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a b s t r a c t

Specific mutations in the gene encoding phenylalanine hydroxylase (PAH), located on chromosome
12q22-24.1, are linked to tetrahydrobiopterin (BH4; sapropterin)-responsive phenylketonuria (PKU).
Diagnosis is usually done through the newborn screening for PKU, followed by a BH4 loading test. So
far, more than 60 mutant alleles, presenting with a substantial residual PAH activity (average �47%),
were identified in more than 500 patients worldwide. We investigated the predictive value of BH4-
responsive PAH mutations in Croatian population. From a group of 127 PKU patients, 62 were selected
(based on the genotype) as potentially BH4-responsive and 39 loaded with BH4 (20 mg/kg). The overall
frequency of BH4-responsiveness (>30% blood phenylalanine reduction within 24 h) was 36% (14 out of
39 patients with 23 different genotypes), significantly less than expected. The best responders were
patients with mild hyperphenylalaninemia (4/4; 100%), followed by mild PKU (8/9; 89%), and classical
PKU (2/26; 8%). The most common BH4-responsive genotypes were p.E390G/p.R408W and p.P281L/
p.E390G. These genotypes correspond for approximately >30% residual PAH activity. The p.E390G muta-
tion was 100% associated with BH4-responsiveness, regardless of the second allele (p.R408W, p.P281L,
p.F55Lfs, p.L249P). With regard to the predicted relative PAH activity of recombinantly expressed mutant
alleles, there was a significant (p < 0.002) difference between BH4-responders and non-responders.

In a general Croatian PKU population, disease-causing mutations were identified on 226 alleles (99%).
There were 35 different mutations: 21 missense, 8 splice site, 3 nonsense, 2 single nucleotide deletions,
and 1 in-frame deletion. Four mutations are reported for the first time: p.E76D, p.L333P, p.G346E, and
IVS8-2A > G. Five mutations accounted for over two-thirds of investigated alleles: p.L48S, p.R261Q,
p.P281L, p.E390G, and p.R408W. Thus, the Croatian PKU population seems to be more homogenous than
some other Mediterranean or Central European populations.

This study reveals the importance of a full genotype for the prediction of BH4-responsiveness. In con-
trast to previous assumption and with exception of the p.E390G mutation, single allele mutations are not
reliable for the selection of potential PKU candidates for pharmacological therapy with BH4.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Phenylketonuria (PKU; OMIM #261600) is an autosomal reces-
sive metabolic disease caused by hepatic phenylalanine hydroxy-
lase (PAH; EC 1.14.16.1) deficiency [1]. Over 500 different
mutations, identified on PAH gene, are responsible for a large spec-
trum of clinical phenotypes [2], from mild hyperphenylalaninemia
(MHP), a variant that does not require treatment, to classical PKU
that leads to severe neurological impairment when untreated.
ll rights reserved.
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Although phenylalanine restriction has been the mainstay of suc-
cessful dietary treatment since 1953 when first initiated [3], it im-
poses a substantial burden on individuals with PKU and the family.
This synthetic, highly restrictive diet is associated with a risk of
nutritional deficiencies and phenylalanine control, despite good
compliance, is sometimes difficult to achieve. However, compli-
ance is often poor, particularly as individuals reach adolescence
[4]. Moreover, there is information on poor phenylalanine control
before and during pregnancy in women with PKU, which can
adversely influence fetal health [5]. Hence there is a need for an
alternative treatment of PKU.

BH4, a catalytic cofactor for PAH, has been shown to activate
residual PAH activity and partially restore oxidative Phe
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metabolism in a substantial number of PKU patients. Although this
finding was suggested many years ago [6,7], not much attention
has been paid to this issue until 1999 when Kure et al. [8] reported
patients with PAH deficiency who had responded to oral BH4 in-
take by lowering their blood Phe levels. Since then, an increasing
number of BH4-responsive PAH-deficient patients has been re-
ported [9–22]. Continued treatment with BH4 in responding pa-
tients has been shown to increase Phe tolerance, reduce or
eliminate the need for Phe-free protein supplements or even to
completely replace the diet [23–29]. One of the greatest issues still
remains how to identify BH4-responsive individuals in a large and
heterogeneous pool of PAH-deficient patients.

BH4 loading test result depends on many methodological fac-
tors such as preload plasma Phe level, the patient’s age at test
(newborn vs. older) [12,18,30–32], Phe intake during the test,
amount of administered BH4 and dosage scheme, cut-off levels of
Phe reduction and duration of BH4 test. An optimized 48-h BH4

loading protocol, with two BH4 administrations (20 mg/kg/d) on
two consecutive days and with four blood samplings (T0, T8, T16,
and T24) after BH4 administration, has been proposed for this rea-
son [33]. Nevertheless, one study reported a significant number
(>50%) of initially positive BH4 responders (Phe reduction > 30%
in short-term loading test lasting up to 24 h) who did not respond
to long-term BH4 treatment [27]. Also, there are several reports on
patients with no significant response to single-dose loading test,
but with a marked decrease in plasma Phe after several days of
BH4 administration [12,34]. These inconsistencies stress the need
for an additional approach to evaluation of BH4-responsiveness.

Specific mutations in the PAH gene, many of them characterized
by substantial residual activity when recombinantly expressed in
different cell systems, are repeatedly found to be associated with
BH4-responsiveness [10,35,36]. This is in accordance with data
from BH4 loading tests indicating an incidence of BH4-responsive-
ness of >80% in mild variants of PKU patients with an overall inci-
dence of >40% in general PKU population [37]. Up to 10% of
classical PKU patients respond in BH4 loading test (with a usual
30% cut-off in blood Phe reduction) and they are a more difficult
target to properly evaluate BH4-responsiveness. This is because
some severe PKU patients had responded to BH4 by lowering Phe
levels for 20%, which was defined as a significant response for this
phenotype. Thus, Fiege and Blau [30] propose to modify the cut-off
level for BH4-responsiveness accordingly to the patient’s clinical
phenotype. However, there is no accurate correlation between
genotype and BH4-responsiveness, still with many reported
responding inconsistencies within the same genotype [36]. So far,
mutational analysis provides useful information on potential
non-responders comprising two null mutations but the prediction
of BH4 responders remains incomplete [37].

The aim of our study was to provide more information on pre-
dictive value of genotype for BH4-responsiveness and to summa-
rize the mutation spectrum of the PAH gene in Croatian PKU
population. We initially suggested that the presence of a mutation
with in vitro substantial residual activity, compared with the wild
type enzyme, on at least one PAH gene copy would be sufficient for
BH4-responsiveness.
Patients and methods

Patients

From a group of 127 patients diagnosed with hyperphenylalani-
nemia (HPA) (the highest blood phenylalanine 300–3630 lmol/L)
from Croatia in whom PAH gene mutation analysis had been done,
39 patients were included in BH4 loading test. Although we se-
lected 62 patients, only 39 individuals accepted to perform the
BH4 loading test. In four families two sibs were included. Selection
criteria were only based on genotype. Inclusion criteria were: (a)
presence of at least one BH4-responsive mutation; or (b) presence
of at least one mutation termed as unclear in correlation to BH4-
responsiveness; or (c) presence of at least one mutation with so
far unknown response to BH4. A mutation was classified as BH4-
responsive if it was present either in homozygous or functional
heterozygous form in BH4 responders from data in different publi-
cations (for further explanation on definition of BH4-responsive or
unclear mutations see Zurflüh et al. [37]). Patients with two null
mutations (with no residual activity) were excluded from the
study. For mutation classification in relation to BH4-responsiveness
and for additional information on PAH gene mutations we
used data from BIOPKU database (www.bh4.org/BH4Data-
basesBiopku.asp) and a locus-specific knowledgebase PAHdb
(www.pahdb.mcgill.ca). There was an almost equal distribution
between females (19/39) and males (20/39) (age ranged 1–
24 years; mean 11 years) entering BH4 trial. BH4 deficiency was ex-
cluded in all patients by measuring urinary pterins and dried blood
dihydropteridine reductase activity. Patients were assigned to one
of the three phenotype categories according to the highest plasma
Phe concentration before introducing the diet or after protein load-
ing test (180 mg/kg/d of Phe intake over 5 days): 4/39 patients
(10%) were classified as MHP (phenylalanine levels 6600 lmol/
L), 9/39 patients (23%) were assigned to mild PKU (Phe levels
601–1200 lmol/L) and 26/39 patients (67%) to classical PKU (Phe
levels >1200 lmol/L).

BH4 loading test

BH4 loading was performed at Department of Pediatrics, Univer-
sity Hospital Center Zagreb, after obtaining an informed consent
from all participants or their parents including the approval of
the institutional ethics committee. Three or four days before BH4

loading (classical PKU vs. milder forms) and during the entire test-
ing period patients had no dietary restrictions, moreover, they
were encouraged to consume Phe-rich food. BH4 (6R-BH4 dihydro-
chloride; Schricks Laboratories, Jona, Switzerland) was adminis-
tered orally to all patients as a single dose of 20 mg/kg body
weight. Blood was collected just before BH4 administration (T0),
and 8 (T8), 24 (T24), and 48 h (T48) after the loading. We simplified
the criteria suggested by Fiege et al. [17] to define BH4-responders
as follows: ‘‘responder”, reduction of blood Phe by P30% within
24 h and ‘‘slow responder”, reduction of blood Phe by <20% at T8,
and P20% but <30% at T24. One patient was classified as ‘‘not clear”
with the reduction of blood Phe by P30% at T8, and <20% at T24. No
side effects were observed during the BH4 loading test. Phe and
BH4 were measured from dried blood spots; Phe was analyzed
using tandem-mass spectrometry and BH4 was measured accord-
ing to the method previously published [38].

Mutational analysis

One hundred and fourteen families with HPA (127 patients), all
but four patients detected by Guthrie test within neonatal screen-
ing program, were enrolled in a comprehensive analysis of PAH
gene mutations in Croatia in the last 17 years. According to the
previously mentioned criteria, 78% of patients suffer from classical
PKU, 14% from mild PKU whilst MHP phenotype is present in only
8%. Analyzed patients comprise 78% of total Croatian PKU popula-
tion. Patients and/or parents signed informed consent for muta-
tional analysis. Genotyping was performed as follows: DNA was
isolated from dried blood spots using the QIAamp DNA Micro Kit
(Qiagen). PCR was performed using Hot FirePol DNA Polymerase
(Solis Biodyne) and standard thermal cycling, i.e., 15 min denatur-
ation at 95 �C followed by 37 cycles of 30 s at 95 �C, 45 s at 56 �C,
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Table 2
The most frequent mutations in Croatian PKU population which account for over two-
thirds of the investigated population (229 independent chromosomes).

Mutation Number of
alleles

Frequency (number of
independent chromosomes) (%)

p.R408W (c.1222C > T) 82 36
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45 s at 72 �C, and final incubation for 10 min at 72 �C (on a Gene-
Amp PCR System 9700 (Applied Biosystems)). Primers flanking all
exons are listed in Table 1. The same primers were used to directly
sequence the amplified products with the BigDye Terminator v1.1
Cycle Sequencing Kit (Applied Biosystems). Sequencing reactions
were purified by gel filtration (using MultiScreen HV 96-well filter
plates from Millipore with Sephadex G-50 (GE Healthcare)) and
analyzed on a 3130xl Genetic Analyzer (Applied Biosystems).
Sequencing results were compared with the wild-type sequence
of the PAH gene (Accession numbers NM_000277.1 and
NG_008690.1) using the Mutation Surveyor (Demo) Software
v3.20 (SoftGenetics). Gene analysis of 39 PKU families (included
in this study) was done elsewhere as described in two previous
publications on PKU mutations in Croatia [39,40].

The relative PAH activity of mutant alleles was calculated from
the data published in the BIOPKUdb (www.biopku.org). It was cal-
culated as a sum of activities for alleles 1 and 2, when expressed
recombinantly in different cell systems, divided by two. For alleles
expressed in more than one cell system, an average PAH activity
was used.

Statistical analysis

Statistical analysis was performed using WinSTAT 2007.1 for
Excel (R. Fitch Software, Germany). Wilcoxon test was used to
compare the predicted relative PAH activity between BH4-respond-
ers and non-responders.

Results

Mutational spectrum in Croatian PKU population

In our mutation frequency assessment we included 114 PKU
families. In one family there were three independent mutant al-
Table 1
Primers used for PCR-amplification and sequencing of all 13 exons plus flanking
intronic regions of the human PAH gene (see also ‘‘Patients and methods”).

Exona Sequence (50 > 30) Reference

1F CGTGCTGTTTGCAAACCTGC This work
1R TGGAGGCCCAAATTCCCCTAACTG [44]
2F TGATCATTTAATTGCCCTGGA This work
2R GCCTGTTCCAGATCCTGTGT This work
3F GCCTGCGTTAGTTCCTGTGA [44]b

3R CTTATGTTGCAAAATTCCTC [44]
4F GCCATGTTCTGCCAATCTGT This work
4R ATCTCATCCTACGGGCCAT Denmarkc

5F TCATGGCTTTAGAGCCCCCA [44]
5R AGGCTAGGGGTGTGTTTTTC [44]b

6F CCGACTCCCTCTGCTAACCT [44]b

6R CAATCCTCCCCCAACTTTCT [44]
7F TAGCGTCAAAGCCTATGTCC This work
7R AAACCTCATTCTTGCAGCAG This work
8F TGGCTTAAACCTCCTCCCCT [44]b

8R CTGGGCTCAACTCATTTGAG [44]
9F ATGGCCAAGTACTAGGTTGG [44]
9R GAGGGCCATAGACTATAGCA [44]b

10F ACACACCCCAAAATAATGCT This work
10R GAGTTCCCAGGTTGCATATC This work
11F TGAGAGAAGGGGCACAAATG [44]
11R CCACCCACAGATGAGTGGCA This work
12F TTCTCCAAATGGTGCCCTTC Denmarkc

12R ACTGAGAAACCGAGTGGCCT Denmarkc

13F GACACTTGAAGAGTTTTTGC [44]b

13R TTTTCGGACTTTTTCTGAT This work

a F, forward; R, reverse.
b Without GC clamp.
c Personal communication Pia Hougaard and Lisbeth Birk Møller, Kennedy

Institute, Denmark.
leles (affected child and uncle) what was the reason for investigat-
ing the total of 229 independent alleles. Disease-causing mutation
was identified on 226 alleles, corresponding to a diagnostic effi-
ciency of approximately 99%. There were 35 different mutations,
including 21 missense mutations, 8 splice site, 3 nonsense, 2 single
nucleotide deletions, and one in-frame deletion. The commonest
PKU mutation p.R408W accounted for 36% of mutant alleles. Fol-
lowing mutations p.L48S, p.P281L, p.E390G, p.R261Q, and
p.R158Q accounted for 10%, 8%, 7%, 6%, and 5.5% of mutant alleles,
respectively. Five mutations accounted for over two-thirds of
investigated alleles (Table 2). Four mutations have not been previ-
ously reported: p.E76D, p.G346E, p.L333P, and IVS8-2A > G. Cro-
atian PKU population is more homogenous than some
Mediterranean or Central European populations as Zschocke et al.
[40] already described. We found homozygosity in 24% of geno-
types (for following mutations: p.R408W, p.P281L, p.E390G,
p.L249P, p.L48S, and p.R158Q) and only 10 allelic combinations ac-
counted for over 50% of investigated families in Croatia (Table 3).
Thus, the investigation of these allelic combinations in accordance
to BH4 response was of great interest for our population.

Responsiveness to BH4

The outcome of the loading test with BH4 in 39 PKU patients
with 23 different genotypes is summarized in Table 4 (according
to biochemical and genetic phenotype and its‘ mean predicted
Table 3
The most frequent allelic combinations in Croatia that account for over half of the
investigated PKU population (114 families).

Genotype Number of patients Frequency in investigated
population (%)

p.R408W/p.R408W
(c.1222C > T/c.1222C > T)

15 13

p.R408W/p.L48S
(c.1222C > T/c.143T > C)

8 7

p.R408W/p.E390G
(c.1222C > T/c.1169A > G)

6 5

p.R408W/p.P281L
(c.1222C > T/c.842C > T)

5 4.5

p.R408W/p.R261Q
(c.1222C > T/c.782G > A)

5 4.5

p.L48S/p.R261Q
(c.143T > C/c.782G > A)

4 3.5

p.L48S/p.R158Q
(c.143T > C/c.473G > A)

4 3.5

p.R408W/p.R158Q
(c.1222C > T/c.473G > A)

4 3.5

p.R408W/IVS12 + 1G > A
(c.1222C > T/
c.1315 + 1G > A)

4 3.5

p.P281L/p.E390G
(c.842C > T/c.1169A > G)

3 2.5

Total 58 50.5

p.L48S (c.143T > C) 23 10
p.P281L (c.842C > T) 18 8
p.E390G (c.1169A > G) 16 7
p.R261Q (c.782G > A) 14 6

Total 153 67

http://www.biopku.org


Table 4
Tetrahydrobiopterin loading test in 39 Croatian PKU patients selected according to genotype data and predictive value of genotype on BH4-responsiveness according to predicted relative residual PAH activity.

Patient number Maximal Phe levelsa

(phenotype)
Allele 1 Allele 2 Phe

0 h
Phe
8 h

Phe
24 h

Phe
48 hb

Phe reduction 8 h
(%)

Phe reduction 24 h
(%)

PAH
activityc

BH4

responsiveness

24 1355 (cPKU) p.L48S c.143T > C p.L48S c.143T > C 315 237 140 292 24,8 55,6 39.0 Responder
25 1520 (cPKU) p.L48S c.143T > C p.L48S c.143T > C 655 740 498 582 �13,0 24,0 39.0 Slow-responder
29 1023 (mPKU) p.L48S c.143T > C p.R261Q c.782G > A 1211 nd 759 1060 nd 37,3 39.0 Responder
2 617 (mPKU) p.E390G c.1169A > G p.R408W c.1222C > T 437 179 239 341 59,0 45,3 37.5 Responder
3 677 (mPKU) p.E390G c.1169A > G p.R408W c.1222C > T 608 181 115 329 70,2 81,1 37.5 Responder
41 1180 (mPKU) p.E390G c.1169A > G p.R408W c.1222C > T 411 132 94 340 67.9 77.1 37.5 Responder
51 607 (mPKU) p.E390G c.1169A > G p.R408W c.1222C > T 519 216 118 261 58,4 77,3 37.5 Responder
6 871 (mPKU) p.E390G c.1169A > G p.R408W c.1222C > T 389 310 247 363 20,3 36,5 37.5 Responder
7 750 (mPKU) p.E390G c.1169A > G p.P281L c.842C > T 265 225 146 304 15,1 44,9 37.0 Responder
8 600 (MHP) p.E390G c.1169A > G p.P281L c.842C > T 332 148 133 412 55,4 59,9 37.0 Responder
9 600 (MHP) p.E390G c.1169A > G p.F55Lfs c.165delT 285 124 90 239 56,5 68,4 36.5 Responder
10 360 (MHP) p.E390G c.1169A > G p.L249P c.746T > C 345 138 136 382 60,0 60,6 (36.5) Responder
27 >1210 (cPKU) p.L48S c.143T > C p.R158Q c.473G > A 1298 1024 908 764 21,1 30,0 24.5 Responder
28 2718 (cPKU) p.L48S c.143T > C p.R158Q c.473G > A 956 951 1069 1016 0,5 �11,8 24.5 Non-responder
173 1658 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 762 733 876 895 3,8 �15,0 20.5 Non-responder
183 2050 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 1281 1298 1218 1370 �1,3 4,9 20.5 Non-responder
19 >1210 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 852 521 763 948 38,8 10,4 20.5 Not clear
20 2153 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 1157 1241 1365 1367 �7,3 �18,0 20.5 Non-responder
21 2118 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 900 859 811 940 4,6 9,9 20.5 Non-responder
22 2039 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 1150 1392 1472 1414 �21,0 �28,0 20.5 Non-responder
23 1920 (cPKU) p.L48S c.143T > C p.R408W c.1222C > T 898 942 855 1308 �4,9 4,8 20.5 Non-responder
30 2492 (cPKU) p.R408W c.1222C > T p.R261Q c.782G > A 1096 1361 1160 1256 �24,2 �5,8 20.5 Non-responder
31 3260 (cPKU) p.R408W c.1222C > T p.R261Q c.782G > A 1084 1080 1150 1088 0,4 � 6,1 20.5 Non-responder
16 >1210 (cPKU) p.L48S c.143T > C p.P281L c.842C > T 1092 1373 1336 1169 �25,7 �22,3 20.0 Non-responder
35 >1210 (cPKU) p.R408W c.1222C > T p.V245A + p.R241C c.734T > C + c.721C > T 1203 1304 1225 1145 �8,4 �1,8 20.0 Non-responder
26 1466 (cPKU) p.L48S c.143T > C IVS4 + 5G > T c.441 + 5G > T 879 938 863 944 �6,7 1,8 19.5 Non-responder
324 1573 (cPKU) p.K363 > Nfs c.1089delG p.R261Q c.782G > A 1152 937 1068 1203 18,7 7,3 19.5 Non-responder
334 1452 (cPKU) p.K363 > Nfs c.1089delG p.R261Q c.782G > A 1097 954 1006 1025 13,0 8,3 19.5 Non-responder
38 420 (MHP) p.I306V c. 916A > G p.R408W c.1222C > T 255 83 64 214 67,5 74,9 20.5 Responder
39 720 (mPKU) p.I306V c. 916A > G p.R111X c.331C > T 335 118 187 283 64,8 44,2 19.5 Responder
34 1211 (cPKU) p.R408W c.1222C > T p.F39del c.115_117delTTC 1358 1451 1281 1354 �6,8 5,7 11.0 Non-responder
36 2698 (cPKU) p.R408W c.1222C > T p.R158Q c.473G > A 1377 1164 1158 1118 15,5 15,9 6.0 Non-responder
14 >1210 (cPKU) p.L249P c.746T > C p.R158Q c.473G > A 632 674 550 741 �6,6 13,0 (5.0) Non-responder
37 >1210 (cPKU) p.R158Q c.473G > A ? 738 738 784 780 0,0 �6,2 (5.0) Non-responder
13 1984 (cPKU) p.L249P c.746T > C p.R408W c.1222C > T 871 880 792 874 �1,0 9,1 (1.0) Non-responder
15 2940 (cPKU) p.L249P c.746T > C p.P281L c.842C > T 1033 962 1114 1124 6,9 �7,8 (0.5) Non-responder
1 1082 (mPKU) p.I306V c. 916A > G p.R261X c.781C > T 295 255 217 263 13,6 26,4 19.5 Slow-responder
112 1306 (cPKU) p.L249P c.746T > C p.L249P c.746T > C 1150 1215 1239 1252 �5,7 �7,7 ? Non-responder
122 3055 (cPKU) p.L249P c.746T > C p.L249P c.746T > C 1185 1241 1225 1332 �4,7 �3,4 ? Non-responder

nd: not done; ?: not known; 1, 2, 3, 4: pairs of siblings.
a The highest Phe pretreatment concentration (lmol/L) or the highest Phe in the protein Phe test (180 mg/kg/d) if performed; mild hyperphenylalaninemia (MHP), mild phenylketonuria (mPKU), and classical PKU (cPKU).
b 48-h Phe value as test control – if Phe increased 48 h after BH4 administration as expected regarding BH4 pharmacokinetics, loading test was considered more reliable.
c Predicted relative residual PAH activity (sum of in vitro expressed residual activities of alleles 1 + 2 divided by 2). Data from the BIOPKU database (www.biopku.org). Values in brackets show data calculated from only one allele

(second allele not known). Mutations in bold are defined as BH4-responsive [37].
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residual PAH activity [41]). The prevalence of BH4-responsiveness
(at least 30% cut-off of phenylalanine reduction within 24 h) was
only 36% (14 of 39 patients). Additionally, there were two slow-
responders who decreased Phe for 26.4% and 24% within 24 h post
loading (patient 1 and 25). The prevalence of BH4-responders in
different phenotype groups was as follows: 100% (4/4 patients)
in MHP group, 89% (8/9 patients) in mild PKU group, and 8% (2/
26 patients) in classical PKU group. All MHP patients and 5/8
responding mild PKU patients (patients 2, 3, 4, 5, and 39) showed
significant Phe reduction (>50%) already 8 h post loading. In severe
phenotypes that responded (two patients plus one slow responder)
phenylalanine reduction was significantly (over 20%) expressed
24 h post loading. Interestingly, patient 6 with the same genotype
(p.E390G/p.R408W) (and disease severity, accordingly) as patients
2, 3, 4, and 5 showed significantly slower and less effective re-
sponse to BH4. We could not explain this by differences in test per-
formance or BH4 pharmacokinetics, and to our knowledge such
poor response of this genotype has never been described before.
It is, however, possible that in this patient Phe intake during the
test was lower than in other patients with the same genotype. In
all patients blood BH4 levels increased from initial
1.25 ± 1.11 nmol/g Hb (mean ± SD) to 6.06 ± 4.79 nmol/g Hb 8 h
after BH4 administration and decreased to 2.07 ± 1.16 nmol/g Hb
after 24 h and 1.64 ± 1.47 nmol/g Hb after 48 h.

Thirty-five patients from this study (see Table 4) had at least
one mutation with known in vitro residual activity of 10% or more
(compared with the wild-type enzyme), and we assumed that each
patient from this group would respond to BH4. However, only 14/
35 (40%) of these patients responded and one patient was labeled
‘‘not clear” (patient 19) as he responded just at T8, and then ele-
vated Phe significantly at T24. This was not estimated as reliable re-
sponse to BH4. Additionally, we loaded with BH4 four patients with
p.L249P, mutation with unknown response to BH4 (and with no
in vitro studies on residual enzyme activity). To our knowledge,
this mutation was only described in Croatian PKU population.
p.L249P was first described by Zschocke et al. [40]. It accounts
for 3.5% of mutant alleles and, according to the results of BH4 load-
ing test, it does not have any substantial residual enzyme activity.
Namely, this mutation was associated with BH4-responsiveness
only when in allelic combination with p.E390G (so far 100%
responsive mutation), but did not show any response in homozy-
gous or functional heterozygous condition.
Fig. 1. Comparison of the predicted relative PAH activity in patients with the BH4-
responsive PKU (n = 14) and in non-responders (n = 20). For definition of the
predicted relative PAH activity, see ‘‘Patients and methods” and Table 4. Three
patients (two slow-responder and one not clear) were not included in the
comparison. In four non-responder patients the relative PAH activity was calculated
from only one allele, as well as for one responder. In two patients no data were
available for the relative PAH activity.
Analysis of predicted relative PAH activities revealed a signifi-
cant difference (p < 0.002) between BH4-responders and non-
responders (Fig. 1). The median relative PAH activity was 37.2%
in BH4-responder (5th–95th percentile: 20.0–39.0%) and 20.0% in
BH4 non-responder group (5th–95th percentile: 0.5–24.3%).
Discussion

This is the first study on BH4-responsiveness in a cohort of HPA
patients where selection criteria for BH4 loading test were only
based on genotype information. We predicted BH4-responsiveness
in individuals with at least one mutation expressing in vitro sub-
stantial residual activity (>10%). This prediction was based on a
current knowledge that specific mutation with some residual
activity would be considered as the major determinant of
BH4-responding phenotype. Mutation-predicted prevalence of
BH4-responsiveness was, however, almost threefold higher than
prevalence data obtained after our BH4 loading test. This finding re-
veals the importance of the complete PAH genotype instead of just a
single responsive mutation in predicting the BH4-responsiveness.

Croatia has relatively homogenous PKU population with around
75% of families comprising classical PKU. Mutational background
confirms this finding as the most common mutation p.R408W ac-
counts for 36% of mutant alleles, with p.R408W homozygosity rate
of 13%. Total homozygosity rate (24%) is higher than in majority of
other European populations (according to data summarized in
Guldberg et al. [42]). However, we believed there could be a signif-
icant number of BH4-responsive patients in this population, not
just among 22% of milder forms, but also in severe phenotypes.
This prediction was based on the fact that ‘‘milder” mutations such
as p.L48S, p.E390G, p.R261Q, and p.R158Q were following
p.R408W with allelic frequency of 10%, 7%, 6%, and 5.5%, respec-
tively, in Croatian PKU population.

Our results reveal, however, negative impact of the most fre-
quent mutation, p.R408W, on the second allele with BH4-respon-
sive mutation (p.L48S, p.R261Q, or p.R158Q). These three
mutations have been repeatedly reported as inconsistent in BH4-
responsiveness [10,13,16,18,36], and they cannot be regarded as
dominant in compound heterozygous patients as their behavior
highly depends on the other mutation. Moreover, we observed to
some extent consistent pattern in BH4-responsiveness for specific
combinations of ‘‘inconsistent” mutations p.L48S and p.R261Q.
They are non-responders (except patient 19 regarded as ‘‘not
clear”) in functional hemizygous form, but found as BH4-respond-
ers in homozygous form (including one slow responder), in com-
pound heterozygosity with MHP mutation as well as in in trans
combination of this two mutations (p.L48S/p.R261Q). Although
similar results were reported in many publications, there are sev-
eral exceptions such as a report of BH4-responsive p.R261Q/
p.R243X genotype by Spaapen and Estela Rubio-Gozalbo [43] as
well as reported non-responder with p.L48S homozygosity by Fiori
et al. [16]. Both p.L48S homozygotes (patient 24 and 25) belong to
milder form of classical PKU as they increase Phe much slower than
typical classical PKU patients when not on diet, but however they
can eventually reach high Phe levels (see their pretreatment Phe
concentrations from Table 4). As reported by Leuzzi et al. [18]
and confirmed in our study, p.L48S homozygotes sometimes show
slow response to BH4 (at T24 Phe reduction of 24%). Thus, in a case
of this genotype a 30% cut-off in Phe reduction would not be al-
ways reliable to estimate BH4-responsiveness. Trefz et al. [36]
found p.R158Q mutation as the most inconsistent of all mutations
(500 alleles investigated) in responding to BH4. Our results confirm
this observation, especially in case of compound heterozygosity
with p.L48S (patient 27 and 28). Functional hemizygous patients
for p.R158Q result in BH4 non-responsiveness.
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Our study confirms the definition of p.E390G mutation as 100%
responsive allele. To our knowledge, this mutation has never so far
been described as BH4 non-responsive, regardless of the second al-
lele. The similar was observed for much less frequent p.I306V
mutation (full responsiveness in two patients and ‘‘slow” respon-
siveness in the third loaded patient), although the response of
the latter needs to be evaluated on more patients.

Our findings reveal following features: one mutation is suffi-
cient to estimate response to BH4 just in case of MHP mutations
(e.g., p.E390G). In all other cases mutational combination (i.e.,
complete genotype) should be used to indicate and adjust, still
not standardized, BH4 loading test. On the basis of allelic muta-
tional combination we were able to predict BH4-response for the
majority of patients. The exceptions were genotypes with muta-
tions with unknown response to BH4 and so far unmeasured
in vitro residual activity (p.L249P), with in cis mutations
(p.V245A + p.R241C), and highly inconsistent genotype (p.L48S/
p.R158Q). Genotype information is also useful for the selection of
a target population among patients with classical PKU (i.e., by
excluding patients with two null mutations), as well as to point
to patients who are probable slow-responders not to be missed
by too rigorous loading protocol (e.g., some p.L48S homozygotes).

The predicted relative PAH activities (Table 4 and Fig. 1) were
significantly higher in BH4-responders, compared with the non-re-
sponder group. It seems that a substantial residual PAH activity
resulting from a combination of both alleles is needed to predict
100% responsiveness in PKU patients.
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