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Molecular characterization of phenylketonuria and
tetrahydrobiopterin-responsive phenylalanine
hydroxylase deficiency in Japan

Yoshiyuki Okano1, Satoshi Kudo1, Yasuaki Nishi2, Tomoko Sakaguchi1 and Kazuyoshi Aso1

Phenylketonuria (PKU) is a heterogeneous metabolic disorder caused by a deficiency in hepatic phenylalanine hydroxylase

(PAH). On the basis of phenotype/genotype correlations, determination of phenylketonuric genotype is important for

classification of the clinical phenotype and treatment of PKU, including tetrahydrobiopterin therapy. We characterized the

genotypes of 203 Japanese patients with PKU and hyperphenylalaninemia using the following systems: (1) denaturing

high-performance liquid chromatography with a GC-clamped primer; (2) direct sequencing; and, (3) multiplex ligation-dependent

probe amplification. Of 406 mutant alleles, 390 (96%) were genotyped; 65 mutations were identified, including 22 new

mutations. R413P, R241C, IVS4-1g4a, R111X and R243Q were prevalent mutations. Mutations prevalent in the Japanese

cohort are also common in Korean and Northern Chinese populations, suggesting same origin. The spectrum of prevalent

mutations was not significantly different among six Japanese districts, indicating that Japan comprises a relatively homogeneous

ethnic group. We classified the mutations by clinical phenotypes and in vivo PAH activity and estimated the mutations with

potential tetrahydrobiopterin (BH4) responsiveness. The frequency of BH4 responsiveness based on the genotype was 29.1%

in Japanese PKU patients. A catalog of PKU genotypes would be useful for predicting clinical phenotype, deciding on the

subsequent treatment of PKU including BH4 therapy, and genetic counseling in East Asia.
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INTRODUCTION

Phenylketonuria (PKU) is an autosomal recessive disorder caused by a
deficiency in hepatic phenylalanine hydroxylase (PAH; EC 1. 14.16.1).
The disease causes mental retardation unless the affected child is
maintained on a strict low-phenylalanine diet.1 Mass screening of
newborns for PKU is performed in developed countries and patients
show a wide spectrum of clinical severity. The incidence of PKU in
Japan is 1/120 000,2 which is lower than in Caucasians (1/10 000),3

Chinese (1/18 000)4 and Korean (1/41 000)5 populations. The diag-
nosis of PKU is based on high phenylalanine levels and absence of
tetrahydrobiopterin (BH4) deficiency, rather than on hepatic PAH
activity. Phenylalanine levels also largely determine the clinical phe-
notype of PKU, although blood phenylalanine is influenced by dietary
protein intake.
Studying the molecular genetics of PKU has proven clinically useful.

PKU is a heterogeneous metabolic disorder at the genetic as well as
clinical level, and more than 500 different mutations of the PAH
gene have been recorded in the PAH database (PAHdb; http://
www.PAHdb.mcgill.ca). PKU mutations in East Asian populations

are relatively similar with each other and completely different from
those in Caucasians.6–9

Correlations between the genotype and clinical phenotype of PKU
have been demonstrated using predicted PAH activity, which is the
average in vitro PAH activity for both mutations,10 with several
mutations related to non-classical PKU phenotypes (mild PKU and
mild hyperphenylalaninemia (HPA)).7,11–13

Recently, BH4-responsive PAH deficiency was defined by
decreased blood phenylalanine after a BH4 loading test

14 and patients
with this deficiency were treated with long-term BH4.

15–20

Blood phenylalanine levels were relatively well controlled by BH4

therapy compared with dietary treatment involving improvement
of patients’ quality of life. Such patients usually have mild PKU or
mild HPA, but not all patients with mild PKU and HPA respond
to BH4. BH4-responsive PAH deficiency is difficult at times to
diagnose with the decrease of phenylalanine level by BH4 loading
test, as BH4 loading test is affected by the factors such as the amount
and duration of administered BH4, preload plasma phenylalanine
levels and phenylalanine intake. Therefore, identification of genotype
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responsive to BH4 therapy can help in the clinical diagnosis and/or
treatment of PKU patients.21

The genetic analysis of PKU involves screening the affected exons
extensively by the following methods to precisely map the mutations:
(1) single strand conformation polymorphism,22 (2) denaturing
gradient-gel electrophoresis,23 (3) denaturing high-performance liquid
chromatography (DHPLC)24,25 and (4) thermal melt profiling.26

DHPLC detects mutations with high sensitivity and precision and at
low cost compared with denaturing gradient-gel electrophoresis.
However, it is sometimes difficult to achieve suitable peaks by the
position of a mutation in the amplified DNA as the column is highly
sensitive to temperature conditions. We developed and improved the
standard DHPLC method by using GC-clamped primers, and in doing
so we could identify the exon mutations more easily and stably.
Exon screens that do not identify a mutation in the coding region

suggest a large deletion in exon 5 to 6 (E5_6 del), as reported in
Japanese PKU patients tested by Southern hybridization.27,28 This
E5_6 del is also easily detected using multiplex ligation-dependent
probe amplification (MLPA).29,30

The present study analyzed the genetic data of 203 Japanese
residents with PKU. We classified the mutations by clinical phenotype
and estimated those with potential BH4-responsiveness. This mutation
catalog could aid clinicians in East Asia significantly in predicting
clinical phenotype of PKU, in planning subsequent treatments
including BH4 therapy and in genetic counseling.

MATERIALS AND METHODS

Subjects
This study enrolled 203 Japanese residents with a serum phenylalanine level

higher than 0.18mM. PAH deficiency was diagnosed at the participating

institutions on the basis of absence of neurologic deterioration on a low

phenylalanine diet, analysis of dihydropteridine reductase activity in red blood

cells, biopterin loading test and/or pteridine analysis in urine. The criterion for

classical PKU is a serum phenylalanine concentration of 1.2mM before

initiation of a phenylalanine-restricted diet or in the absence of dietary

restrictions later in life. Mild PKU and mild HPA are characterized by serum

phenylalanine concentrations of 0.6–1.2 and 0.18–0.6mM, respectively, without

a phenylalanine-restricted diet. Genetic analysis of 41 of 203 patients has been

reported elsewhere.7

The 20 patients with L52S/E5_6 del, A132V/R413P, R241C/(R111X, R252P,

T278I, Q301H, R413P (7 patients) and R241C (3 patients)), A373T/IVS4nt-1,

and P407S/(R111X, R158W and R252W) mutations were confirmed by BH4

loading test and/or phenylalanine breath test with BH4 administration.14,17,31

BH4 responsiveness was provided by a decrease of 20% in serum phenylalanine

levels in the single-dose BH4 loading test (10mg/kg), a decrease of 30% in

serum phenylalanine levels in the four-dose BH4 loading test (total; 30mg/kg)

and/or two times increase in in vivo PAH activity after the four-dose of BH4

(total; 30mg/kg) in phenylalanine breath test.

The Institutional Review Board of Osaka City University Graduate School of

Medicine (Osaka, Japan) approved all study protocols and informed consent

for the genetic analyses was obtained from all patients or their parents/

guardians.

DHPLC analysis and sequencing
PCR reactions were performed in a 50-ml reaction mixture containing

0.5–1.0mg genomic DNA, 2mM of each dNTP, 50mM KCl, 100mM Tris-HCl

(pH 8.3), 15mM MgCl2, 0.1% gelatin, 50ng of each PCR primer and KOD plus

Taq DNA polymerase (Toyobo, Osaka, Japan). Thirty-five PCR cycles (94 1C for

30 s, 50–60 1C for 60 s and 72 1C for 60 s) were performed on a PTC-200

Thermal Cycler (Bio-Rad, Hercules, CA, USA). Table 1 lists the primer pairs

used for amplification. A clamped 40-bp GC-sequence was used as the

unilateral primer. Before DHPLC analysis, the PCR products were subjected

Table 1 Amplification primers for DHPLC, annealing and column temperatures for each of the 13 exons of the PAH gene

Exon Primers Sequence (5 ¢–3 ¢) Annealing Temperature (1C) DHPLC Temperature (1C)

1 Forward [40GC]a-CAAGAGACACCCTTTGTAAC 55 63

Reverse CAGCAGTCTTCGGATCTCTT

2 Forward [40GC]-TTCATGCTTGCTTTGTCC 60 60

Reverse CTGTTCCAGATCCTGTGTTC

3 Forward [40GC]-GCCTGCGTTAGTTCCTGTG 55 56

Reverse CTGTACACTCAATGAATACAACG

4 Forward TCTGCCAATCTGTACTCAGGA 55 62

Reverse [40GC]-CAAAAAATCTCATCTACGGGCCA

5 Forward AAGCATTCATAAAGGTACCAG 60 62

Reverse [40GC]-AAGGGAGAAGCAGGCTAG

6 Forward CCGACTCCCTCTGCTAACCT 55 60

Reverse [40GC]-CAATCCTCCCCCAACTTTCTCA

7 Forward [40GC]-TGCCTCTGACTGAGTGGTG 55 63

Reverse AAGATGGCGCTCATTGTG

8 Forward [40GC]-TGGCTTAAACCTCCTCCCCT 55 60

Reverse CCGCTCTTGCAGAGGGCAT

9 Forward TCTGGCCACCCATCACCTTTT 55 60

Reverse [40GC]-GACCTGAGGGCCATAGC

10 Forward [40GC]-TTAACCATCATAGAGTGTGCTC 55 58

Reverse TACAAATAGGGTTTCAACTAAATTG

11 Forward [40GC]-TGCAGCAGGGAATACTGATC 60 60

Reverse TAG ACA TTG GAG TCC ACT CTC

12 Forward [40GC]-GTA AAA TGC CAC TGA GAA CTC TC 55 61

Reverse AGA CAG TCT TCG ATT ACT GAG AAA

13 Forward [40GC]-GAC ACT TGA AGA GTT TTTGC 55 58

Reverse GGT TTG CTT TTC GGA CTT TTT CTG ATG

Abbreviations: DHPLC, denaturing high-performance liquid chromatography; PAH, phenylalanine hydroxylase.
a40GC; cgc ccg ccg cgc ccc gcg ccc gtc ccg ccg ccc ccg ccc g.
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to heteroduplex formation by heating for 5min at 95 1C followed by cooling to

25 1C over 45min. DHPLC analyses were performed using a WAVE DNA

fragment analysis DHPLC system (Transgenomics, Glasgow, UK), according to

the protocol recommended by the manufacturer.

Exons showing abnormal patterns on DHPLC were amplified with PCR

primers, as described previously7 and purified using the Illustra GFX PCR DNA

and gel-band purification kit (GE Healthcare, Buckinghamshire, UK). Samples

were sequenced using the Applied Biosystems Dye-Terminator Kit on an ABI

Prism 377 DNA sequencer (Applied Biosystems, Foster City, CA, USA), as

described previously.7

MLPA analysis
MLPA (SALSA MLPA kit P055; MRC, Amsterdam, The Netherlands) was

carried out for PKU patients with no identified PAH mutations on either or

both alleles by DHPLC analysis and direct sequencing, according to the

manufacturer’s instructions. Genomic DNA was used for the ligation reactions

and multiplex PCR amplification. PCR products were mixed with formamide,

dextran-blue and the TAMRA-labeled internal-size standard (TAMRA-500,

Applied Biosystems) and then analyzed on an ABI-377 gel sequencer (Applied

Biosystems) using GeneScan software (Applied Biosystems). The peak height of

each exon was compared with the internal-standard peak, and then the ratio of

the peak area of each exon to the total peak area for 13 exons was compared

between patients and control.

RESULTS

PKU mutations in Japan
DHPLC with GC-clamped primer was useful to screen the exons with
PKU mutations. When a GC-clamped primer was employed, more
consistent and correct detection of four peaks with two heteroduplex
and two homoduplex peaks were enabled, regardless of the column
temperature. Several different PKU mutations were found in the
same exon, especially exon 7 and it is sometimes difficult to detect
the mutations by DHPLC using an unclamped primer for the
optimum temperature differences among mutations, whereas use of
a GC-clamped primer would allow the temperature conditions to be
relaxed (Figure 1). The exons with negative results by DHPLC with
GC-clamped primer showed no mutations by sequencing except for
homozygous mutations. False-positive and false-negative for PKU
mutation by DHPLC has not been seen.
The 17 alleles without any identified mutations were subjected to

MLPA analysis and one allele showed E5_6 del newly, which is known

to have a large deletion involving exons 5 and 6 in Japanese patients
with PKU. And no large deletion was found except for E5_6 del.
Table 2 details the gene analysis results for 203 patients with PAH

deficiency living in Japan and with pre-treatment blood phenylalanine
levels over 0.18mM. Of 406 mutant alleles, 390 (96%) were genotyped
and 65 mutations identified. Concerning 16 unknown PKU alleles,
there were no patients with unidentified PKU mutations in both
alleles. R413P mutation was the most frequently encountered (24.1%),
followed by R241C (10.1%), IVS4-1g4a (8.9%), R111X (7.9%) and
R243Q (5.4%). Eight prevalent mutations with an incidence over 3%
accounted for 69.7% of the PKU alleles. As for private mutations,
eight mutations were found in two PKU alleles and 39 mutations in a
single PKU allele. These results indicated that PKU mutations in
Japanese patients are heterogeneous. The mutations tended to appear
in exon 7 (30.1%) and exon 12 (27.0%). Twenty-two novel mutations
were identified newly, including A132V, V379A, E183fsX12,
S16Y, S70F, V106A, H107R, I174N, Y198X, A202V, P219S, P225L,
H271Q, Q267L, Q301H, F402I, F402C, S251fsX90, G312fsX29,
K113_K114fsX81, IVS10-2a4t and IVS10-7c4a. R53H was found
in the cis position, relative to other mutations in nine alleles. No
particular mutation linked to R53H was noted. R53H is not a
polymorphism32 and is associated with mild phenotype of PKU in
Korean population.5

Comparison among East Asian countries
The distribution and frequency of PKU mutations were compared
among Northern Chinese,33 Korean,5 Taiwanese34 and Japanese popu-
lations. Figure 2 shows PKU mutations with 45% frequency in at
least one of these countries. The prevalent mutations were relatively
similar across the analyzed populations, and particularly so between
the Northern Chinese and Koreans, with the most frequent PKU
mutation identified as R243Q, which accounted for 22.2 and 12.0% of
all mutations, respectively. The second most prevalent was E6-96A4g,
which accounted for 11.1 and 10.1%, respectively. This A-to-G
transition is a splicing mutation for the disappearance of the con-
sensus sequence of a 5¢ donor splice site instead of a tyrosine to
cysteine substitution of codon 204 in exon 6 and would give a 96 bp
deletion.35,36 The most frequent mutations in the Taiwanese popula-
tion were R241C (32%) and R408Q (14%), each associated with a
mild clinical phenotype. Private mutations, which are those seen in

63 63 63 ˚C

T278I/- R241C/-
Exon 7

R252W/-

GC-clamped primer

58 ˚C 58 ˚C 58 ˚C

61 ˚C 61 ˚C 61 ˚C

Unclamped primer

61 60 ˚C61

R413P/-
Exon 12

R408W/--/-

Figure 1 Denaturing high-performance liquid chromatography (DHPLC) profiles of the T278I, R241C and R252W mutations in exon 7 (a) and the R413P

and R408W mutations in exon 12 (b) using unclamped and GC-clamped primers. The mutations showed clear peaks at the same column temperatures using

GC-clamped primers.
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one or two alleles, differed among countries, suggesting a relatively
recent origin.
Japanese PKU mutations were then compared among the six

geographical districts in which the facilities requesting gene diagnosis
were located; nine mutations with a frequency of 42.5% were
compared (Figure 3). There was no major inter-district difference in
the frequency of mutations. However, the pattern in the Kyushu
District differed slightly from that in the other districts and was
characterized by no IVS4-1g4a mutations and a relatively high
frequency of R111X.

Correlation between clinical phenotype and genotype
Figure 4 shows the relationship between pre-treatment blood pheny-
lalanine level and mild PKU/HPA-associated mutations. R408Q,
V106A, P407S, R241C and L52S mutations were suspected to correlate
with mild PKU, whereas A132V, R297C, A373T, D415N, A403V,
F402I, T380M and V379A mutations were more associated with
mild HPA. Only the P407S, R241C and T380M mutations were
present in sufficient cases (n42) for analysis. Fifty-nine (29.1%)
patients showed those genotypes associated with mild PKU and
HPA in 203 patients. Fifty-two (25.6%) patients showed pre-treatment

Table 2 The spectrum of PAH mutations in Japanese patients with

PKU

Trival name Systemic name

Exon/

intron

Number

of alleles

Relative

frequency (%)

R413P c.1238G4C 12 98 24.1

R241C c.721C4T 7 41 10.1

IVS4-1g4a c.442-1G4A I-4 36 8.9

R111X c.331C4T 3 32 7.9

R243Q c.728G4A 7 22 5.4

E6-96A4g c.611A4G 6 19 4.7

R252W c.754C4T 7 18 4.4

T278I c.833C4T 7 17 4.2

IVS10-14c4g c.1066-14C4G I-10 11 2.7

Y356X c.1068C4A 11 7 1.7

P407S c.1219C4T 12 6 1.5

R252P c.755G4C 7 5 1.2

T380M c.1139C4T 11 5 1.2

V399V c.1197A4T 11 5 1.2

A259T c.775G4A 7 4 1.0

R158W c.472C4T 5 3 0.7

R176X c.526C4T 6 3 0.7

R261X c.781C4T 7 3 0.7

A132V c.395C4T 4 2 0.5

E5_6del c.442_706del 5, 6 2 0.5

E183fsX12 c.548delA 6 2 0.5

C265Y c.794G4A 7 2 0.5

IVS7+1g4a c.842+1G4A I-7 2 0.5

IVS7+5g4a c.842+5G4A I-7 2 0.5

V379A c.1136T4C 11 2 0.5

V388M c.1162G4A 11 2 0.5

S16Y c.45C4A 1 1 0.2

S164fsX1 c. 47_48delCT 1 1 0.2

L52S c.155T4C 2 1 0.2

P69_S70delinsP c.207_209delTTC 3 1 0.2

S70P c.208T4C 3 1 0.2

S70F c209C4T 3 1 0.2

S70delTCT c.208_210delTCT 3 1 0.2

Y77X c.231T4G 3 1 0.2

V106A c317T4C 3 1 0.2

H107R c320A4G 3 1 0.2

K113_K114fsX81 c.337_340delAAGT 3 1 0.2

I174N c.521T4A 6 1 0.2

W187C c.561G4C 6 1 0.2

Y198X c.594T4G 6 1 0.2

A202V c.605C4T 6 1 0.2

C217Y c.650G4A 6 1 0.2

P219S c.656T4C 6 1 0.2

P225L c.674C4T 6 1 0.2

G247R c.739G4C 7 1 0.2

G247V c.740G4T 7 1 0.2

S251fsX90 c.753 delT 7 1 0.2

Q267 L c.800A4T 7 1 0.2

H271Q c.813T4G 7 1 0.2

P281L c.842C4T 7 1 0.2

IVS7+2t4a c.842+2T4A I-7 1 0.2

R297C c.889 C4T 8 1 0.2

Q301H c.903G4T 8 1 0.2

G312fsX29 c.933delG 9 1 0.2

A345T c.1033G4A 10 1 0.2

IVS10-7c4a c.1066-7C4A I-10 1 0.2

Table 2 (Continued )

Trival name Systemic name

Exon/

intron

Number

of alleles

Relative

frequency (%)

IVS10-2a4t c.1066-2A4T I-10 1 0.2

L367P c.1100T4C 11 1 0.2

A373T c.1117G4A 11 1 0.2

F402I c.1204T4A 12 1 0.2

F402C c.1205T4G 12 1 0.2

A403V c.1208C4T 12 1 0.2

R408Q c.1223G4A 12 1 0.2

D415N c.1243G4A 12 1 0.2

L430P c.1289T4C 12 1 0.2

Known 390 96.1

Unknown 16 3.9

Total 406 100.0

Abbreviations: PAH, phenylalanine hydroxylase; PKU, phenylketonuria.
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blood phenylalanine, as shown in Figure 4. The blood phenylalanine
level in patients with R243Q/R243Q, reflecting 10% in vitro PAH
activity, was lower than in those patients with compound heterozygote
of R243Q/severe mutation. The blood phenylalanine level in the
patients with compound heterozygote of R243Q/R241C or P407S/
R241C was lower than in the patients with compound heterozygote of
R241C/severe mutation, R243Q/severe mutation or P407S/severe
mutation. The mutations in these cases (Figure 4) were associated
with mild PKU and mild HPA in Japanese patients and were
assumed to be BH4-responsive mutations. The frequency of
BH4-responsive PAH deficiency was predicted to be 29.1% among
PKU patients living in Japan.

DISCUSSION

Genetic diagnosis is useful for evaluating the clinical phenotype of
PKU and the diagnosis of BH4-responsive PAH deficiency. It is
therefore important to establish a more reliable PKU-associated
genetic assay. PKU genes are quite diverse and more than 60 different
mutations have been detected in patients with PKU living in Japan.
Innovations in genetic engineering have enabled the development of
techniques for more rapid and large-scale gene analysis. However,
assaying genes involved in single-gene disorders require accuracy and
reliability over a small number of samples. The analysis system
described herein was designed to (1) detect the exon mutation using
GC-clamped DHPLC, (2) sequence the affected exon or all exons for
undetectable mutations by DHPLC and (3) identify large deletions
using MLPA analysis if mutations are not detected at steps (1) and (2).
This method detects gene mutations at a rate of 96%.
The GC-clamped DHPLC shows clear peaks originating from

mutations with minimal influence from column temperature and
PCR byproducts and heteroduplex peaks are detected at high sensi-
tivity. Only samples amplified from patient DNA are used for DHPLC
to maximize sensitivity and to simplify the manipulation. Therefore,
patients with homozygous mutations cannot be identified with this
system. As incidences in which mutations are not detectable in both
alleles are very rare (0.16%), the homozygous mutations are estimated
in the patients. In such cases, the shortcoming can be resolved by
sequencing exon 7 and 12 and/or all exons. In the current cohort, the
actual percentage of homozygous patients was 13.3% in contrast to the
theoretical percentage of 9.3% (calculated for Japanese patients on the
basis of the data for each mutation). This difference seems to reflect
the influence of relative marriage in Japan.
To elucidate the origin of PKU genes in East Asia, we compared

PKU genes among the East Asian countries of China, Korea, Taiwan
and Japan. The distribution of immunoglobulin G heavy-chain
allotype suggested that the Mongoloid in East Asia originates from
the northern Mongoloid (around the Lake Baikal) and the southern
Mongoloid (Guangxi area in Southwestern China).37 The frequency
and distribution of PKU mutation in Southern China were proposed
to differ from those in Northern China.6 As shown in Figure 2, the
pattern of prevalent mutations was similar among Northern China,
Korea and Japan, and particularly so between Northern China and
Korea. The prevalent mutation might thus originate from the north-
ern Mongoloid ancestors, before spreading among the populations of
Korea and Japan through Northern China.
The origin of Japanese people is considered a mixing of Jomon- and

Yayoi-period populations that moved from the East Asian continent to
Japan 12000 and 2000 years ago, respectively. The present genetic
analysis suggests that Japanese PKU mutations were affected strongly
by PKU mutations of northern Mongoloid origin with additional
influence of the geographical characteristics (an isolated country made
of islands), thus exerting a ‘founder effect’ leading to a specifically high
incidence of R413P (24.1%).
Analysis among six Japanese districts revealed no major differences

in the spectrum of PKU mutations, suggesting that Japanese popula-
tions comprise a relatively homogeneous ethnic group. The Kyushu
District differed slightly from the other districts in the absence of
IVS4-1g4a mutations, although available data were not sufficient to
analyze possible ancestral contributions underlying this finding (that
is, relative influence of Jomon-period people and Yayoi-period
people). The lack of major inter-district differences in Japan in this
analysis is probably attributable also to the method used for compar-
ison in that the district was defined by the facility requesting the assay
rather than the patient’s birthplace.
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One major objective of the present genetic analysis was to
identify mutations associated with the responsiveness to BH4 therapy
in East Asian patients. Previous reports cite a BH4 responsiveness of
30–45% in the general PKU population, with reported associations
to clinical phenotype and the frequency of responsive cases being
80–100% for mild HPA, 40–60% for mild PKU and o10% for
classical PKU.21,38–40 Most of the patients in the current study who
showed BH4 responsiveness suffer from mild PKU or mild HPA;
these patients responded to BH4 loading and showed an increase
in in vivo PAH activity by phenylalanine breath test,15,31 which is
proportional to the residual PAH activity by BH4 dosing under the
regulation system of BH4 and phenylalanine in in vivo PAH activ-
ity.31,41 Therefore, a residual PAH activity resulting from a combina-
tion of both alleles is useful to predict the BH4 responsiveness in PKU
patients.42

In PKU, clinical phenotype is basically determined by genotype.
BH4 responsiveness is also related to genotype. The frequency of BH4-
responsive patients was 29.1% among the present cohort of PKU
patients living in Japan. This frequency is not high in comparison with
European and North American populations, possibly because of the
strict criteria used here to judge BH4 responsiveness. Zurflüh et al.43

listed BH4-responsive mutations using the BIOPKUdb (http://
www.bh4.org/BH4Databases.asp) similar to our data in Figure 4.
R408Q, P407S, R241C, A373T, D415N, A403V and T380M were
confirmed to BH4-responsive mutations in their data. A132V was
listed among the unclear mutations. V106A, L52S, R297C and F402I
were not listed. Concerning R413P, V388M and R243Q in our
Japanese patients, the homozygote of R413P and compound hetero-
zygote of R413P/severe mutation were linked to classical PKU clini-
cally, showed no BH4 responsiveness in BH4 loading test, and had very
low-level in in vivo PAH activity in the phenylalanine breath test.31

Therefore, R413P is a BH4-unresponsive mutation. Two patients with
compound heterozygote mutations of V388M/R413P showed classical
PKU as did 8 patients with R243Q/severe mutation. R243Q and
V388M mutations may have residual PAH activity,7,44 but not to a
sufficient level for a BH4 response to reduce in blood phenylalanine
levels. These two mutations might be the border between BH4-
responder and unresponder. For these reasons, R243Q and V388M
were not included in the BH4-responsive mutations. Nevertheless, 1
patient with R243Q/R243Q was expected to be BH4 responsive. For
the prediction of BH4-responsive, the combination of the mutations in
both alleles is important as described by Karacic et al.42

Another potential factor in the incidence of low-frequency, BH4-
responsive mutations in Japan is regional differences. In Europe, the
frequency of BH4-responsive cases was higher in Southern Europe and
lower in Eastern Europe.45 In East Asia, a high frequency of mild
phenotype (84%) was noted in Taiwan,34 whereas the frequency of
R413P (a BH4-unresponsive mutation) in Japan was specifically high
(24%). This factor might contribute to the relatively low frequency of
BH4-responsive mutations in this study.
In addition, blood phenylalanine levels measured by the BH4

loading test might be affected by various environmental factors
like food and infection, as well as genotype used to determine the
BH4-responsive PAH deficiency. The determination of patient geno-
type in PKU patients is clearly useful for characterizing clinical and
biochemical phenotypes and should permit further optimization of
therapy including BH4 therapy, determination of long-term prognosis
and intensive support for patients and their families.
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25 Bräutigam, S., Kujat, A., Kirst, P., Seidel, J., Lüleyap, H. U. & Froster, U. G. DHPLC
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