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Abstract

Mutation spectrum of phenylalanine hydroxylase (P4 H) gene in patients with phenylketonuria (PKU) in Northern China is described
with a discussion on genotype-phenotype correlation. By using PCR/SSCP and DNA sequencing, all exons of PAH gene in the 185 unre-
lated patients with PKU from Northern China were studied. A total of 70 different mutations, including 42 missense, 12 splice, 7 non-
sense, 5 deletion, 3 insertion, and 1 silence/splice mutations, were detected in 349/370 mutant alleles (94.3%). Deletion, insertion, and
frameshift mutations were found for the first time in China PKU patients. The mutations R243Q, EX6-96A>G, R111X, Y356X, and
R413P were the prevalent mutations with relative frequencies of 22.2, 11.1, 8.7, 6.5, and 6.5%, respectively. Fifteen novel mutations were
identified in this study: 138fsX19, IVS4+3G>C, Y154H, R157K, R1571, T200fsX6, Q267H, Q267E, F302fsX39, G346R, S349A, L367L,
R400K, IVS12+4A>G, and IVS12+6T>A. Each of them occurs at very low frequency (0.3—1.1%). The mutation spectrum of PKU in
Chinese is similar to other Asian populations but significantly different from European populations. Altogether, 70 different mutations
are found in 109 genotypes distributed among 185 PKU patients. As shown by the analysis, the predicted residual activity found in the
majority of PKU individuals match their in vivo phenotypes, though evidence is also found for both phenotypic inconsistencies among
subjects with similar genotypes and discordance between the in vitro and in vivo effects of some mutant alleles. The study enables us to
construct a national database in China serving as a valuable tool for genetic counseling and prognostic evaluation of future cases of
PKU.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Phenylketonuria (PKU; MIM 261600) is the most com-
mon autosomal recessive disorder in China. The incidence
of PKU as determined by newborn mass screening in Chi-
nese is 1/11,000 [1], which is similar to that in European (1/
10,000) [2], but higher than that in Japanese (1/120,000) [3],
and Korean (1/41,000) [4]. PKU is caused by a deficiency
of hepatic phenylalanine hydroxylase (PAH). The disease
causes hyperphenylalaninaemia (HPA) and severe mental
retardation unless the affected child is early put on a strict
low-phenylalanine diet [5]. The associated phenotypes due
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to PAH deficiency range in severity from classical PKU
through mild PKU to MHP, as are defined by pretreatment
blood phenylalanine levels.

Since, the identification of the PAH gene in 1986 [6],
almost 500 different mutations have been identified and
listed in the PAH mutation database (PAHdb; http://
www.mcgill.ca/pahdb). Over the last years, comprehensive
mutation data have become available for most European
and a few Asian countries. There are marked differences
in the spectrum of mutations and in the degree of heteroge-
neity between different populations, but in many countries,
there are a few common mutations that account for the
majority of alleles in PKU patients. Although, there have
been some reports describing PAH gene mutations in Chi-
nese populations [7-11], the mutation analysis was limited
to a few common mutations or exons; the information on
mutation spectrum of Chinese PKU is incomplete.
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Recent studies of PAH 3D structures [12] reveal that the
PAH enzyme is comprised of four monomeric proteins.
Each monomer has three structural domains; a N-terminal
regulatory domain (residues 1-142), a catalytic domain
(residues 143-410), and a C-terminal tetramerization
domain (residues 411-452). The studies have provided
information on active site and the binding sites for its sub-
strate and cofactor.

Mutation analysis of a given population is useful for fur-
ther understanding of the structural and functional aspects
of the mutant protein and the correlation between geno-
type and phenotype. It is helpful in facilitating genetic con-
sultation of patients’ families. In this paper, we present a
comprehensive analysis of mutations in 370 independent
PKU alleles from 185 patients in Northern China, collate
the mutation relative frequencies in some Asian [13,4]
and European populations [14-18], and analyze the geno-
type—phenotype correlation.

Subjects and methods
Subjects

Patients

A total of 185 patients with PAH deficiency in 185 inde-
pendent families from Northern China are included in this
study. Most of the patients (135) were identified when they
showed mental retardation between 6 months and 3 years
old. Only 50 patients were identified in neonatal screening.
PAH deficiency was diagnosed by conventional biochemi-
cal methods. Patients are assigned to three phenotype
categories according to the pretreatment plasma phenylal-
anine (Phe) levels: classic PKU (Phe > 1200 umol/L), mild
PKU (Phe 600-1200 umol/L), and MHP (Phe < 600 pmol/
L). Parental samples were available from a part of the fam-
ilies. There is no consanguinity among the families studied.
Informed consent for genetic analysis was obtained from
the parents of the patients.

Control

Fifty apparently healthy children (100 PAH alleles) with
a blood concentration Phe <120 umol/L were sampled as
the control for mutation analysis.

Mutation analysis

Genomic DNA was extracted from leucocytes of
patients and both parents (when available) according to
standard protocols and screened for DNA alterations.
Eight exons (2, 3, 5, 6, 7, 10, 11, and 12) of PAH gene were
first screened by SSCP before the samples showing abnor-
mal SSCP migration patterns were sequenced to confirm
the mutations. Those alleles where no mutation was found
were sequenced for all the eight exons and their flanking
intron regions so that no mutation therein might be missed.
The exons 1, 4, 8,9, and 13 were sequenced directly. Mater-
nal or paternal inheritance of mutations was determined

particularly for patients with novel mutation when parental
DNA was available. Mutations detected in the PAH gene
were identified by comparison with the PAH cDNA
sequence which was based on the GenBank reference
sequence (NM_000277.1; GI: 4557818). Mutation nomen-
clature was referred to the websites at http://www.
hgvs.org/mutnomen and http://www.pahdb.mcgill.ca.
Novel mutations were defined by exclusion from the PAH-
db (PAHdb; http://www.mcgill.ca/pahdb) and previously
reported mutations on PubMed (http://www.ncbi.nlm.
nih.gov/PubMed).

PCR amplification

The 13 exons and their exon-flanking intronic sequences
of PAH gene were amplified by PCR. The sequences of
primer for PCR were designed in accordance with the liter-
ature, without the CG clamp at the 5’ end [19]. Reaction
mixtures were made in a volume of 25l containing
0.5 pg of genomic DNA, 2-4 pmol of each primer, 0.25
mM of each dNTP, and the reaction buffer supplied with
the Tag DNA polymerase (Hua Mei Biotechnology). The
PCR cycles were carried out at 97 °C for 5 min for initial
denaturing, then 30 cycles at 94 °C for 45, at 55 °C for
45s and at 72 °C for 45 s, followed by a final extension
of 8 min at 72 °C in a Biometra Thermocycler.

Single-strand conformation polymorphism analysis

Five microliters of each PCR product was mixed with
5ul of denaturation solution (95% formamide, 20 mM
EDTA, 0.05% bromophenol blue, and 0.05% xylene cya-
nol) and heated for 5Smin at 97 °C, then cooled on ice
immediately. Samples were separated on 6-10% non-dena-
turing PAGE gel (49:1). For electrophoresis of the different
fragments, the conditions were varied within the following
ranges: 30-60 W/600 V, 3.5-5.5 h, 10-28 °C, for 20 cm gel.
The gel was stained with silver nitrate for visualizing the
fragment migration.

Sequence analysis

Sequence analysis was carried out directly with PCR
products. Domestic commercial companies, AUGCT and
BioAsia, which use ABI 377 automatic sequencer, per-
formed sequencing.

Genotype—phenotype analysis

In the analysis, nonsense mutation, frameshift mutation,
and splice-site mutation are counted as null mutations and
three phenotypes are distinguished: classical PKU, mild
PKU, and MHP.

For our analysis, the genotypes are first divided into two
categories: homoallelic mutant PAH genotype and hetero-
allelic mutant PAH genotype. Next, the heteroallelic PAH
genotypes are further listed roughly in the order of increas-
ing predicted residual activity (PRA), showing a transition
from Null + Null through Null + Missense (functionally
heterozygous) and finally to Missense + Missense.
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Results
Identification of the PAH mutations

Mutations were identified on 349 of 370 PKU alleles in
the present study, representing a mutation detection rate of
94.3%. The relative frequency of all mutations identified in
the PAH gene in Northern China patients with HPA is
shown in Table 1.

Seventy distinct mutations were identified, including
missense (42/70), splice (12/70), nonsense (7/70), deletion
(5/70), insertion (3/70), and silence/splice (1/70) mutations.
Three insertion (I138fsX19, T200fsX6, and L367fsX27) and
two deletion (R241fsX5 and F302fsX39) mutations caused
frameshift, leading to premature termination of transcrip-
tion. The other three deletion mutations are in-frame, the
result of loss of 3 bp for a code of PAH gene.

The most prevalent mutations in Chinese PKU are
R243Q, EX6-96A>G, R111X, Y356X, and R413P, repre-
senting 22.2, 11.1, 8.7, 6.5, and 6.5% of the 370 mutant
alleles, respectively. The next common mutations are
IVS4-1G>A, V399V, R53H, and IVS7+2T>A, each of
them showing a relative frequency over 2.0%.

In this series of cases, exon 7 and its flanking introns
contain the greatest number of mutant alleles (123/370,
33.2%). The other exons and their flanking intronic
sequences with mutant alleles, listed from high to low
mutation frequencies, are: exon 6 (49/370), 11 (49/370), 3
(40/370), 12 (31/370), 5 (29/370), 2 (12/370), 4 (6/370), 10
(5/370), 8 (3/370), and 9 (2/370). No mutation is detected
in exons 1 and 13. Thirteen mutations occur at CpG dinu-
cleotide motifs.

Among the 70 mutations, two are found near common
polymorphism sites, leading to the appearance of two
cDNA changes in each case. At codon 232 of PAH, a
mutation results in a transition C>T at c¢.694 while a
neighboring polymorphism gives rise to another transition
A>G at ¢.696. These two changes turned the codon CAA
into a stop one TAG, resulting in premature termination
of transcription. Similarly, in addition to the mutational
deletion of G at c. 722, a neighboring polymorphism
results in a transversion G > A at c.735, again turning
the codon for the 5th amino acid after the deletion into
a stop codon.

Novel mutations

In total, 28 mutations have not been fully described pre-
viously in the literature. Among them, four mutations were
briefed in a preliminary report in 2003 [20]: G239D,
R241fsX5, R400T, and IVS11+2T>C; nine were submitted
to the PAHdb on May 17, 2004: Y206C, Q235P, G247S,
G247R, E280G, D282G, Q336R, A395D, and A434D.

Fifteen novel mutations are reported in this paper:
138fsX19, IVS4+3G>C, YI154H, RI157K, RI1571,
T200fsX6, Q267H, Q267E, F302fsX39, G346R, S349A,
L367L, R400K, IVS12+4A>G, and IVS124+6T>A.

Each of the above mutations occurs at low frequency
(0.3-1.1%). And they are not found in screening of 100
controls PAH alleles for each.

Genotype and phenotype correlation

Among the 185 patients, 152 are classical PKU; 22, mild
PKU; 1, MHP while, for the remaining 10 cases, informa-
tion about their clinical phenotype is not available (Table
2). As a result, analysis into genotype—phenotype correla-
tion is performed mainly on the 175 patients with available
information.

Among the 185 patients, the 70 different mutations are
variously combined into 109 genotypes. In our study,
nonsense mutation, frameshift mutation, and splice-site
mutation are counted as null mutations. Since the 23
kinds of null mutation involve more than 40% PKU
alleles (158/370) (Table 1), the genotypes are divided in
the way as described in Mutation analysis: Homoallelic
mutant PAH genotype (7) and Heteroallelic mutant
PAH genotype (102), the latter of which is further divided
into Null + Null (19), Null + Missense (52), and Missense
+ Missense (31). The majority of patients are compound
homozygotes (165/185, 89%); among them, 87 are func-
tional hemizygotes (Null + Missense). Through analysis
of the homozygous, the Null + Null, and the functional
heterozygous genotypes, we have confirmed the effects
that 63 of the 70 mutations exert on in vivo phenotypes.
The majority (48) of mutations produce definite and con-
sistent effects: 43 cause classical PKU; and 5, mild PKU.
Inconsistencies, however, are found in the following two
aspects: (1) 11 mutations appear in two phenotypes: 9
mutations (S70del, 1VS4-1G>A, EX6-96A>G, R243Q,
Y356X, P362T, R400T, R413P, A434D) appear in both
classical and mild PKU, R241C in both mild PKU and
MHP, and V399V in both classical PKU and MHP (i.c.
wide apart in classification). (2) 4 mutations show discor-
dance between in vitro (unit protein) and in vivo pheno-
types. Although the enzyme activities expressed in vitro
of F39del, R261Q, I65T, and 195del are 20, 30, 21, and
27%, respectively, all of them behave like null mutations,
giving rise, when combined with other null mutations, to
classical PKU.

R111X, IVS4-1G>A, EX6-96A>G, R243Q, Y356X,
V399V, and R413P are common mutations in PKU
patients in China. RI111X, IVS4-1G>A, EX6-96A>G,
Y356X, V399V, and R413P have been proven as being null
mutations [21-23] and the PRA value for R243Q is <10%.
Yet, except for R111X which shows concordance between
in vitro and in vivo phenotypes, discordance is noted in
all the remaining mutations in either homoallelic mutant
PAH genotype or heteroallelic PAH genotype. Neverthe-
less, excluding from account the 10 patients with no infor-
mation available, all these mutations show fairly high
correlation with the classical PKU: 1VS4-1G>A, 10/11;
EX6-96A>G, 35/41; R243Q, 68/80; Y356X, 20/23;
V399V, 9/10; and R413P, 18/21.
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Table 1

Spectrum of PAH mutations identified in northern Chinese

Trivial name Systematic name Location  Characters of PKU1 PKU2 Total of PKU Novel CpG

(protein effect) (DNA level) mutation No.of RF(%) No.of RF(%) No.of RE(%) mutation
alleles alleles alleles

138fsX19 c.111_112insG Exon 2 Insertion 1 0.4 1 0.3 *

F39del c.115_117delTTC Exon 2 Deletion 2 2.0 2 0.5

R53H c.158G>A Exon 2 Missense 8 3.0 1 1.0 9 2.4

165T ¢.194T>C Exon 3 Missense 1 0.4 1 1.0 2 0.5

S70del ¢.208 210delTCT Exon 3 Deletion 3 1.1 1 1.0 4 1.1

195del c.284 286delTCA Exon 3 Deletion 2 0.7 2 0.5

RI11X c.331C>T Exon 3 Nonsense 27 10.0 5 5.0 32 8.7 #

IVS4+1G>A c.441+1G>A Intron 4 Splicing 0.7 2 0.5

IVS4+3G>C c.441+3G>C Intron 4 Splicing 4 1.5 4 1.1 *

1VS4-1G>A c.442-1G>A Intron 4 Splicing 10 3.7 1 1.0 11 3.0

Y154H c.460T>C Exon 5 Missense 2 2.0 2 0.5 *

RI57K c.470G>A Exon 5 Missense 1 0.4 1 0.3 *

R1571 c.470G>T Exon 5 Missense 1 0.4 1 0.3 *

R158Q c.473G>A Exon 5 Missense 3 1.1 3 0.8 #

F161S c.482T>C Exon 5 Missense 3 1.1 1 1.0 4 1.1

Y166X c.498C>G Exon 5 Nonsense 6 2.2 1 1.0 7 1.9

R176X ¢.526C>T Exon 6 Nonsense 1 0.4 1 0.3 #

Y179H ¢.535T>C Exon 6 Missense 1 0.4 1 0.3

T200fsX6 ¢.598 599insA Exon 6 Insertion 1 1.0 1 0.3 *

EX6-96A>G c.611A>G Exon 6 Splicing 30 11.0 11 11.0 41 11.1

Y206C c.617A>G Exon 6 Missense 1 0.4 1 0.3

Y206X c.618C>A Exon 6 Nonsense 1 0.4 1 0.3

1224T c.671T>C Exon 6 Missense 1 0.4 1 0.3

Q232X ¢.694C>T;c.696A>G  Exon 6 Nonsense 1 0.4 1 0.3

Q235P ¢.704A>C Exon 6 Missense 1 0.4 1 0.3

G239D c.716G>A Exon 7 Missense 1 0.4 1 0.3

R241C c.721C>T Exon 7 Missense 2 0.7 2 2.0 4 1.1 #

R241fsX5 ¢.722delG; ¢.735G>A  Exon 7 Deletion 1 0.4 2 2.0 3 0.8 #

R243Q c.728G>A Exon 7 Missense 62 23.0 20 20.0 82 222 #

G247S c.739G>A Exon 7 Missense 1 1.0 1 0.3

G247R ¢.739G>C Exon 7 Missense 1 1.0 1 0.3

G247V c.740G>T Exon 7 Missense 5 1.9 5 1.4

L249H c.746T>A Exon 7 Missense 1 1.0 1 0.3

R252Q c.755G>A Exon 7 Missense 3 1.1 3 3.0 6 1.6 #

L2558 c.764T>C Exon 7 Missense 1 0.4 1 0.3

R261Q c.782G>A Exon 7 Missense 1 0.4 2 2.0 3 0.8 #

Q267H c.801G>C Exon 7 Missense 1 1.0 1 0.3 *

Q267E ¢.799C>G Exon 7 Missense 1 0.4 1 0.3 *

M276K c.827T>A Exon 7 Missense 1 1.0 1 0.3

E280G c.839A>G Exon 7 Missense 1 0.4 1 0.3

E280K c.838G>A Exon 7 Missense 1 0.4 1 0.3

P281L c.842C>T Exon 7 Missense 1 0.4 1 0.3 #

IVS7+1G>A c.842+1G>A Intron 7 Splicing 1 0.4 1 0.3 #

IVS7TH2T>A c.842+2T>A Intron 7 Splicing 8 3.0 8 23

D282G c.845A>G Exon 8 Missense 1 0.4 1 0.3

F302fsX39 ¢.904delT Exon 8 Deletion 1 0.4 1 0.3 *

S303P ¢c.907T>C Exon 8 Missense 1 0.4 1 0.3

IVS8-7TA>G c913-7A>G Intron 8 Splicing 1 0.4 1 0.3

A309D c.926G>A Exon 9 Missense 1 1.0 1 0.3

W326X c.977G>A Exon 10 Nonsense 1 0.4 1 0.3

Q336R C.1007A>G Exon 10 Missense 1 1.0 1 0.3

G346R c.1036G>A Exon 10 Missense 1 1.0 1 0.3 *

G346R ¢.1036G>C Exon 10 Missense 1 0.4 1 0.3

S349A c.1045T>G Exon 10 Missense 1 1.0 1 0.3 *

IVS10-11G>A  ¢.1066-11G>A Intron 10  Splicing 1 0.4 1 1.0 2 0.5

Y356X c.1068C>A Exon 11 Nonsense 15 5.6 9 9.0 24 6.5

P362T c.1084C>A Exon 11 Missense 2 2.0 2 0.5

L367fsX27 ¢.1099_1100insC Exon 11 Insertion 1 0.4 1 0.3

L367L c.1101G>A Exon 11 Silence/Splicing 1 1.0 1 0.3 *

A395D c.1184C>A Exon 11 Missense 1 0.4 1 0.3

V399V c.1197A>T Exon 11 Splicing 3.0 3 3.0 11 3.0

R400K c.1199G>A Exon 11 Missense 2 0.7 2 0.5 *
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Table 1 (continued)

SI11

Trivial name Systematic name Location Characters of PKUI1 PKU2 Total of PKU Novel CpG
(protein effect) (DNA level) mutation No. of RE(%) No. of RE(%) No. of RF(%) mutation
alleles alleles alleles
R400T c.1199G>C Exon 11 Missense 4 1.5 4 1.1
IVS11+2T>C  ¢.1199+2T>C Intron 11  Splicing 1 0.4 1 0.3
R408W c.1222C>T Exon 12 Missense 1 0.4 1 0.3 #
R413P c.1238G>C Exon 12 Missense 19 7.0 5 5.0 24 6.5 #
T418P c.1252A>C Exon 12 Missense 1 0.4 1 0.3
A434D c.1301C>A Exon 12 Missense 3 3.0 3 0.8
IVS124+4A>G  c.1315+H4A>G Intron 12 Splicing 1 1.0 1 0.3 *
IVS12+6T>A  c.1315+6T>A Intron 12 Splicing 1 1.0 1 0.3 *
258 95.6 91 91.0 349 94.3
Unknown 12 44 9 9.0 21 5.7
Total 270 100.0 100 100.0 370 100.0

PKUI, symptomatic patients; PKU2, patients recognized by neonatal screening; RF, relative frequency; *, novel mutation; #, CpG sites.

Discussion
Need for gene analysis in China

PKU is a common metabolic disorder in China, which
can be detected by neonatal screening and treated with
low-phenylalanine diet. Since we have achieved coverage
of only 10% in neonatal screening [1], however, most
PKU patients so far detected were diagnosed only after
clinical symptoms were noted. It is a good news for us that
the nationwide coverage for neonatal screening has shown
an annual increase of 45.5% for the recent 6 years, and a
coverage about 98% has been achieved in a few large cities
[1]. That is to say, more and more patients are being iden-
tified at an early time after birth. As a result, more informa-
tion on the genetics of PKU is needed so that the PKU
families might be better able to early detect and early initi-
ate effective intervention on the patients, as well as, to take
effective preventive measures. Hopefully, analysis of PAH
mutations and correlation study of the genotype and phe-
notype will prove helpful to genetic counseling for them.

Profile of the PAH mutations

A mutation detection rate of 94.3% of PKU alleles is
achieved in 185 Chinese PKU patients with 70 different
mutations. Missense mutations account for the majority of
mutations (42/70) with a relative frequency of 49.2% (182/
370). The small deletion and insertion mutations are identi-
fied for the first time in Chinese PKU population. Mutations
are distributed over most coding sequence except exons 1 and
13, but occur mainly in the highly conserved regions span-
ning exons 3, 5-7, and 11-12. The high degree of heterogene-
ity in PAH gene mutation results in most of patients being
compound heterozygous (165/185). Some reports on PKU
in China [7-11] were confined to screening relatively small
patient cohorts for a small number of selected mutations.
The present study extends these previous results to a more
comprehensive understanding of PAH allele distribution
and frequency in Chinese.

Most samples reported in this paper are patients of clas-
sical PKU that were detected after presentation of symp-
toms. This is certainly a result of the present limited
coverage in neonatal screening.

The frequencies of mutations detected after presentation
of symptoms and that of mutations detected in screening
are listed separately in Table 1. As shown by comparison
of five common mutations, the two frequencies are near
each other for EX6-96A>G, R243Q, and R413P, but the
frequency of mutations found in symptomatic patients is
greater for R111X while the frequency of mutations detect-
ed in screening is greater for Y356X. As for the frequencies
found with other mutations, the values obtained are too
low for statistical analysis. All the patients detected in
screening were provided by the Beijing Newborn Disease
Screening Center. Although Beijing is one of the cities with
the greatest population mobility, most of the mobile popu-
lations come from the northern provinces. In consequence,
the frequency distribution of common PAH mutations as
found by screening in Beijing regions comes near that of
northern provinces.

No mutation could be detected in 21 alleles despite scan-
ning of the entire PAH coding region by sequencing. The
most likely explanation is that the mutations are located in
regions undetectable in this study, i.e., in the 5’ and 3’
untranslated regions, in the intronic sequences far away from
exons, or the mutations may be large deletions. However, the
technique used in this study could not detect large deletion
mutations. So far these mutant types have not been reported
in Chinese PKU, but they are reported in other countries
though at a rather low relative frequency [13].

Comparison of relative frequencies of common PAH gene
mutations

It is well known that different ethnic groups have their
own distinctive and diverse PAH mutant allele series
including one or a few prevalent founder alleles. For collat-
ing the relative frequencies of PAH mutant among Asian
and European populations, we have consulted Zschocke’s
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Table 2
Genotype—phenotype association in 185 Chinese PKU patients
Classification Genotypes PRA (%) Number of patients
Classical Mild MHP
Homozygous RI111X + R111X Null 4
IVS4-1G>A + 1IVS4-1G>A Null 1
EX6-96A>G + EX6-96A>G Null 2 1
R243Q + R243Q <10 9
F39del + F39del 20 1
R261Q + R261Q 30 1
Y154H +Y154H ? 1
Heterozygous RI111X + IVS4-1G>A Null + Null 1
RI111X + Y166X Null + Null 1
R111X + EX6-96A>G Null + Null 3
RI111X + IVS7T+2T>A Null + Null 2
R111X + VSI10-11G>A Null + Null 2
RI11X + Y356X Null + Null 1
R111X + V399V Null + Null 1
Y166X + IVS4+1G>A Null + Null 1
Y166X + EX6-96A>G Null + Null 1
Y166X + Y356X Null + Null 1
Y166X + V399V Null + Null 1
EX6-96A>G + IVS4+3G>A Null + Null 1
EX6-96A>G + Y206X Null + Null 1
EX6-96A>G + R241fsX5 Null + Null 1
EX6-96A>G + W326X Null + Null 1
EX6-96A>G + R356X Null + Null 2
EX6-96A>G + V399V Null + Null 2
R241fsX5 + IVS12+4A>G Null + Null 1
Y356X + IVS4-1G>A Null + Null 3
P28IL + IVS7T+2T>A <1+ Null 1
R408W + Y356X <1+ Null 1
E280K + IVS4+3 G>C 1-3 + Null
R413P + R111X <3+ Null 3
L2558 + IVS4+1G>A <3+ Null 1
R413P + IVS4+3 G>C <3+ Null
R413P + EX6-96A>G <3+ Null 2 1
R413P + IVS7T+1G>A <3+ Null 1
R413P + IVS7T+2T>A <3+ Null 1
R413P + Y356X <3+ Null 1
R413P + V399V <3+ Null 1
R252Q + V399V 3 + Null 1
R252Q + EX6-96A>G 3 + Null 1
G247V + Y204C 4 + Null 1
G247V + 18-7 a>g 4 + Null 1
G247V + 1IVS4+3G>C 4 + Null
F161S + EX6-96A>G 7 + Null 2
R243Q + R111X <10+ Null 5
R243Q + IVS4-1G>A <10+ Null 2 1
R243Q + Y166X <10+ Null 2
R243Q + EX6-96A>G <10+ Null 7 1
R243Q + R241fsX5 <10+ Null 1
R243Q + Q232X <10+ Null
R243Q + IVS7T+2T>A <10+ Null 2
R243Q + Y356X <10+ Null 7 1
R243Q + L367fsX27 <10+ Null 1
R243Q + V399V <10+ Null 1
165T + RI111X 21 + Null 1
R241C + V399V 25 + Null 1
195del + Y356X 27 + Null 2
R261Q + IVS7T+2T>A 30 + Null 1
S70del + F302fsX39 ? 4+ Null 1
S70del + R111X ? 4+ Null 1
Y179H + R176X ? 4+ Null
Y206C + EX6-96A>G ? + Null 1

Q235P + IVS4-1G>A ? + Null 1
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Table 2 (continued)

S113

Classification Genotypes PRA (%) Number of patients
Classical Mild MHP NA

G239D + V399V ? + Null 1
G247S + T 200fsX6 ? 4+ Null 1
Q267E + R111X ? + Null 1
A309D +Y356X ? + Null 1
G346R+ EX6-96A>G ? + Null 1
S349A+ EX6-96A>G ? + Null 1
P362T + V399V ? + Null 1
R400T + IVS7T+2T>A ? 4+ Null 1
T418P + EX6-96A>G ? + Null 1
A434D+Y356X ? + Null 1
? + 138fsX19 ? + Null 1
7?7+ R111X ? + Null 1 1
?+ IVS4-1G>A ? + Null 1
? + EX6-96A>G ? + Null 3 1
? + Y356X ? + Null 1 1 1
? 4+ IVS11+2T>C ? + Null 1
R413P + R243Q <3+ <10 4 1 1
R413P + G247R <3+7? 1
R413P + IVS12+6 T>A <3+7? 1
R413P +? <3+7? 4
R252Q + F161S 347 1
R252Q + R243Q 3+ <10 1
R252Q + Q267H 347 1
R252Q + A434D 3+ 1
G247V + F161S 4+7 1
G247V +? 4+7? 1
R158Q + E280G 10 +7? 1
R158Q + R400K 10 + 2 1
R243Q + R158Q <10+ 10 1
R243Q + 165T <10+ 21 1
R243Q + R241C <10+ 25 3
R243Q + S70del <10 +? 1
R243Q + R157K <10+7? 1
R243Q + 1224T <10 +? 1
R243Q + L249H <10+7? 1
R243Q + Q336R <10+? 1
R243Q + L367L <10+7? 1
R243Q + R400K <10 +? 1
R243Q + R400T <10+7? 1 1
R243Q + A434D <10 +? 1
R243Q +? <10+7? 8 2
S70del + P362T ?2+? 1
D282G + S303P ?+7? 1
G346R + R400T ?2+? 1
RI571 +? 747 1
M276K + ? ?74+7? 1
A395D +? 747 1

Total 109 152 22 1 10

Null: frameshift mutation, Spilce-site mutations and Nonsense mutations; PRA: predicted residual activity in vitro, which comes from the web: http://
pahdb.mcgill.ca; Phenotypes: Classic = classical PKU; Mild = mild PKU; MHP = mild hyperphenylalaninaemia; NA = Not available.

systematic review on PAH gene mutations in Europe [24],
where mutations with a relative allele frequency of at least
3% (totaling 29) were included. Similarly, 11 mutations
with relative frequency >3% are chosen from our series
for comparison. As there are differences among the Euro-
pean populations themselves, geological and ethnic factors
are taken into account as well and populations representing
different common European P4 H mutants are selected for
comparison with our data (Table 3).

Comparison of the mutations of PKU in Asia reveals
several significant differences, as well as some overlaps of
mutant allele distribution among Chinese, Japanese, and
Korean populations. R243Q and EX6-96A>G, two of
the most frequent mutations in Chinese, are also frequently
detected in Korean and Japanese. However, R111X, a fre-
quent mutation in Chinese and Japanese patients, is very
rare in Korean patients. The relative frequency of Y356X
is very similar in Chinese, Japanese, and Korean (6.5,
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Table 3

Relative frequencies (%) of common PAH gene mutation detected in Asian and European populations

Geographic Mutations CpG Northern Japanese [13] Korean [4] Dane [14] German [15] Crezh [16] Spain [17]  Irishman

distribution mutation Chinese (Catalonia) [18]
Incidence 1:11,000  1:120,000 1:41,000  1:12,000  1:8,000 1:9,000 1:6,600 1:4,500

Asia RI11X # Bl ¢ <1 <1 0 0 1 0
IVS4-1G>A 3 7 Il o 0 0 0 0
EX6-96A>G ll s 10 0 0 0 0 0
R241C (MHP) # 1 B Bl o <1 0 0 0
R243Q # Bl 12 0 1 1 3 0
A259T 0 0 6 0 0 0 0 0
T2781 0 B 0 0 0 0 0
Y325X 0 0 3 0 0 0 0 0
Y356X I B 0 0 0 0
V399V 3 0 0 0 0 0 0 0
R413P # 7 B 0 0 0 0 0

Europe F39L 0 0 0 1 <1 2 0 12
G46S 0 0 0 1 <1 0 0 <1
L48S 0 0 0 0 3 2 <1 0
165T <1 0 0 <1 <1 <1 6 [10 |
A104D 0 0 0 3 <1 <1 0 <1
R158Q # <1 0 <1 3 4 5 2 <1
W187X 0 0 0 0 <1 0 0 0
R243X # 0 0 0 0 1 3 2 3
R252W # 0 0 0 0 <1 2 <1 <1
R261Q # <1 0 <1 2 6 2 6 <1
R261X # 0 0 <1 0 <1 0 3 0
G272X 0 0 0 2 <1 3 0 0
E280K # <1 0 0 3 <1 0 <1 1
P28IL # <1 0 2 1 4 <1 0 <1
IVS7T+1G>A # <1 0 0 <1 <1 <1 <1 <1
F299C 0 0 0 0 <1 <1 0 4
A300S(MHP) 0 0 0 0 <1 0 3 0
L348V 0 0 0 2 <1 0 0 5
S349P 0 0 0 <1 <1 0 5 1
IVS10-11G>A <1 0 0 5 10 3 B
¢.1089DelG 0 0 0 0 0 0 0 0
V388M # 0 1 3 <1 0 <1 5 0
E390G 0 0 0 0 2 0 3 <1
A403V(MHP) 0 0 0 0 2 0 5 0
R408W -H2 # <1 0 0 17 22 Bl 0
R408W-H1 # 0 0 0 1 0 0 0 [ ]
R408Q # 0 1 <1 <1 <1 0 0 <1
Y414C 0 0 0 6 2 1 1
IVS12+1G>A 0 0 0 10 4 <1 2
Total 94 93 86 99 98 95 90 92
Number of alleles 370 82 136 308 546 266 198 558

* The R408W mutation in our results was not subjected to haplotype analysis and was placed randomly at position R408W-H?2.

4.9, and 5.7%). Yet, R413P, the most prevalent allele in
Japanese, forms a very small proportion of patients in
Korean. In contrast, IVS4-1G>A occupies a relatively larg-
er proportion in Korean mutant allele profiles than in Chi-
nese or Japanese. Besides, the mutations T2781 and R241C
have relative high frequencies in Japanese and Korean, but
for Chinese, it is either very low (R241C) or not detected
(T278I).

The frequencies of common mutations of Asian and
European are listed in Table 3. R243Q, EX6-96A>G,
RI111X, Y356X, R413P, and IVS4-1G>A appear to be
the most prevalent mutations in Asian populations.
On the other hand, there are several prevalent founder
alleles in the European populations: R408W is the most

common PAH mutation, followed by IVS10-11G>A,
IVS12+1G>A, Y414C, and 165T. Indeed, remarkable dif-
ferences are noted between the mutation spectrum of Asian
and that of European. In addition, differences are also not-
ed in mild mutations. While R241C is the predominant
type in the Asian spectrum, A300S and A403V make the
greater part in European. Between the Asian and European
populations, great differences are frequent, both with
regard to kind and relative frequencies, suggesting entirely
different origins of the PKU gene mutations between them.
Although the same mutations may be found between them
in some CpG sites, the hotspots for PKU mutation, yet sig-
nificant differences are noted between their relative fre-
quencies (see Table 3). It is thus suggested that the
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mutations occurring at these CpG sites are recurrences.
However, it requires further haplotype study for
confirmation.

Novel mutations

Fifteen novel mutations plus four that were briefed in a
preliminary report in 2003 [20] and 9 that were submitted
to PAHdDb in May 17, 2004, 28 mutations in total were
studied together in this paper. Their absence in 100 normal
PAH alleles for each has ruled out the possibility of their
being polymorphisms. Family gene analysis accomplished
for each of them has also confirmed that the allele was
inherited from the parent who did not carry other PKU
mutations.

Novel mutations are defined by reference to the data
published at PAHdDb or on PubMed on June 3, 2005. But
these databases are mainly based on materials derived from
studies among European. It is thus no wonder that so
many novel mutations are detected in this comprehensive
analysis of PKU mutations in Northern China.

Frameshift

Among the 28 mutations, 4 mutations (I38fsX19,
T200fsX6, R241fsX5, and F302fsX39) cause frameshift
that results in the premature termination of translation.
The PAH proteins translated from such mRNAs lost the
C-terminal 396, 247, 207, and 142 amino acids, respective-
ly, which contain the entire catalytic domain and the tetra-
merization domain (I38fsX19) or a part of the catalytic
domain and the entire tetramerization domain
(T200fsX6, R241fsX5, and F302fsX39) [12]. Thus, both
the function and stability of the truncated proteins are
severely affected. It is highly likely that these mutations
may be the disease-causing mutations.

Mutations affecting RNA processing

Six mutations (IVS4+3G>C, IVSI1+2T>C, IVS12+
4A>G, IVS124+6T>A, R400K, and R400T) in the 5’
splice-site consensus sequence are identified. The sequence
between —2 and +6 of the splice—donor site has been
regarded as highly conserved [25], and any mutation
involving these sites is considered likely to affect the correct
splicing of the intron. Ketterling et al. have postulated that
splice—donor mutations not involving the invariant GT
doublet at the splice-donor junction would result in abol-
ishment of more than 99% of normal splicing if the
splice-donor sequence matched the consensus in five or
six bases of the eight-base consensus sequence [26]. In
our series, except for IVS11+2T>C, which directly
involved the invariant GT doublet at the splice-donor
junction of intron 11, the mutations IVS4+3G>C,
IVS12+4A>G, TVS12+6T>A, R400K (c.1199G>A), and
R400T (c.1199G>C) affect the splice-donor sites of PAH
introns 4, 12, and 11 by matching the eight-base consensus
sequence in five or six bases (Fig. 1).

Exon  Intron
A
A Donor consensus AG :GTGAGT
B IVS4+3G>C CT GTGAGT
: c
C IVS12+4A>G CA GTAAGT
i G
D IVS12+6T>A CA GTAAGT
f A
E R400K (c.1199G>A) AG GTGAGG
A
F R400T (c.1199G>C) AG EGTGAGG
ci

Fig. 1. The mutations affecting the consensus splice-donor sequence. (A)
The consensus splice-donor sequence. (B) The ¢.441+3 G>C substitution
at nucleotide position +3 of the PAH intron 4. (C) The c.1315+4 A>G
substitution at nucleotide position +4 of the PAH intron 12. (D) The
c.1315+6 T>A substitution at nucleotide position +6 of the PAH intron
12. (E) The ¢.1199 G>A substitution at nucleotide position —1 of the PAH
intron 11. (F) The c.1199 G>C substitution at nucleotide position —1 of
the PAH intron 11.

To determine whether IVS12+4A>G and IVSI12+6T>A
are disease-causing mutations or mere polymorphisms, we
performed splicing score calculation based on the method
of Shapiro and Senapathy [27]. The splicing score for the
original 5’ donor sequence of the 12th exon of PAH gene
is 79.4. But after the two mutations, IVS12+4A>G and
IVS12+6T>A, the splicing scores are reduced to 68.6 and
73.7, respectively. Among them, the mutation IVS12+4A>
G causes a reduction of 11.3. It may thus be speculated that
these two mutations might have lowered the splicing effi-
ciency or led to frank failure of correct splicing of intron
12. However, we have no direct evidence to corroborate
our speculation and further mRNA study is needed for
confirmation.

L367L is associated with classical PKU, though it is a
silent mutation in the 11th exon of PAH gene. Silent muta-
tions have been reported to cause diseases mainly by affecting
RNA processing. For example, several alleles, including
Q304Q (c.912G>A) [28] and V399V (c.1197A>T) [23],
initially called silent, were later found to promote exon
skipping. There is also evidence indicating that silent muta-
tion in exons might cause disecase by disrupting exonic
splicing enhancer (ESE). ESEs are present in constitutive
or alternative exons of certain genes, and are required for
efficient splicing on those exons. The ESEs in pre-mRNAs
are recognized by serine/arginine-rich (SR) proteins, a
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family of essential splicing factors that regulate alternative
splicing [29,30]. Using the motif-scoring matrices in
ESEfinder release 2.0 (http://exon.cshl.edu), we tried to find
high-score motifs in exon 11 of wild-type and mutant PAH
gene for four SR proteins (SF2/ASF, SC35, SRp40, and
SRp35). Multiple high-score motifs of each type are found
to be distributed throughout this exon. L367L mutation spe-
cifically disrupts the third (CCCCTGG) of seven high-score
SRp40 motifs. The score for the third high-score SRp40
motif is 3.3264 in wild-type PAH and is reduced to 2.7586
in L367L mutation PAH. Surprisingly, at the same time,
L367L mutation produced a new high-score SRp40 motif
(CTAGAGC, with a score of 3.0887), which is not found
in the normal PAH sequence.

In this connection, Liu’s study on BRCAI, a breast
cancer susceptibility gene, might be cited [30], in which
a nonsense mutation in codon 18 reduced the score of
a high-score SF2/ASF in wild-type gene from 2.134 to
0.079 in the mutant gene and experiment revealed exon
skipping caused by the mutation. Liu et al. also analyzed
a database of 50 single-base substitutions in human genes
that cause exon skipping in vivo, and found that more
than one-half of the single-base substitutions reduced or
eliminated at least one high-score motif for one or more
of these SR proteins. In our study, while reducing the
score of a SRp40 motif, however, L367L also produced
a new high-score SRp40 motif. Using the SR protein scor-
ing matrices, it is still difficult to determine whether this situ-
ation affects correct splicing by disrupting exonic splicing
enhancer. It appears that RNA-level study is required to
explore the effect of L367L on PAH protein function.

Missense mutations

The remaining 17 mutations are missense mutations.
Sixteen of them are located in the catalytic domain (resi-
dues 143-410) and the remaining one, in the tetrameriza-
tion domain (residues 411-452) of PAH protein. As
judged from structural information on PAH protein [12],
the amino acid Y154, R157, Y206, S349, and A395 are rel-
evant to the normal structure of PAH monomer; E280 and
D282 have a bearing on the shape of the active center of the
enzyme; A434 directly affects the stability of the PAH pro-
tein tetramer. As a result, mutations at these sites may
affect the activity of the protein by altering the structure
or stability of the protein. Based on our genotype—pheno-
type correlation study, Y154H, R157K, S349A, A395D,
E280G, and D282G lead to classical PKU while Y206C
and A434D give rise to mild PKU. There are however
reports that missense mutation in exons may also affect
the enzyme functions by affecting RNA splicing [21]. For
example, although no marked reduction in enzyme activity
has been demonstrated in in vitro expression study of EX6-
96A>G, it has been shown that a new splicing site is pro-
duced that causes exon skipping. It is therefore important
that, for newly discovered missense mutations, in-depth
functional study is needed to determine whether they are
disease causing and to learn their pathogenic mechanisms.

Genotype—phenotype correlation

Even though the PKU mutations found in China are
highly heterogeneous and the genotypes of most patients
are compound heterozygotes, yet classical PKU makes up
the predominant type in our sample. The presence of null
mutation in 40% of alleles and the availability of PRA data
for many mutations have proved helpful to our genotype—
phenotype correlation study.

Studying genotype—phenotype correlation in homoall-
elic mutant PAH genotype and in Null + Null and Null
+ Missense (functionally heterozygous) genotypes have
enabled us to discover the effect that single mutation exerts
on phenotype. Equipped with the knowledge thus gained,
we tried next to study compound heterozygotes. As shown
by the results, there does exist wide-ranging matching
between PAH mutant genotype and PKU phenotype. In
most of the cases, the effects are severe, including most of
the mutations discussed under the section Novel Muta-
tions. This may be explained by the high proportion pres-
ence of null mutations in our sample.

In the cases of 157K, Y206C, R241C, L249H, M276K,
and IVS12+6, most of them have no records on their
enzyme activity expressed in vitro except for R241C
(PRA =25%). Yet the fact that their combination with
severe mutations produced mild clinical phenotypes has
led us to regard them as mild mutations. Just as Guldberg
et al. [31] put it, “disease severity in most cases is deter-
mined by the least severe of two PAH mutations.” As for
R241C, although one of the four patients containing
R241C is of the genotype R241C+V399V and manifests
MHP phenotype, yet all the rest are of the genotype
R241C+R243Q and manifests mild PKU. Again this led
us to regard it as a mild mutation, a result in keeping with
that reported in Taiwan [32].

Discordance between in vitro and in vivo phenotypes

While the observed metabolic phenotypes of F1618S,
G247V, R252Q, L2558, E280K, P281L, and R408W match
their predicted gene effects, inconsistency is found with
F39del, 195del, 165T, and R261Q. The inconsistency with
I165T and R261Q has long been reported. In contrast to
in vitro expression tests the result of which is a unit protein,
the consequence of a single mutation, most PKU patients
are heterozygotes comprising different PAH mutations.
So far, it is still a knotty problem to sort out the complicat-
ed interactions among the different subunits of PAH pro-
tein produced by different mutations. This is really one of
the reasons for this discordance.

Interindividual inconsistency in in vivo PAH mutation effect

Interindividual inconsistency is manifested in the com-
mon PAH mutations: IVS4-1G>A, EX6-96A>G, R243Q,
Y356X, V399V, and R413P. As most of them are closely
associated with classical phenotype (85-91%), however,
they are assigned to the severe type. Inconsistency is also
observed in S70del, P362T, R400T, and A434D. Among
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them, R400T and A434D are mutations discussed under
the section Novel Mutations. Since, information about
their enzyme activity expressed in vitro is not available,
however, it is difficult to predict their effect on phenotype.
Interindividual inconsistency has frequently been reported
and its mechanisms intensively discussed in literature
[31,33]. Guldberg et al. have postulated that a potential
cause of these inconsistencies may be related to the biolog-
ical properties and functions of the mutant protein.

The result of our study supports the view that the geno-
type of the PAH gene mutations is the major determinant
of the metabolic phenotype of PAH protein deficiency.
Yet the actual in vivo expression of the mutation combina-
tion has proved difficult to predict. Further in-depth study
is needed for elucidating the inconsistency between geno-
type and phenotype.

Summary

This study is undertaken to produce a detailed picture of
the mutation spectrum underlying HPA and PKU in
northern Chinese population. The Chinese mutation profile
of PAH is similar to those of the neighboring Asian popu-
lations but significantly different from European popula-
tion. The definition of the mutational profile of PKU in
China enables us to construct a national database covering
detailed information on genotype—phenotype correlations.
This database would serve as a valuable tool in genetic
counseling and in prognostic evaluation of future cases of
PKU.
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