation, a
lysine to glutamic acid substitution at amino acid 274 in
the cofactor binding domain. The K274E mutation was
observed only in African-American subjects, although
this ethnic group composed about one-third of the
patient group. Biochemical analyses further indicated
that in patients with the K274E mutation, there were
alterations in phenylalanine kinetics and tetrahydro-
biopterin cofactor synthesis consistent with chronically
increased plasma phenylalanine and availability of
phenylalanine to the brain. Elevated plasma phenyla-
lanine could reduce brain availability of tyrosine and
tryptophan because these amino acids compete for
transport across the blood-brain barrier [Pardridge
andChoi, 1986] and thereby result in reduceddopamine,
noradrenaline and serotonin biosynthesis.

The results of analyses of TH and TPH for association
of genetic polymorphisms with psychiatric disorder
have been varied. A rare microsatellite allele in intron
1 (IVS1) of the TH gene was reported to be associated
with schizophrenia in studies of British, French, and
Tunisian cohorts [Meloni et al., 1995; Wei et al., 1995]
but this finding was not replicated by investigations of
Japanese [Ishiguro et al., 1998] and Swedish [Jonsson
et al., 1998] subjects.Thedisparate resultsmaybedue to
ethnic differences, as it has been suggested that genetic
markers for schizophrenia may differ between ethnic
groups [Cloninger et al., 1998]. Case-control analyses
for the T-229A, V81M and V468M variants showed no
evidence for association between these TH polymorph-
isms and schizophrenia [Ishiguro et al., 1998; Kunugi
et al., 1998]. A report of a positive association between
the TPH IVS7 A218C allele and bipolar disorder
[Bellivier et al., 1998] was not confirmed by other
studies [Furlong et al., 1998; Kirov et al., 1999;
McQuillin et al., 1999], and the results from testing this
polymorphism for association with unipolar depressive
disorderwerenegative [Furlongetal., 1998;Frischetal.,
1999]. The TPH IVS7 A779C allele has been reported to
be related to aggressive behavior in schizophrenia and
schizoaffective disorder [New et al., 1998; Nolan et al.,
2000], to negative symptoms in male patients with
schizophrenia [Shinkai et al., 2000], and to suicidal
behavior in some studies [Nielsen et al., 1994, 1998] but
not in others [Kunugi et al., 1999; Bennett et al., 2000].

The identification of the PAH K274E mutation in
patients with schizophrenia suggested that mutations
in the structurally and functionally homologous tetra-
hydrobiopterin cofactor binding regions of all three
aromatic amino acid hydroxylase genesmaybe observed
in subjects with schizophrenia. Based on the previous
observation of the PAH K274E mutation only in sub-
jects of African-American ethnicity, the present study
focused on subjects of this ethnic group. The NIMH
Schizophrenia Genetics Initiative was established as
a national resource of clinical data and genomic DNA
for the study of schizophrenia [Cloninger et al., 1998].
Demographic and clinical information has been col-

lected for all of the subjects for whom DNA is available,
and this database served as the source for the genomic
DNA analyzed in the present study.

MATERIALS AND METHODS

The psychiatric evaluation categories delineated by
theNIMHSchizophrenia Genetics Initiative [Cloninger
et al., 1998] are: 1) DSM-III-R schizophrenia; 2) DSM-
III-R schizoaffective disorder-depressive type (SA); 3)
DSM-III-R schizotypal personality disorder (schizo-
phreniform disorder, delusional disorder, psychotic dis-
order NOS), or mood-incongruent psychotic depressive
disorder (ST); 4) DSM-III-R paranoid or schizoid perso-
nality disorder, mood-congruent or unspecified psycho-
tic depressive disorder, or unknown psychotic disorder
with or without hospitalization; 5) DSM-III-R schizoaf-
fective disorder-bipolar type; 6) other mental disorder
(OM); 7)nevermentally ill; and8)unknown (?).Genomic
DNA for 41 African-American subjects with schizophre-
nia and for 17 African-American subjects who were
identified as never mentally ill and who have no known
forebears or sibs with mental illness, was obtained
from the NIMH Schizophrenia Genetics Initiative. The
58 subjects in the initial screening were genetically
unrelated.

A 27 amino acid segment (residues 264–290), identi-
fiedas the tetrahydrobiopterin cofactorbinding regionof
PAH [Jennings et al., 1991; Hufton et al., 1995] has 70%
identitywith residues 309–335 of THand residues 251–
277 of TPH (as published in GenBank). The genomic
DNA corresponding to these amino acid residues in the
PAH, TH and TPH genes were the minimal regions
analyzed by automated DNA sequencing performed by
Lark Technologies, Inc. (Houston, TX). In the course of
this analysis, data for adjacent intron sequences were
also obtained. Thehumangenomic consensus sequences
used were from GenBank or other published sources for
PAH [Scriver et al., 2000], TH [O’Malley et al., 1987;
Ishiguro et al., 1998], and TPH [Boularand et al., 1995;
Nielsen et al., 1997].

For subjects identifiedwith thePAHK274Emutation,
genomic DNA from all available family members was
obtained from theNIMHSchizophreniaGenetics Initia-
tive for sequence analysis (by Lark Technologies, Inc.).

RESULTS

Based on the previous findings for the PAH K274E
mutation [Richardson et al., 1999a,b], this study focused
on the African-American subjects available from the
NIMH Schizophrenia Genetics Initiative. One study
group consisted of 41 subjects with psychiatric diag-
noses of DSM-III-R schizophrenia, in which 31 of the
subjects were female with amean age of 50.5 years. The
other study group consisted of 17 individuals assessed
as never mentally ill, in which 15 of the subjects were
female with a mean age of 67.1 years.

DNA analysis of the genomic sequences encoding the
cofactor binding region of the PAH, TH and TPH genes,
as well as adjacent intron sequences (IVS), resulted in
the identification of several variants as presented in
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Table I. The PAH K274E missense mutation in the
cofactor binding domain was observed in one subject
diagnosed with schizophrenia and one subject desig-
nated as never mentally ill. No other sequence variants
were identified in the regions encoding the cofactor
bindingdomains of thePAH,THorTPHproteins. Single
nucleotide polymorphisms in adjacent intron regions
were observed in the PAH, TH and TPHgenes. All of the
genetic variants identified in the study were repre-
sented both in the schizophrenia group and in the never
mentally ill group,with the frequenciesas shown.Due to
the observation of only one protein-coding mutation
(PAH K274E) among the polymorphisms detected and
the low frequency of that mutation, no statistical ana-
lyses were conducted.

The allele identified in Table I as TPH IVS7nt779 is
equivalent to the site referred to as TPH intron 7 A779C
inprevious studies [Nielsenet al., 1994, 1998;Newet al.,
1998; Kunugi et al., 1999; Bennett et al., 2000; Nolan
et al., 2000; Shinkai et al., 2000], except for C at that
position in the consensus sequence referenced for the
current analysis [Boularand et al., 1995]. The results
from Table I indicate 779A frequencies of 0.189 in
African-American schizophrenic subjects, 0.147 in
African-American never mentally ill subjects and 0.176
in African-American subjects overall, which are appre-
ciably lower than the 779A frequencies (ranging from
0.356–0.584) previously reported for other ethnic
groups [Nielsen et al., 1997]. This TPH allele has been
investigated for association with aggressive behavior
[Newet al., 1998;Nolan et al., 2000], negative symptoms
[Shinkai et al., 2000], and suicidal behavior [Nielsen
et al., 1994, 1998; Kunugi et al., 1999; Bennett et al.,
2000], but in this cohort no evidence was found to
support a relationship of TPH IVS7nt779 genotype with
behavioral phenotype among the subjects with schizo-
phrenia (data not shown).

For subjects with the PAH K274E mutation, DNA
samples from all available family members were geno-
typed for sequence variants including the PAH K274E
mutation and PAH L321L polymorphism (Fig. 1). The
PAH L321L variant, a C to T substitution in the final
nucleotide of codon 321, has previously been reported to
occur in conjunctionwithPAHK274E[Richardsonet al.,
1999a,b; Acosta et al., 2001a]. In Family A, the PAH
K274E mutation was identified in one of the three
subjects with schizophrenia, and the PAH L321L vari-
ant was observed in the presence or absence of the

K274E mutation. In Family B, the PAH K274E muta-
tion was present in all available family members except
for one schizophrenic subject. In all cases, the PAH
K274E mutation was observed in the heterozygous
state, and was accompanied by the PAH L321L poly-
morphism, either in the heterozygous or homozygous
state.

DISCUSSION

Themajority of genetic variants observed in this study
populationwere intronic polymorphismswith no known
functional consequences. The variant TPH IVS7nt779 is
located in a polypyrimidine tract and although it has
been reported that substitutions in such regions may
affect splicing fidelity, no evidence for aberrant splicing
has been found to be associated with substitution at this
site [Nielsen et al., 1997]. Previous reports of associa-
tions between the TPH IVS7nt779 allele and clinical
behavior were in patients of Caucasian, Hispanic or
Asian ethnicity [Nielsen et al., 1994, 1998; New et al.,
1998;Nolanet al., 2000; Shinkai et al., 2000] and there is
currently no evidence for such relationships in African-
American subjects.

The PAH K274E mutation, a lysine to glutamic acid
substitution at amino acid 274 in the cofactor binding
domain, was observed in this study in a total of seven
subjects withmental disorders and one subject assessed
as never mentally ill. A previous study identified the
PAH K274E in four subjects with schizophrenia and
(through analysis of familymembers) in one subject that
was not mentally ill [Richardson et al., 1999a,b]. Other
reports of the PAH K274E mutation provided no psy-
chiatric information for the study subjects [Acosta et al.,
2001a,b]. In all known cases, the PAH K274E mutation
is accompanied by the PAH L321L variant. There is no
predicted change in the protein sequence for the PAH
L321L variant, which resides in the catalytic domain of
the enzyme, but there is evidence for a higher frequency
for this variant in African-Americans compared to other
ethnic groups [Richardson et al., 1999a,b; Acosta et al.,
2001a].

The high frequency for the PAH K274E mutation in
Family B (Fig. 1), coincides with a preponderance of
mental illness among the family members. Large-scale
genetic analyses for the PAH K274E mutation (espe-
cially in those of African-American ethnicity) in families
and/or in a case-control study with sufficient statistical

TABLE I. Frequency of PAH, TH and TPH Variant Genotypes in Subjects With Schizophrenia and Never Mentally Ill Subjects

Gene

Schizophrenia Never mentally ill

Sequence variation n Genotype: frequency n Genotype: frequency

PAH K274E AAA/GAG 41 AA: 0.98 AG: 0.02 GG: 0 17 AA: 0.94 AG: 0.06 GG: 0
PAH IVS7nt282 g/a 37 gg: 0.89 ga: 0.11 aa: 0 17 gg: 0.88 ga: 0.12 aa: 0
PAH IVS7nt332 c/t 37 cc: 0.52 ct: 0.43 tt: 0.05 17 cc: 0.53 ct: 0.35 tt: 0.12
PAH IVS7nt791 c/t 40 cc: 0.47 ct: 0.48 tt: 0.05 16 cc: 0.49 ct: 0.38 tt: 0.13
TH IVS8nt8 c/t 39 cc: 0.64 ct: 0.36 tt: 0 17 cc: 0.76 ct: 0.24 tt: 0
TPH IVS7nt13 a/g 38 aa: 0.73 ag: 0.24 gg: 0.03 17 aa: 0.65 ag: 0.35 gg: 0
TPH IVS7nt779 c/a 37 cc: 0.65 ca: 0.32 aa: 0.03 17 cc: 0.71 ca: 0.29 aa: 0
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power to accommodate the low frequency of the K274E
mutation, would be necessary to determine whether
there is an association between PAH genotype and
psychiatric phenotype.

In this study no sequence variants were observed in
the cofactor binding regions of the TH or TPHgene. This
may be due to ethnic differences in mutation frequency
because previous findings of TH and TPH mutations
have been in Caucasian or Asian cohorts [Ludecke et al.,
1996; Ishiguro et al., 1998; Kunugi et al., 1998; Van den
Heuvel et al., 1998; Paoloni-Giacobino et al., 2000].
Further analysis of the functionally critical cofactor
binding region of TH and TPH in ethnically diverse
cohorts, in a case-control design with correction for
population stratification or in a family study using the
transmission disequilibrium test, may reveal additional
mutations in these amino acid hydroxylases that could
affect neurotransmitter synthesis and the pathophy-
siology of schizophrenia.
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