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Abstract

Phenylketonuria (PKU; MIM 261600) is an autosomal
recessive metabolic disorder caused by a deficiency
of phenylalanine hydroxylase (PAH; EC 1.14.16.1).
Point mutations in the PAH gene are known to cause
PKU in various ethnic groups, and large deletions or
duplications account for up to 3% of the PAH mutations
in some ethnic groups. However, a previous study
could not identify ~14% of the mutant alleles by se-

quence analysis in Korean patients with PKU, which
suggests that large deletions or duplication might be
frequent causes of PKU in Koreans. To test this hypoth-
esis, we performed multiplex ligation-dependent
probe amplification (MLPA) for the identification of un-
characterized mutant alleles after PAH sequence anal-
ysis of 33 unrelated Korean patients with PKU. Bi-direc-
tional sequencing of the PAH exons and flanking in-
tronic regions revealed 27 different mutations, includ-
ing four novel mutations (two missense and two dele-
tion mutations), comprising 57/66 (86%) mutant
alleles. MLPA identified a large deletion that encom-
passed exons 5 and 6 in four patients, another large de-
letion that extended from exon 4 to exon 7 in one pa-
tient, and a duplication of exon 4 in one patient.
Chromosomal walking characterized the deletion
breakpoint of the most common large deletion that in-
volved exons 5 and 6 (¢.456_706+138del). The present
study shows that the allelic frequency of exon deletion
or duplication is 9% (6/66) in Korean PKU patients,
which suggests that these mutations may be frequent
causes of PKU in Korean subjects.

Keywords: Asian continental ancestry group; phenyl-
ketonurias; phenylalanine hydroxylase; sequence de-
letion

Introduction

Phenylketonuria (PKU; MIM 261600) is an autosomal
recessive metabolic disorder caused by a deficiency
of phenylalanine hydroxylase (PAH; EC 1.14.16.1).
PAH is a hepatic enzyme that catalyses the hydro-
xylation of L-Phenylalanine (L-Phe) to L-tyrosine
using tetrahydrobiopterin (BH4) as a cofactor.

The human PAH gene, which is located on
chromosome 12q, consists of 13 exons spanning
90 kb. To date, more than 520 different mutations
in the PAH gene have been characterized in PKU
patients and recorded in the PAH Mutation Analysis
Consortium Database (http://www.pahdb.mcgill.ca).
Although most of these mutations are detectable
by sequence analysis, with a detection rate of >
95%, large intragenic deletions or duplications
cannot be identified using this method. Rare cases
of large genomic deletions involving one or more
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exons of the PAH gene have been described
(Sullivan et al., 1989; Avigad et al., 1990; Guldberg
et al.,, 1993, 1997; Okano et al., 1994; Bosco et al.,
1996; Zschocke et al., 1999; Gable et al., 2003).

Recently, multiplex ligation-dependent probe ampli-
fication (MLPA) has been used as a sensitive and
efficient method for the detection of large deletions
and duplications (Schouten et al., 2002). Using
MLPA, several studies have identified large deletions
and duplications of the PAH gene in PKU patients
lacking PAH mutations in one or both alleles,
based on sequence analyses (Desviat ef al., 2006;
Kozak et al., 2006; Birk Moller et al., 2007).
However, deletions or duplications of the PAH
gene have been detected in fewer than half of the
patients tested, and the estimated allelic frequency
of exon deletions have been reported as < 3% in a
Western population (Desviat et al., 2006; Kozak et
al., 2006; Birk Moller et al., 2007).

In a previous study, only 86% of the mutant
alleles were identified by sequence analysis of the
entire PAH coding region, suggesting that large
deletions or duplication are frequent causes of
PKU in Koreans (Lee et al., 2004). To elucidate this
hypothesis, we performed both sequencing and
gene dosage analyses of the PAH gene in 33
unrelated Korean PKU patients. After identifying a
recurrent large deletion that encompasses exons 4
and 5, the deletion breakpoint was analyzed by
chromosomal walking. In addition, the relationship
between genotype and phenotype, e.g., BH4 res-
ponsiveness, was also evaluated.

Materials and Methods

Subjects

Thirty-three unrelated patients with PAH deficiency
were recruited from the Korean PKU family support
group. Most of these patients were identified during
neonatal screening, and PAH deficiency was diag-
nosed by conventional biochemical methods. Bio-
chemical diagnosis was based on measurement of
the plasma phenylalanine concentration before
starting a phenylalanine-restricted diet (Table 1).
Disease severity was classified as follows: classical
PKU (= 1,200 uM); variant PKU (600-1,200 pM),
and mild hyperphenylalaninemia (MHP; < 600 uM).
Urinary pterin analyses and dihydropteridine reduc-
tase (DHPR) assays were performed to exclude
6-pyruvoyltetrahydropterin synthase (PTPS) defici-
encies.

For the BH4 loading test, patients who were not
on a phenylalanine-restricted diet were administered
BH4 orally at 20 mg/kg (for patients < 36 months of
age) or 7.5 mg/kg (> 36 months of age). The blood

phenylalanine levels were measured before and at
1, 2, 4, 6, 8, 12, and 24 h after BH4 administration.
The BH4 loading test was considered positive when
the initial plasma phenylalanine concentration was
decreased by at least 40% after 12 h.

Mutation analysis

After obtaining informed consent from the parents,
blood samples were collected from the patients
and their family members. Genomic DNA was
isolated from peripheral blood leukocytes using the
Wizard Genomic DNA Purification kit (Promega,
Madison, WI)(Lee et al., 2006). All 13 PAH exons
and their flanking intronic sequences were ampli-
fied by PCR using appropriate primers designed by
the authors (sequences available upon request)
and a thermal cycler (Model 9700; Applied
Biosystems, Foster City, CA). Five microliters of
amplification product were treated with 10 U shrimp
alkaline phosphatase and 2 U exonuclease | (USB
Corp., Cleveland, OH), and direct sequencing was
then performed using the BigDye Terminator Cycle
Sequencing Ready Reaction kit (Applied Bio-
systems) in the ABI Prism 3100 genetic analyzer
(Applied Biosystems). Potential novel mutations
were defined as being distinct from those in the
PAHdb database (http://www.pahdb. mcgill.ca) and
the mutations reported previously in PubMed
(http://www.ncbi.nlm.nih.gov/ PubMed/).

MLPA analysis

MLPA was carried out for PKU patients who lacked
PAH mutations on one or both alleles, based on
previous sequencing analyses. The SALSA PO55
PAH MLPA kit (MRC Holland, Amsterdam, The
Netherlands) contains 25 sets of probes: 13 PAH-
specific sets, and the remainder comprises control
standard probes from other human genes. The
assay was carried out in 200-pul tubes in a thermal
cycler (Model 9700; Applied Biosystems) according
to the manufacturer’s instructions. Briefly, a total of
200 ng of genomic DNA from each subject was
diluted in 5 pl of TE buffer and denatured at 98°C
for 5 min. MLPA buffer and probe mix (1.5 ul of
each) were then added, and the probes were
annealed to the target genomic DNA by heating at
95°C for 1 min, followed by incubation at 60°C for
16 h. Thirty-two microliters of Ligase-65 mix were
added to each sample, and the annealed probes
were ligated at 54°C for 15 min, followed by
inactivation at 98°C for 5 min. Ten microliters of the
ligation reaction were removed for multiplex ampli-
fication using a pair of common primers, of which
one was labeled with the fluorescent dye 6-FAM.



535

WM 61°0-G0"0 : 8Bues souBIBjEY,
N |°€0}-6'%S : 9Bue) 20UBIBJEY JaIp pajolsal-aulUelejfuayd e Bulue)s aiojeq painseaw Sem UOReNUaoU0D SulUele|Auayd wSEld, 07 > :aBuel aoualejay, ‘T p9 -6} :eBuel soualejel ‘sjods poojq SEN,
elwauluele|AuaydiadAy piip ‘dHIN ‘eunuojeyiAusyd ‘N)id ‘paLuLIoul JON ‘N SUOREIABIqqY

PAH gene analysis in phenylketonuria

L} uox3 X96¢A1d V<089010 / uox3 shD1yebiv'd 101zl dHIN SOA G8'0 Gge IN IN €¢
€l uoxg oid/pyeyd 0<OBEELD € uoxg [opg6el'd  WOLI9P98Z 820 [ealsse|D ON zLs 8802 06l 696 z€
L} uoxg Jonggelend V<OZ9LLD , uox3 sk yzbiy-d 1<01eL dHIN SO 8zl ¥8¥ (187 1G€ Le
0l uox3 dsyyyehiod V<OLE0LD / uox3 sAD1yebiy'd 1<01eL0 [edisseln SOA 69'L geel vz ovvl  0¢
L uoxg Jonggclend V<OZ9LL0 / uoxg By, yzhiDd 0<{9D6ELD jueliep S8 €5 G96 9l 606 62
L} uox3 X9G€IAL"d Vv<0890}0 9 uox3 xzg1d11d V<9095 dHW ON IN 1.1 IN IN 8Z
€ uox3 Jy1699|1d O<1¥61L2 € uox3 Jy1699|1d O<1¥6L2 dHIN SO 50 ¥6¢ 0 Gl L0L 12
6 Uox3 GexsinaTooea|l'd VI9P91L670 g uox3 JaggynaTd o<LEYLD [eaisse|D ON 89') 66l 8'0Y 2L 92
/ uox3 Jyleszevd V<OG/.0 € uoxg XiLLBay-d 1<01g€0 [ealsse|D ON 99y 2292 1’62 I60L 6T
0l uoauj 9<OYL-0LSAl , uox3 ueyZbiy-d V<982, [ealsse|D ON 6S'Y 8191 97e 868 ¥z
yx3dnp L} uox3 X9G¢IAL"d V<0890}2 [eoIsse|D ON ve's 7991 L'l2 9gel  €C
/ uox3 allgziyL-d 1€0g£80 / uox3 a8zl d 1<0g¢g80 [ealsse|) ON L0°€l Lve IN IN 22
€l uox3 oidglpybiy-d 0<98eTL D , uox3 na7}g8zold'd 1<0Z¥80 [ealsse|D ON €2°¢ ¥e8l IN IN 12
9 Gx3|ep L} uox3 X9G¢eIAL"d Vv<089010 [eaisse|D ON 129 6692 IN IN 0Z
€| uox3 oidglybiy-d 0<98eTLD € uox3 [opozdesd  10119P0LZ 8022 [eolsse|D ON 6g'l 444" Lol oloL 6l
pajosiap 10N pajo8iap 10N dHIN SBA IN 0S¥ 4] 98y 8l
L vx3lep 0l uox3 nozeeho d V<9566 [ealsse|D ON 10'¢ 2002 IN IN /L
9 Gx3lep / uoxg 818zl d 1<0gg80 jueuep ON IN AN 0¢ 0g9L 9l
0} uohuj 1<O€-0LSAI ¥ uonu V<OL-¥SAI [eaIsse|D ON €0 2061 19¢ 0szk Gl
Ll uox3 X9G¢IAL"d V<0890}0 9 uoxg X9.161y°d 10926 JueeA ON z5°¢ 1911 G0e o6l ¥l
¥ uonu| V<OL-¥SAI ¥ uonu| V<O L-¥SAI [ealsse|D ON 982 6L IN IN €l
0l uoxg XGzgihLd 9<¢0G/6 / uoxg ueyZbiy-d V<982, [eaisse|D ON el'y G/6l a74 oovL 2l
0} uohuj L1<OE-0LSAI 9 uoxg shOp0ziAL d O<V1190 [eaisse|D ON vyl Geoe GGz 01z 1L
pajosiap 10N Zl uox3 oidglybiy-d 0<98ETLD jueuep ON 6v'L 609 r'ee ovoL 0l
0} uox3 XGgeihL-d 9<0G5/6 9 uox3 sAOp0zIAL d O<V1L90 [ealsse|D ON 18°¢ Gzee e 08LL 6
/ uox3 ueyZbiy-d V<98z.L0 ¥ uonu| V<OL-¥SAl [ealsse|D ON ze'8 G661 IN IN 8
, uox3 uio19zbiyd V<9Z8L0 ¥ uonu| V<OL-¥SAI dHIN ON IN 0€s IN 69¢ L
,uox3 uoepebiyd V<98Z.L0 9 uox3 Jyl1zozelvd V<9%090 [eaisse|D SOA Le'T L8Pl IN IN 9
/ uox3 ueyZbiy-d V<O8Z.L0 9 uoxg sAOp0ziAL d O<V11L90 [ealsse|D ON IN IN IN IN G
9 Gx3lep / uoxg Jy1eSzevd V<DG//,0 [eaisse|D ON /8¢ ovvlL £Ge 095l ¥
9 6x3jep , uox3 uoeyebiyd V<98Z.L [ealsse|D ON 18'G Gele IN IN ¢
Ll uox3 X9G¢IAL"d V<08901 0 0l uoauy| 9<O¥L-0LSAl juelep ON Z8°0 8GLL L9 G6E Zz
Ll uox3 X95¢IALd V<089010 , uox3 uoeyZbiy-d V<98Z.L0 juelep ON 8G6°C 6L0L 9Yl 129 L
uoneoso uopo) apnosjonN uoneso] uopo) apnosjonN SSOUSAIS Buluele  suluele  ones  (SIN/SIN) Juen
SSe|n -uodsas -jAusyq  -JAusyd JAL auluele - ’
C ddlle Hvd | d19lle HYd YHYg auln ewseld /oud  -lAusud d

‘NMd Yim syuaied uesloy ul suoieinw Hyd pue sonsHejoeleyd [eaiwayoolg || 9jqeL



536  Exp. Mol. Med. Vol. 40(5), 533-540, 2008

Taq polymerase was added to the PCR (total
volume of 50 ul) at 60°C, followed by 36 cycles of
95°C for 30 s, 60°C for 30 s, 72°C for 1 min, and a
final extension step of 72°C for 20 min. Between
0.5 ul and 0.75 pl of each reaction was mixed with
0.5 pl of TAMRA-Iabeled internal size standard and
12.5 pl deionized formamide, and used for fragment
analysis on the ABI-3100 capillary sequencer
(Applied Biosystems). The conditions used for the
fragment analysis were: polymer POP-4 in a 36-cm
capillary; run temperature, 60°C; injection voltage,
15 kV; injection time, 3-5 s; run voltage, 15 kV; run
time, 24 min. The obtained data were analyzed
using the Genescan 3.1.2 software. The peak
heights were normalized, and exon deletions were
adjudged when the sample peak height was less
than 65% of the control peak height.

Long-range PCR

Long-range PCR using the AccuPower TLA PCR
premix (Bioneer, Daejeon, Korea) was performed
for those patients who had a deletion of exons 5
and 6. By chromosomal walking with different pairs
of primers, the smallest PCR amplicon (expected
size: 12,522 bp) was detected using the primer pair:
F23 (5'-tcgaactcgcaagtttgtig-3') and R6 (3'-cagct-
ggagaggattgaagg-5'). The primer sequences were
based on the intronic sequences of the PAH gene
obtained from the Ensembl Genome Browser (http:
/lwww.ensembl.org).

Tyr356X
10.6%

Arg243GIn
10.6%

3.0% 6.1%
Tyrazox Arg241Cys
3.0% !
IVS10-3C>T 4.5%
3.0% Argf ; S;Pro
IVS10-14C>G Tyr204Cvs 270
3.0% yresi Ys N\ Thr27slle

Ala259Thr4-5%
3.0%

lle65Thr 4.5%
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Figure 1. Relative frequencies of PAH mutations in 33 independent
Korean PKU patients.

Molecular modeling

To investigate the effects of the new PAH mutations
on the structure of PAH, we used the crystal
structure designed with the PAHdb system (http://
www.pahdb.mcgill.ca). Models of the PAH monomer
mutants were generated with the Biopolymer module
of the Insight Il modeling software (Molecular
Simulations, San Diego, CA). The side-chain con-
formation of the PAH mutant was determined using
the Auto-rotamer command in the Biopolymer
module of the Insight Il package. The three-dimen-
sional model structure of PAH was visualized with
PYMOL (http://www.pymol.org).

Figure 2. Multiplex ligation-dependent probe amplification (MLPA) elec-
trophoresis tracings for normal control (red-colored) and PKU subjects
(blue-colored) with exon deletions or duplication. The boxes and arrows
indicate decreased or increased patient's peaks relative to the control's
peaks. A. Decreased MLPA tracing of the PAH gene peaks from a PKU
patient with a deletion of exons 5 and 6 (filled arrows). B. Decreased
MLPA tracing of the PAH gene peaks from a PKU patient with a deletion
extending from exons 4 to 7 (filled arrows). C. Increased MLPA tracing of
the PAH gene peaks from a PKU patient with a duplication of exon 4
(open arrow). C, control; E, exon



Results

Mutation analysis

Bi-directional sequencing of the PAH genes of 33
unrelated PKU patients revealed 27 different kinds
of mutations with variable frequencies (Table 1,
Figure 1). Among the 33 patients, 76% (25/33)
carried two mutant alleles, either compound hetero-
zygous (n =22) or homozygous (n = 3) genotypes.
Seven patients carried only one mutant allele, and
one patient had no mutations in PAH.

Four novel mutations were identified in the pre-
sent study: two variations that altered the coding
sequences (c.604G>A and ¢.1031G>A, resulting in
p.Ala202Thr and p.Gly344Asp, respectively) and
two deletions (c.284_286delTCA and c.916delA,
resulting in p.lle95del and p.lle306LeufsX35, res-
pectively). These four novel mutations were not
detected in 200 control chromosomes.

MLPA analysis

Eight patients who lacked PAH mutations in one or
both alleles, based on sequence analyses, were
subjected to MLPA analysis. Deletions or duplications
were detected in six out of eight patients: five of
these patients had exon deletions and one patient
had a duplication of exon 4 (Figure 2). Among the
five exon deletions, four showed the same pattern
in MLPA analysis that encompassed exons 5 and

Primer F23: 5'-tcgaactcgcaagtttgttg
Primer R6: 3'-cagctggagaggattgaagg
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6, while the remaining deletion involved exons 4
through 7. One patient had a duplication of exon 4.
However, gene dosage analysis by MLPA failed to
detect any deletions or duplications in two patients.
As genomic deletions or duplications were identified
in 6/33 unrelated Korean patients with PKU, the
allelic frequency of exon deletions or duplications
was estimated to be 9% (6/66).

Characterization of the recurrent large deletion

Using different intronic primers that covered the
region from intron 4 to intron 6, long-range PCR
was used to identify the breakpoint of the recurrent
large deletion of exons 5 and 6 (Figure 3). Se-
quence analysis of the PCR amplicon revealed an
11,653-bp deleted region spanning from nucleotide
14 of exon 5 to nucleotide 138 of intron 6. Accor-
ding to the numbering position of the human PAH
reference sequence (http://www.pahdb.mcgill.ca),
the systematic name is ¢.456_706+138del11653
(9.51454_63106del11653).

Molecular modeling

The locations of the two novel missense variants
(p.Ala202Thr and p.Gly344Asp) identified in the
present study in the 3-D structure of the PAH
monomer are depicted in Figure 4. These variations
are located in the catalytic domain. Ala202 belongs

529 bp 465 bp
< —————>
...... F23 Exon 5 Exon 6 | R6 |
Intron 4 68 bp Intron 5 197 bp Intron 6
10,798 bp 11,263 bp 2,185 bp
869 bp
Pt3 Observed: 869 bp
c Expected: 12,522 bp
Deleted: 11,653 bp
M Exon 5 : Intron 6
bp ||I\ [GGGTTTTAAAGATC CIHKMAG  GAAGAACTAARAT]

1650 1000 850

AN N N =

Figure 3. Breakpoint analysis and schematic figure of a deletion of exons 5 and 6 of the PAH gene (Ex5_6del11653). Long-range PCR encompassing
exons 5 and 6 using intronic primers results in an amplicon of 12.5 kb, which is not amplified from a control sample (C), while a shorter 869-bp product is
detected in patient 3, who has a heterozygous deletion of exons 5 and 6, as determined by MLPA. Sequence analysis shows a deletion of 11,653 bp that
spans from the nucleotide 14 of exon 5 to nucleotide 138 of intron 6, designated as ¢.456_706+138del11653 (g.51454_63106del11653).
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Figure 4. Ribbon diagram of a monomer of human PAH depicting the lo-
cations of the amino acid replacements newly identified in Korean PAH
patients. Substituted amino acid residues are denoted with red-colored
balls.

to the loop between the o3 and o4 helical
domains. Changing the alanine at amino acid
position 202 to threonine is expected to weaken
the hydrophobic interactions among Ala202, Tyr198,
Tyr206, and Leu348, and the activity of PAH may
be decreased as a result of alterations to the
side-chain and polarity that contribute to structural
conformation (Figure 5A). Gly344 is located between
the B4 strand and the a10 helical domain. Changing
the glycine at amino acid position 344 to aspartic
acid is expected to distort the backbone interactions
among Gly344, Leu347, Glu330, Phe331, Val329,
Thr328, and Gly346 over the B4 strand and the
a10 helical domain by inducing strong repulsive
interactions (Figure 5B).

BH4 responsiveness

As shown in Table 1, all three patients with the
p.Arg241Cys mutation showed BH4 responsiveness:
patient 30 with p.Arg241Cys and p.Gly344Asp,
patient 31 with p.Arg241Cys and p.Val388Met, and
patient 33 with p.Arg241Cys and p.Tyr356X
showed 42%, 72%, and 40% reductions in plasma
phenylalanine levels, respectively. An additional
three patients with p.Gly247Arg and p.Val388Met,
p.Ala202Thr and p.Arg243GIn, and homozygous
p.lle65Thr mutation also showed BH4 responsi-
veness (Table 1).

Discussion

In the present study, we identified 27 different
mutations in 33 unrelated Korean PKU patients,
including four novel mutations. p.Arg243Gin,
p.Tyr356X, IVS4-1G >A, and p.Tyr204Cys were the

A,

Leu 348

Figure 5. Predicted structural changes in human PAH induced by novel
mutations. (A) Changing p.Ala202 to threonine is expected to weaken the
hydrophobic interactions among Ala202, Tyr198, Tyr206 and p.Leu348.
(B) Changing p.Gly344Asp to aspartic acid is expected to distort the
backbone interactions among Gly344, Leu347, Glu330, Phe331, Val329,
Thr328, and Gly346 over the B4 strand and the a10 helical domain by in-
ducing strong repulsive interactions.

most prevalent mutations which accounted for 35%
(22/63) of the total mutant alleles. This finding was
consistent with the previous report of Lee et al.
(2004). In Europe, there are several prevalent
founder alleles that represent the expansion,
migration, and genetic drift of European population
(Zschocke, 2003). Particularly, the p.Arg408Trp
mutation has been reported to be one of the most
frequent mutation in PKU patients in Eastern
Europe and Germany, with a frequency of 20-84%.
However, this mutation was not found in the
present study. Instead, p.Arg243GIn was found to
be a recurring mutation in Korean PKU patients
(8/63 mutant alleles).

In the present study, we also identified four novel
mutations in 33 unrelated PKU Korean patients.
Two deletion mutations led to an in-frame deletion
or frameshifting, while two missense mutations
were predicted to affect enzymatic function and/or
stability. However, eight patients (24%) were nega-
tive for PAH mutations in one or both alleles. Three
of the 66 alleles (4.5%) were not identified by
either sequencing or MLPA analysis. Studies using



exon analysis of different populations worldwide
have shown PAH mutation detection rates of
90~99% (Guldberg et al., 1996; Zschocke, 2003;
Song et al., 2005). It remains to be seen whether
uncharacterized alleles correspond to molecular
defects that are embedded in the intronic regions
and cause splicing aberrations or to impairments of
the 5-end promoter or regulatory regions and
3’-end polyadenylation regions. Large deletions or
duplications of the PAH gene may also be sources
of the defective alleles that remain to be specified.

In the present study, large deletions or duplications
were detected in 75% (6/8) of the patients who
were subjected to MLPA, which is comparable to
the rates detected for other ethnic groups (Spain,
3/22; Czech Republic, 31/59; Denmark and Germany,
7/34; Japan, 2/8) (Okano et al., 1998; Desviat et
al., 2006; Kozak et al., 2006; Birk Moller et al.,
2007). In particular, larger gene rearrangements
that consist mainly of deletions of exons 5 and 6
have been found in 4/66 (6.1%) PKU alleles.
Although deletions of exon 5 and 6 have been
detected in 2/8 Japanese PKU patients with
uncharacterized alleles by Southern hybridization,
the breakpoint junction fragment (c.442_706 +
152del) was different to that in Koreans (c.456_706
+138del) (Okano et al., 1998). The breakpoint
junction of the deletion mutation identified in the
present study was also different from those of
European populations, i.e., EX5del4232ins268 and
EX3del4765 in Czech PKU patients, and EX3del-
6604ins8 and EX5del1881 in Spanish PKU patients
(Desviat et al., 2006; Kozak et al, 2006).
Considering the relatively high number of deletions
of exons 5 and 6 in our current population, we
postulate a founder effect of this mutation in the
Korean population.

In a previous study, PAH with Arg241Cys substi-
tution was shown to have 28% residual activity in
the COS cell expression system (Kim et al., 2006).
In addition, Korean PKU patients with p.Arg241Cys
showed BH4 responsiveness (Lee et al., 2004).
Arg241 is located near the cofactor binding region
but does not interact directly with the cofactor, so
the p.Arg241Cys mutation may lead to relatively
mild structural deformities. The patient with
p.Ala202Thr/p.Arg243GIn showed BH4 responsive-
ness. Even though p.Arg243GIn was associated
with classical PKU in a previous study, this patient
showed variant PKU, which suggests that
p.Ala202Thr has sufficient residual enzyme activity
to ensure responsiveness. Although there was only
one p.lle65Thr homozygote in the present study,
this patient showed MHP and BH. responsi-
veness, which suggests that p.lle65Thr is associated
with near-normal levels of enzymatic activity and
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BH4 responsiveness. Of the 27 different mutations
described herein, the p.lle65Thr and p.Ala202Thr
mutations were responsive to BHs4. These defects
are located at opposite sides of the BH4-binding
pocket. Specifically, the composite structural model
of the PAH tetramer reveals that these mutations
are in close proximity to the dimer interface and
occur along the interface region of the regulatory
domain. This observation suggests that, upon muta-
tion of p.lle65Thr, p.Ala202Thr, and p.Arg241Cys,
dimer stability is reduced. The increased BH4 levels
rescue dimer stability and, consequently, enzyme
activity recovers to the normal level.

In conclusion, exon deletions or duplication may
be more frequent causes of PKU in Korean patients
than in other ethnic groups. Therefore, a gene do-
sage analysis should be considered as a compl-
ementary diagnostic tool for Korean PKU patients
without point mutations in one or two chromo-
somes, and the long-range PCR method developed
in the present study may be useful for screening
Koreans for deletions of exons 5 and 6.
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