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The Study of DNA Mutations of Phenylketonuria in Koreans
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Purpose : Phenylketonuria(PKU) is an inborn error of metabolism and a genetic disorder resulting from
a deficiency of phenylalanine hydroxylase(PAH) and decreased activity of tetrahydrobiopterin(BH4).In
this study the correlation between the DNA mutation and clinical manifestations was investigated and
PAH DNA mutations were compared bewteen Asian and Caucasian populations.

Methods : DNA was isolated from peripheral leukocytes. The PAH gene was amplified by Polymerase
Chain Reaction(PCR) and the sequence was analyzed with Multiplex Ligation-dependent Probe Am-
plification(MLPA).

Results : We characterized the PAH gene of 102 independent Korean patients with PKU. PAH nucleo-
tide sequence analysis revealed 44 different mutations, including 10 novel mutations comprising 9
missense mutations(N207D, K95del, A447P, G344D, P69S, S3911, A202T, G103S, and I306L) and 1 novel
splice-site variant mutation(IVS10-3C>@G). R243Q was the most prevalent mutation in this study. A259T
has not previously been reported in Asian populations, but we found that this mutation had a frequency
of 10.1% in our study. Furthermore, the genotypes of BHs responsive patients were analyzed and were
divided into two groups: BHs medication-only group and BH4 medication with diet therapy group. In the
BH,4 medication-only group and BHy medication with diet therapy group, R241C was the most common
mutation.

Conclusion : Novel mutations in the PAH gene of PKU patients are still being discovered. Additional
information as to the frequency of mutations in the tetrahydrobiopterine responsive gene is also
accumulating. We anticipate that knowledge of these PKU gene mutations will assist the diagnosis,
genetic counseling, and therapeutic treatment of PKU patients in future.

Key Words : Phenylalanine hydroxylase, Phenylketonuria, Mutation, Tetrahydrobiopterin responsive PKU
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Foll ool Jﬂuaﬂixﬂe aAsA ot A ER
<< PAH 24 &dolol ofa wAsh=tl PAH #7314t
= 129 A Abel] f1A]staL glom A 90 kb =
£ 2kA8taL Qlth PAH+ HEdtsto] =& nto] @ ST H W (te-
trahydrobiopterin, BHy) S Z &A% A3t} o] 371A] +
Z# zueloz ZujA o (catalytic domain)¢! N-ter-
minal regulatory domain®} C-terminal tetramerization do-
main® 2 Ao ATl 254 PAH a4t 47]9] ©elx
E A (monomeric) ©MAZ FA o] gt} ol PAH
AA (crystal) F2ol 3 Ao s BE2xle} 7| de] &

A el Aol digk ARE Alskal vk
PAH #32k= oF 50070 o]de] th& EdRiolEo] WelA
4] PAH Mutation Analysis Consortium Database(PAHdb)
of AgEe] vk AW Ak A nFEdHddEF
(mild hyperphenylalaninemia, MHP)ol| A 2] A} Q¥
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1) BH; %331 AH(BH, loading test)

BH4 %5}71:4/‘]'% BH4 20 mg/kg(S(SjH% U]E(l.‘o/‘l Q’o]_) EE“‘C’
75 mg/kg(36719 ool Bohs AT Folstel A3
o dF ddEhd e 47 B 58 4, 1,2, 4,6, 8,

12, 4A17E Foll 247F 2R84t 3 8% A sl
BH, o] & 22 30% o]4F 74614 BHL wggoleb 4
B

2) DNA #4

Hozte] 598 92 F 3xe) a5 A s A
#stdth DNA Al Wizard Genomic DNA Purification
kit(Promega, Madison, WD& A}-&3&}e] Trxg o] wig
oA Al ZE 13709 PAH exons®} intron sequence:
38 4 A A Wk-8-(Polymerase chain reaction, PCR)& AF-&
3t & ’\] ddk. 5719 &9 4HEES 10U shnmp alkaline
phosphatase®} 2U exonuclease IZ A3l 1 3 ABI
Prism 3100 genetic analyzer(Applied Biosystems)2] Big Dye

|

Terminator Cycle Sequencing Ready Reaction kit(Applied
Biosystems)Z AH&3}9] direct sequencingS A a3t} Al
28 Eddo] kel dE WolE2 PAHdb database
(http://www.pahdb.mcgill.ca)2} ©] el PubMed(http://
www.ncbi.nlm.nih.hig/PubMed/)ell 18 v} SIE EAW

SEER BT

3) MLPA (Multiplex Ligation-dependent Probe
Amplification) ¥4
PKU 22} & o] A 24 ellA sht B 5+ 7He] o |
FAA A PAH 42 B4l 7} %ﬁfﬁlﬂ e 7
MLPAE A]33Fith. SALSA P055 PAH MLPA kit(MRC
Holland, Amsterdam, The Netherlands)+= 2571 2] probe set
2 74 50] 9o 1370 PAHe| So]% o] =] 1271

= Y& A3 FAA e A FE L2 control standard probeE



28 4% 5230123 MM BN - 0|58

¥geta 9k 2492 200 ul tubeE thermal cycler(Model
9700; Applied Biosystems)oll o] Al&isloit) ZF A=
B A& = 200 ng®] DNA AlE<S Tris EDTA buffer 5
uL ol s]A ko] 98T AllA] 53t MAAI AT 1 5 1.5 ul9]
MLPA buffere} 15 uL2] probe mixZ H7}8l1aL target
DNAE 1+ &2t 95CollA 7183 = 16A17F &<t 60Coll A
A A3 2 g} Ligase—65 mix 32 uLE 7+ sample©l] %713}
AL AAE] AE 7 FAAES 54T A 1587 Al e
m 1 % 9RColA 5% st B SAI AT 10 ul9] ligation
reactione 6-FAM fluorescent dye® F A9 3+ %o 3%
EAAE A3 multiplex amplificationg 93] A A 843 th.
60Coll A Taq polymerase % 50 uLE PCRoll 713893 9
5CelA 30%, 60ColA] 30%, 72ColA] 1% &9 F 36 cycles
S 2893} 2L, A9 extension step 22 72Coll A 2083

Salakelth 05 uLok 075 il Abole] WHg-S 717} TAMRA-

Table 1. Classification of Phenylketonuria

PKU patients

PKU patients with gene study

(N=143)

(N=102)
BH2 nonresponseive classic PKU 118 82
BH. responseive classic PKU 20 15
Benign HPA 5 5

HPA, Hyperphenylalaninemia; PKU, Phenylketonuria; BHas, Tetra-
hydrobiopterine
N, number

labeled internal size standard 0.5 uL¢} deionized formamide
12 pLell &332 ABI-3100 Genetic Analyzer (Applied
Biosystems)® fragment analysisE 3}ith.  Fragment
analysisoll AF&3F Z271& g3 2t} 36cm capillary 2l
polymer POP-4; 60C 2] run temperature; injection voltage,
15 kV; injection time, 3-5%; run voltage, 15 kV; run time,
244 A3} Genescan 3.1.2 softwareS AHE3le] #4319
t}. Peak heights® 4F38A1Z 2L peak height”} control peak
height©] 652 "RFd 739~ exon deletion®o] 2kt A3}t

2 I

Ao Fofet HdAERT Fole] = F 143
o] T 102189 A=) FxAk AAS A8kt Table 1).
BH, B934 dlLdAERnS ok AA 1438 5F 118
gor olF 821l FHAt AALS Aldsklal BHy WHE-%
HEAERTE 20089 Sol T 157, A Ldddedd
S 59 ol F 5% EFTL o}
AT E F M7HA 9 EdWolrE HAHIL o] F
1071 9] novel mutation®] 7A=Ytk 10702 A &A1 &A=
novel mutatione N207D, K9del, A447P, G344D, P69S,
S3911, A202T, G103S, I306L, 28] 3L novel splice-site muta-
tiongl IVS10 “C>GoltH(Table 2).

Intervening sequence W] S o] 7} 9= IVS10 °C>G

Table 2. The Spectrum of 199 Phenylalanine Hydroxylase Mutation Alleles Detected in 102 Phenylketonuria Patients

Alleles Allele Alleles

Genotype Genotype Genotype

N % N % N %
R243Q 26 13.1 R243G 2 1.0 P69S 1 0.5
IVS47'GYA 23 11.6 K95del 2 1.0 P281A 1 05
Y204C 21 10.6 IVS107°CYG 2 1.0 N207D 1 0.5
A259T 20 10.1 IVS107°CHT 2 1.0 L48S 1 05
R241C 15 15 65T 2 1.0 L2555 1 0.5
Y356X 14 7.0 A44TP 2 1.0 IVS197CHG 1 05
V388M 9 45 A345T 2 1.0 IVS107CHG 1 0.5
Y325X 6 3.0 G344D 2 1.0 1306L 1 05
R413P 6 3.0 A202T 1 0.5 S3911 1 0.5
T278 5 2.5 T2811 1 05 G332Q 1 05
S70del 4 2.0 T266R 1 0.5 G247R 1 0.5
R111X 4 2.0 R408Q 1 05 G239S 1 05
P281L 4 2.0 R261X 1 0.5 G103s 1 0.5
R176X 3 15 R2610Q 1 05 D84Y 1 05
R53H 2 1.0 R158Q 1 0.5

N, number
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Table 3. The Spectrum of 161 Phenylalanine Hydroxylase Mutation Alleles Detected in 82 Tetrahydrobiopterine Nonresponsive Classic

Phenylketonuria Patients

Alleles Alleles Alleles

Genotype Genotype Genotype

N % N % N %
R2430 23 142  R243G 2 1.2 K95del 1 06
IVS47'GYA 23 142 165T 2 1.2 G239S 1 06
Y204C 20 124 IVS10°C)G 2 1.2 RA08Q 1 06
A259T 16 99  T28ll 2 1.2 R53H 1 0.6
Y356X 14 86  R24IC 1 06 N207D 1 06
R413P 6 37  RINX 1 0.6 IVS197CHG 1 06
Y325X 5 3.1 G332Q 1 0.6 G103S 1 06
V388M 4 25 IVS107CXG 1 0.6 A202T 1 06
T278] 4 25  P69S 1 06 T266R 1 06
P281L 4 25 AP 1 0.6 WI8TX 1 06
S70del 3 18 L48S 1 0.6 R1580Q 1 06
R176X 3 1.8 1306L 1 06 P281A 1 06
A345T 2 12 S3911 1 06 D84y 1 06
IVS10°7°CHT 2 12 R26IX 1 06 R261Q 1 06
N, number

9] novel splice site variant® A &A WAE SAHo| = o]
2 splice accepting F919] -3 sequence= ¥4 3] HEH+=

sequence®]™ o] wjitell o] A thE AR X gho] H= A
$- v WFo] H3abE(splicing products)S Z 2 EHAl
#ep. 2 Ao A= novel frameshift mutation®] Y} non-
sense mutatione WA E A ¥k},

R243Q¢} IVS4 'G>AZF &9l U AE RS SAbEolA
7P &3 EAddol2 Yt 24394 arginine©] glutamic
acid= vkl R243Q7} 26719 =9 dH-FdA5E 131%E
A ek o 1 thS-© 2 intron W9 intervening sequence
o EAMolZ} AT A2 [VSA 'G>AZ-S split site W0
7} 2370 2 11.6%65 2FA| 3k} 2L 204 A tyrosine©] cystein O
Z A Y204C7) 21702 10.6%°4 ER1E ST} o] =W
o5& gholAnto] ofye}t FF HTbECA vl S35
Edwol 2 W AT Table 7).

;

1. A HLAERS

APH AdAERS ol dA|Y FAAdemes & 427
A FAArgel weien F 161719 H-FAA Fol
R243Q¢} splice site mutation?] IVS4'G>A7} 1617 5 467)
o] gFdAl =2 7 B 284%E A5 tH(Table 3).

2. BH, 238 HEAERS

Aol A 159 9] BHy W3-8 HEAER

ol\
ol

obE ol A

Table 4. The Spectrum of 30 Phenylalanine Hydroxylase Mutation
Alleles Detected in 15 Tetrahydrobiopterine Responsive Classic
Phenylketonuria Patients

Alleles

%)

Genotype (N=30) %
R241C 10 333
A259T 4 13.3
\V388M 4 133
R2430Q 3 10.0
RIT1X 3 10.0
(344D 2 6.7
T278l 1 3.3
G247R 1 3.3
K95del 1 3.3
A44TP 1 3.3
N, number

Z 30709 HEFHA 5 Bow 1 5 R241C7F 33.3%
2 B3 1 gSe® A259T, V3sM 59 o7 eyt
UHTable 4). BHy ¥H5-3 HGAERZT 45 F 714 &
E 7o F o] Btk oFo RRk AT H =

2AL2 S Wastejornt -] HiE A$-E v}
ofo muk = ok AALQ S W Estoofit 2=
5 R2AIC7F 7P e 1 ¢

R243Q, G344D, RI111X 5] Atk T278[3} V388M #-&
9= ofo@nt A 5EH ol Ak el on o] F muta-

tione o] F7F £& oz F4T 4 93 K9bdeld} Ad47P

il
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Table 5. Comparison of Genotypes of 15 Tetrahydrobiopterine
Responsive Classic Phenylketonuria Patients Between Only
Medication Group and Medication with Diet Therapy Group

Alel Only Medication  Medication + Diet
eles - _
Genotype (N=30) (N=16) (N=14)

N % N %
R241C 10 7 70 3 30
A259T 4 2 50 2 50
V388M 4 2 50 2 50
R2430Q 3 1 33 2 66
R111X 3 1 33 2 66
T278l 1 1 100 0 0
G247R 1 1 100 0 0
(344D 2 1 50 1 50
K95del 1 0 0 1 100
A44TP 1 0 0 1 100
N, number

Table 6. The Spectrum of 10 Phenylalanine Hydroxylase
Mutation Alleles Detected in 5 Benign Hyperphenylalaninemia
Patients

Alleles 0

Genotype (N=10) %
R241C 4 40
S70del 1 10
R5H3H 1 10
Y204C 1 10
L2555 1 10
\V388M 1 10
Y325X 1 10
N, number

AR} F2 40%Z 2125 HTable 6).

4. 37t 2t nEdgfHE S| FHAHES Hw

3} el A9 RASQIL 7 E7 A o
WO R413P7F 183l thwke R241C7F 74 £3F Hlxe o

Bhuith & fE27bE IVSI2 'G>AZE 78 £33 fdxtE o

2 $euels v 5y

(Table 7)®.

5. MLPA

ANNG AL AT A% AS B G PFAR
o PAH #4179 wlol/}b shelsl] eghel 85e] ol
ohal MLPA 4 0] A=tk o] 3 694 A4 w5
o] selu Q] 5Pl AL ol Ado] BAANT B 9
oA 4v oo Fiol HAHAT. & Aol AW
5% % 4L 503 69 ol AAlo] 0l T dake) 2
e 1l W B WA 40N TA7A ) elde) A

itk ekt 2ol A MLPA 4elA Aol

=
Folrp 2, RAEIe] 7145 wo] ofa) QIcke] PAH

A1 locus?t AAA] 129 9] 22-q24.14 Yx]8}ar 98]
olm] e vl vl 9l HIAERSS o] PAH #x%}

o] EAolo] o3 uAalE FPMA A Ao v
A QAL TS U2 PAHS Ago HAs
=

AR A AGAE T LapA|RE o] FA oA

Table 7. Relative Frequencies of Common Phenylalaninemia Hydroxylase Mutation Found in Asia and Europe®

Korea Japan China Taiwan Europe
Mutation Frequency  Mutation Frequency Mutation Frequency Mutation Frequency Mutation Frequency
R243Q 13.8% R413P 30.5% R2430Q 18.3% R241C 32.0% IVS127'GYA 38.0%
IVS4TGYA 11.2% R243Q 1.3% E6-96A>G 11.5% R4080Q 14.0% A408T 20.0%
R241C 6.1% IVS4'GYA 1.3% R11T1X 10.7% R2430Q 6.0% A261G 18.0%
A259T 5.6% T278| 1.3% R413P 8.7% R111X 4.0% A158G 14.0%
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43l BH,Y A¥Ho=2r HAE F= gled o]zl A5 of4d
AdAE=Fo|g} 37| = g

Waisbren & ¥ Q7| ExZ0] )8+ systemic review <}
meta—analysisol]| A Wk o]Ake] SFAEL AH o7 H|wH
e 189S AU 9 AAA o2 ADAEZTS
WA M= ]9 vkl IEEe] AfolE Mol 9}
B akgdt) old M=o A= oF 1:45007 0.2 Fpg e nl
2 vehia glrh R3] F7H5S Estonia?} 1:6,0007,
7He] 7k 1:9,000° 7, BFEH] o} 8- 1:8700'9] HIEE Mol
39t Wgh=, 9B el=to] 7k 1:100,000™, 1:108,000™,
1:212,000%¢] Wlw = A v mws Yehga ok
gL gk lell A= 1983y Al ol A AL Al = H A F
B dA7k=] oF 1:440009 =S eERH itk

1986 3-8 A A o 2 PAH F 449 identification®] A|
ZhE WA FAA7EA] 5000 7HA S tHE &Rl Eo] PAH
database(PAHdb;http://www.mcgil.ca/pahdb) ]|
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&5 B3t oA
AAF A o] ARGEAAFE S Sl /e =
t}. 279 large deletion/duplicationg 27 3}=
| Southern blotting©] AH8-¥ 121 H|-§-3} A|Zto] U5 i
o] ARE e o] DNAS Q= A, 2 oﬂ~
AFE3F O 20 kb ©]4Fe] =7]9]
e AFE dlo= FEE FE2FE(overlapping amphcon)
o] AAAN F7F4Ql #4o] Hupskal IpEE ojRire ¢
Aol YA, e dRevst Avg doy g
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long-range PCR<

7F4 FH el genomic rear-

Aol A AHE-E MLPA©] 7l

w0} @ Ao =¥ Atk MLPA large gene deletions/

duplications®ll &J3l FAsl= F31 A5 A 53] PAH

frAdAbel A A A Fpow Fradstt Y.
T

NE T QF Aloldi 7 AFuke] 54 thE PAH

B A2} S0l dllele series”t 93 s} = W 71x)9] &

=
FAAE TPHD Ak Ade

A&t founder ™ H Z &g
2 whelth?. 7} Q1F5 0] PAH f-414 0ol o] AR E H]
W] Beks ), AFgdel AFY Aol f14 A

& (genetic history) AFo]ol= Aol glo] Byl 4 & &
o], fHellE R408W, IVSI2'G>A, TVS10 'G>A, 18]t
Y414C9} 7ol B4 $-Ale founder B2 24310
o5& FHlTY &, o]F 1Eal FHAA diift EES
Ueha ok, 593 S 9 20-84%2] AdAE

% =S RABW =W olE veEpar qlgleh e
ol EARIEL FY Abololl M= ofF =E A A E AL
otk o] Aol A 1992 el Okano 5& A abar Za
A=) PAH A 4ol M=
o ojuf R41CE gh=o] AldAERS At Wt 6.1%
ARE o] FH AU %Cﬂ‘iﬂolﬂ‘rﬂ Hugh vk loh 1e
Edol= o Mk 15709 Y At
(7.5%6) 1 A A R ot %Ul%?ﬂli FA mAdgehd
E I AERT] 5ol 2H2t 4099 37
b 3 9t} Guldberg 529 Tl A
© AR RAICE YA nudgdeidd S £34]7]7]
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R413P7} 3.7%, R241C+= 0.6% % &2l
YAERSY 4 noddadd
ZYZ}y 33.3%%} 40% = o]H gt o] A A A}
AL gl = Sl

BHy 2852 25490 BH| 337 A4 2ol G429
Agro] AAA BATE FAMA EHoE A= A
3to)t}. Pyruvoyl-tetrahydropterin Synthase(PTPS) AR5
e AEAERT 40 BHy W e 292
£ Btk BHy 4952 A olle ofd e vjddg 4 #Ad
[ Exsolgty B39 2 niddsidass doy)
Zgowg PTPS ZAF= JJr dihydropteridine reductase
(DHPR) A#= F7HA7F 714 &3k &9 o] uka] Ao}
PTPS A3¥ % #Alol A BHiE 58395 45 dAddeid &
Te FAHoE a8la 9Hs] HA sE7A AR FF
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o] AAENL AAERT Ao A= Aoz HAp A EdW¥ole T A FHAFEOE 9= novel
HO B I4ste A0S & Aoy 35 dAdddd & missense mutation®] 13 170 novel splice site mutation
EF AAROE 24 FASHE Fdol AU a8 oldth 7 Be tY fHxE-S R243Q9 [VS4 'G>AR
29 AIAERT SAEC] 9= BHell 5] w314 747} 131%%} 11.6%E JeRAth A8 4 Al dAE 3ol
BT &S HYow o]ygt AR wjFo] LS o BHy A= R243Q9} IVSA 'G>A7F 22t 142%E 2+A18H% 1 BH,
o WSS sl He a4 FA =V ZFolgte desit 3-8 A AERT o 9= R241C7F 33.3%, A 1y
RS Y F o BE A xd3 o] & BHy w43 dadebd g o] R241C7}F 40%91 A4 YElstt BHy ¥H3-3 =
Ao] YA FITh Y B AT A E AT} 2ol UAERZY 9= I8 X5rto 7 FHo| Hi= 3xjd
BH,oll ¥H-g-3te 3} & vhro] 3t 9 oFE X 5hE A T27812F V388M mutation®] A1 oFE X HmFIO =
7bsgt A5 FARF Hole} FEXERIO EE BEsle] A xdo] HA &3 AXeHE Heddolste FAEANAT
AL ) o] Walsof sl 9ol f0x) WolSo] W K9delsh AMTPe] E¥lo)7h Vel 123 2004 o] 7
Hol X759t oFE ool B =50 Hal Yk 2 o= U AN A259T thHFx 2 Mol 7 AT %]
Aol Aol =yl cfomu wi ok AAtade W e o BuHgov B AT 101%04 B
afof 2HHE A BT RAICTF 7P Bgten 1 ¢ 3 ATt
o 2= A259T, R243Q, G344D, R111X 5ol it} T2781 A4 E: AT AHE NEE FHA WHolEo]
o} VIBMAS 44 ckomum ARsY ol tehde  wais: glom BHel weshe 14 Mol 5o 143
H o]E2 HuA o 57t & FoE FAHT 7 a, v o] EIEHA PAH F4d% #4112 ADAES At
K9%5del} AU7P 52 495 AALeHS Hass 492 AR, FAdH, AAF 89T A5 AlY e 719E A
57k vmA 24 e Aom FAHT ok,
PAH F3A Edolo] digt AF-Eo] A& = HA
M ZE FHAF Hol5o] &435 TH L Qi) o]9 3 - -
N2 F32F Hol 3] 13 ltt o)} A o S8
oFek Aehg Sl e 3 £9H 3 gl Aust b
FrAat Wolg9 fHAF 5] 1A o]# g PAH D A3g, M A4, AR, $97. 34 2 phe-
Az BAo] HUAERZE Saol A Aok, G2 AFe Axke nylketonuria®] 474 ¥ 2okt 1966:9:91-6.
N _ - 2) e, ARA, ol &3, o, A, AR HEAE
W 3 =2 o~ a) =] o] = ’ ) ) ) )
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