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Abstract

Phenylalanine hydroxylase (PAH) deficiency is caused by mutations iRARyene (12g22-q24) resulting in a primary
deficiency of the PAH enzyme activity, intolerance to the dietary intake of phenylalanine (Phe) and production of the phenylke-
tonuria (PKU) disease. To date there have been no reports on the molecular analysis of PKU in Iranian population. In this
study, the states of the PKU disease in terms of prevalence and mutation spectrum among patients reside in the institutions
for mentally retarded in Isfahan was investigated. In the first step, 611 out of 1541 patients with PKU phenotype or severe
mental retardation were screened for the PKU disease using the Guthrie bacterial inhibition assay (GBIA) followed by HPLC.
Among the patients screened 34 (5.56%) were found positive with abnormal serum Phe of above 7 mg/dl. In the next step, the
presence of 18 common mutations of #&H gene in 26 of the patients with classical PKU (serum Phe above 20 mg/dl) was
investigated, using the polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP). Of the 52 inde-
pendent mutant alleles that were analyzed, 34 (65.38%) were genotyped showing 8 mutations as follows: R252W (15.38%),
Q232Q (13.46%), R261Q (7.69%), delL364 (7.69%), IVS10-*1g (5.77%), L333F (5.77%), V245V (5.77%) and S67P
(3.85%). The results from this study may serve as a reference to analyze the PKU mutations in other part of Iran, and to
establish diagnostic tests for carrier detection and prenatal diagnosis of the PKU disease in Iranian population.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction of the enzyme due to mutations in tlRAH gene
(chromosomal locus 12¢g22-g24) results in hyper-
Phenylalanine hydroxylase (PAH) is a hepatic phenylalaninemia which is associated with the
enzyme involved in the metabolism of the essen- phenylketonuria (PKU) diseag@]. This disease is
tial amino acid phenylalanine (Ph§)]. Deficiency caused by a complete or near-complete deficiency of
PAH activity, and is associated with profound and
miations:PAH, phenyalanine hydroxylase; HPA, hyper- |rreverS|bIe mental r?tarda“qﬁ"”' If. the d|s_eas_e IS
phenylalaninemia; PKU, phenylketonuria; GBIA, guthrie bacterial  diagnosed early at birth and the patient maintained on

inhibition assay; VNTR, variable number of tandem repeats a strict low-phenylalanine diet, the symptoms of the
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2mg/dl (120umol/l) in the untreated sta{@,13]. On status of the PKU disease and the mutation spectrum
one classification, based on the plasma concentrationsof thePAHgene in Iranian population. However, based
of phenylalanine in the untreated state and tolerance on the reports from other middle eastern countries and
for dietary phenylalanine, the PAH deficiency can be a short report from a study on consanguineous mar-
categorized as: phenylketonuria (classical PKU), mod- riages in Iran as well as the absence of a PKU screen-
erate PKU, mild PKU, and non-PKU hyperphenylala- ing program in Iran, it seems that the frequency of the
ninemia (non-PKU HPAJ)9]. Once the diagnosis is disease to be relatively high in this counf@gs].
established by biochemical testing, mutation analysis  In the present study, the aim was to study the preva-
of the PAH gene can be used in some cases to identify lence of the PKU disease among the institutionalized
the disease-causing alleles which is useful for genetic patients suffering from mental retardation, and to char-
counseling purposes and prenatal diagnfikig. acterize the mutations underlying the PKU disease in
The number of mutations identified for tHeAH these patients. In an attempt, 34 patients with PKU
gene is dramatically increasing. So far, over 400 differ- were identified among the patients screened for the
ent disease-causing mutations have been reported fordisease. Analysis of the mutations of tRAH gene
the PAH geng[11,20] The various PAH mutations re-  resulted in the identification of eight mutations which
duce the enzyme activity to different degrees, explain- are discussed in this report.
ing the broad phenotypic heterogeneity of this disease
from sever PKU to mild Hyperphenylalaninenjiel].
Correlation between mutations in both PAH alleles 2. Material and methods
and clinical phenotypes have been demonstrated, and
several mutations have been related to mild PKU phe- 2.1. Patients screening
notype[12]. Therefore, predicting the clinical severity
of PKU from genotype can be an important purpose A total of 1541 patients reside in different insti-
of molecular analysis in PKU patients. tutions for mental retardation in the central province
Molecular genetic testing of theAH gene is used  of Iran, Isfahan, was involved in this study. Patients
primarily for genetic counseling purposes to determine with a known genetic syndrome (e.g. Down syndrome)
carrier status of at risk relatives and for prenatal test- were excluded from the study. The remaining 611 pa-
ing. Prenatal diagnosis of PAH deficiency is possible tient with either PKU phenotype or with unknown
in pregnancies at risk either when mutation analysis reason for their mental retardation were subjected to
has revealed the disease-causing mutations iRAe blood sampling on Guthrie cards. The patients were
gene in an affected family member or when linkage all born in the province of Isfahan. Before sampling,
analysis has identified informative markgts]. When informed consent was obtained from their parents,
mutation analysis is not available or disease-causing and in a number of cases the parents were present
mutations are not identified in a family, linkage analy- at the time of blood sampling. The cards were an-
sis can be considered for couples who have a child af- alyzed using the Gutheri bacterial inhibition assay
fected with PAH deficiency. Linkage studies are based (GBIA) for serum Phg8,13]. Among the patients ex-
upon diagnosis of PAH deficiency in the affected fam- amined 34 were found to be positive for the Guthrie
ily member and accurate understanding of the genetic test (serum Phe above 7 mg/dl). The serum Phe was
relationships in the family16]. Two intragenic mark- guantitatively measured using the high pressure lig-
ers to thePAH locus has been used for linkage anal- uid chromatography (HPLC) assay. Mutation analysis
ysis in PKU: a variable number of tandem repeats was performed on 26 patients with serum phenylala-
(VNTR) and a simple tandem repeat (STRP,17] nine above 20 mg/dl.
These markers have shown to be very informative
which can be used in many families with PAH defi- 2.2. Mutation analysis
ciency with great accuracy.
Molecular characterization of the PKU disease has  The polymerase chain reaction-restriction fragment
been performed in most of the countries around the length polymorphism (PCR-RFLP) provides a sim-
word. To date, there have been no report on the exactple, fast and powerful method in identifying the PAH
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mutations, which in some studies using this procedure Table 1
near|y 80% of the PAH mutations in the PKU pa- Different types of PKU in the patients with positive Guthrie test

tients had been identifiefd5,19,22] This is because  Pku type No. of patients ~ Phe concentration (mg/dI)
a large number of the PAH mutations either produce - - 1 1 (2.94%) 8 12

or abolish a restriction site. In this study, 18 muta- 1ogerate PKU 7 (20.59%) 12-16

tions of this kind which already identified in the mid-  cClassical PKU 26 (76.47%) >20

dle east and Mediterranean regions were investigated.
In the first step, the genomic DNA was extracted from
the leukocytes of the patients using a standard salting
out procedurg14]. The quality of the genomic DNA
was examined by analysis on agarose gel. In the sec-
ond step, different exons of tHBAH gene containing
the mutations under investigation were amplified us-
ing PCR with the specific primers. PCR reactions were
performed using Eppendorf Gradient Master Cycler
thermal cycler (Eppendrof Inc., Germany). Reaction
mixtures were made in volume of 2% containing
0.2-1p.g of genomic DNA, 5-10 pmol of each primer

suffer from the PKU diseasg1]. In this study 611
patients from eight different institutions for mentally
retarded in the province of Isfahan were screened for
the PKU disease (se®ection 2. Of the patients ex-
amined, 34 showed positive Guthrie test with serum
Phe above 8 mg/dl. This shows that the prevalence of
the disease among the patients screened is about 5.5%.
Therefore, considering total number of patients reside
in the institutions (se&ection 3, the total frequency

and 20QuM of each dNTP and the reaction buffer OfP.KU |r.1cl'ud|r'19 T“"d’ moderate and classpal type in
patients in institutions for mentally retarded in Isfahan

supplied with theTaq DNA polymerase (Cinagene, .\ \4'ho estimated as 2.2%, which is relatively high
Tehran, Iran). The sequence of the primers used and.

the PCR conditions for each pair of the primers were in comparison with other countrig81]. Quantitative

: . . measurement of the Phe in the serum of the positive
as previously describdd9]. PCR primers were made ; e .
by MWG Inc., Germany. The mutations were ana- patients allowed the classification of the patients. As

; : o :
lyzed by enzymatic digestion of the PCR products shown inTable 1 of the patients, 76.47% had classical

with the appropriate restriction enzymes, followed by 'zze grFr,rlfoLIJé;ﬂgrsznp;tI:ir;tsc’)fV\tlﬁtreeP(XllgsriE tlarlcig;]es next
gel electrophoresis. The PCR products were analyzed ph ina d yI v indi d th | . |
on either 2% agarose gel or 10% polyacrylamide gel .T e screening data ciearly In icated the re_atlvey
depending on the size of the DNA fragments after high prevalence of the disease among the patients re-

) : . side in Iranian institutions for mentally retarded. This
digestion. The DNA on the agarose gels was visual- | ." " . : .
) - . - ; highlights the necessity of a neonatal screening pro-
ized by staining with ethidium bromide, and on poly- : : .
. . T : . . gram for PKU in Iranian population to prevent the
acrylamide with ethidium bromide or silver stating incidence of the PKU phenotvbe in this population
(for some mutations that a small amount of DNA was P yp pop '

. .. Furthermore, screening the residents of the institutions
available or bands were below 100 bp). The condition . e
) for mentally retarded and identification of the PKU pa-
of gels and electrophoresis were as descriiidd

tients could be useful in determination of carrier states
of the disease among the family member of the PKU

3. Results and discussion patients.

3.1. Screening the institutionalized patients 3.2. Identification of the PAH mutations
for PKU
The mutation spectrum of theAH gene was in-

The patients reside in the institution for mentally vestigated in the patients with classical PKU showing
retarded were screened for the PKU disease by mea-the serum Phe above 20 mg/dl (SEsble 1. To our
suring their serum phenylalanine using the standard knowledge, this study was the first work on the anal-
Guthrie test, followed by HPLC. The reports from dif- ysis of the mutation spectrum of theAH gene in
ferent countries around the world show that 1-3% of Iranian PKU patients. Therefore, as the first venue
the patients in the institutions for mentally retarded to begin with, analysis of 18 mutations of tiRAH
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gene which were previously identified in the middle for the rare mutations of theAH gene that have been
east and Mediterranean populations were examinedidentified[11,23,26] As shown inFig. 2A, the S67P
using the PCR-RFLP proceduf@4]. One reason  mutation results in the loss of an XWarestriction
for this selection was the demonstrated similarity site. The mutation R252W is a missense mutation,
between these populations (especially the Mediter- that involves the catalytic domain of the PAH enzyme
ranean one) and the Iranian population in terms (amino acids 143-410). In vitro expression analysis
of gene flow and disease-causing mutations as re-showed that this mutation almost fully affected the ac-
ported in studies on a number of genetic diseasestivity of the enzyme<1%[11,27] The prevalence of
such as glucose-6-phosphate dehydrogenase (G6PD}his mutation varies from 2—-8% in different countries
deficiency [25]. Moreover, all the selected muta- [11]. Normal individuals produce two bands of 164
tions create or abolish a restriction site, which make and 121 base pair, but in homozygous affected indi-
their identification possible using the PCR-RFLP viduals, one band of 285 base pair is produced in the
procedure. The mutations were as follows: R252W, presence of the Aveenzyme Fig. 1B). The mutation
Q232Q, R261Q, delL364, IVS10-11g a, L333F, R261Q with the frequency of 7.1% in our population
R408Q, S67P, V245V, R408W, R261X, F299C, is another missense mutation, which occurred in the
S273F, G272X, D338Y, A309D and 1VS3nt-6t a. catalytic domain of the PAH enzyme. The frequency
In order to analyze these mutations, the corresponding of this mutation is almost similar to the frequency re-
exons were PCR amplified in all the 26 patients (52 ported from Turkey, which may help the identification
chromosomes) with classical PKU, using the specific of the origin of the mutation in the middle east re-
primers. The amplified exons were then examined for gion[11,27] This mutation results in loss of a Hihf
the known mutations using the appropriate restriction restriction site in exon 4Hig. 1Q).
enzyme(s). As shown iffable 2 of the mutations Mutation IVS10nt-11g> ais the second most com-
studied, eight were found on 34 out of 52 independent mon PAH mutation in the world and the predominant
PAH chromosomes (alleles). The mutation detection disease-causing mutation in the Mediterranean region
rate in this study was, therefore, 65.38%.Higs. 1 [24]. In this study three out of fifty two alleles (5.77%)
and 2 analysis of some of the mutations is shown. contained this mutationTéble 3. This mutation re-
Among the mutations identified, 17 (50%) were mis- sults in the gain of a DdErestriction site in intron 10
sense, 10 (29.4%) silent, 3 (8.8%) splice-site, and 4 (Fig. 2B). This mutation could also be accounted for
(11.8%) deletion Table 9. the important mutations in Isfahan. We have also found
The mutation S67P, which is a missense mutation four alleles in two persons with mutation DelL364 in
showed the lowest frequency (3.85%), but the muta- homozygous formKig. 1D). Interestingly this muta-
tion R252W seemed to be the predominant one with tion is one of the rare mutations in other populations
the frequency of 16%. The S67P also shows very low except for Swedish population, suggesting that the ori-
frequency (0.5—-3%) in other populations and accounts gin of this mutation in Iranian population might be

Table 2

Relative frequency of phenylalanine hydroxylase (PAH) gene mutations in PKU patients in institutions for mentally retarded in Isfahan
Exon (E)/intron (1) Mutation Allele frequency (%) Restriction enzyme Mutation type
E7 R252wW 8 (15.38) — Avall Missense

E6 Q232Q 7 (13.46) + Ddell Silent

E7 R261Q 4 (7.69) — Hinf | Missense

E11 dellL364 4 (7.69) — Hind 11l Delition

110 IVS10-11g > a 3 (5.77) + Ddell Splice-site

E10 L333F 3 (5.77) — Banll Missense

E7 V245V 3 (5.77) + Alu | Silent

E3 S67P 2 (3.85) — Xbal Missense

Total 8 34 (65.38) - -

aThe percentage was calculated based on total number of 52 alleles in 26 patients.
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Fig. 1. (A) A PCR amplification of exons 3, 6, 7, 8, 10, 11 and 12. The PCR products were analyzed on 2% agarose gel; (B) analysis of
mutation R252W in exon 7 using Avarestriction enzyme; (C) analysis of mutation R261Q in exon 7 using Harizyme; (D) analysis
of mutation delL364 in intron 11 using enzyme Hilid. The restriction fragment bands for each mutation is indicated as horizontal line

below each figure.

from Sweder{11,27] The mutation results in the loss
of a Hind Il site in exon 11Fig. 1D). For this muta-

tion no heterozygous was identified in this study. The
mutation L333F in exon 10 was analyzed using the

Banll restriction enzymeKig. 2Q). This mutation ac-
counted for 5.77% of mutations identified in this study
(Table 2.

Mutations Q232Q and V245V are silent mutations
that result in the polymorphism in thBAH gene.

These mutations occur with various frequencies from
2-45% in different populatiorjl1]. A number of

silent mutations (e.g. V399V) d?AH gene have been

found to involve in so called exon skipping phe-
nomenon which results in creation of new splice-sites
[28]. Therefore, these mutations may contribute to
the PKU phenotype. Although the role of Q232Q
and V245V in PKU is not clear, there might be other
mutations associated with these mutations, which
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Fig. 2. (A) Analysis of mutation S67P in exon 3 using Xbaestriction enzyme; (B) analysis of mutation IVS10-14ga using Ddel

enzyme; (C) analysis of mutation L333F in exon 10 using Baenzyme. The exons were PCR amplified and the PCR product was then
incubated with the appropriate restriction enzyme at the optimal condition. For further details on the analysis of the mutations see the
Section 3 The digested fragments were analyzed on polyacrylamide gel and visualized by silver staining.

play a critical role in the appearance of the PKU parents were first cousin (data not shown). This was
phenotype. consistent and clearly explained the homozygosity rate
Analysis of the homozygosity of the mutations in- of the mutations that identified in this population.

dicated that 68.4% of the patients were homozygous Although this was a preliminary study on the molec-
and 31.6% heterozygous for the mutations that they ular analysis of PKU in Iranian population, but the
carry. This is consistent with the high rate of consan- data obtained could be used as a base for further inves-
guineous marriages in the family of the patients. In- tigation of the disease in this population. Furthermore,
terestingly, investigation of the consanguinity in the the mutations that were identified in mentally retarded
patient’s family showed that in 68% of the cases, the patients in different institutions of the province of
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Isfahan may represent the prevalence of the PAH mu- [5] D. Villasana, 1.J. Butler, J.C. Wiliams, S.M. Roongta,
tations in the whole Isfahan population. This is sup- Neurological deterioration in adult phenylketonuria, J. Inherit.
ported by the fact that the record on the place of the _ Metab. '?'Z' 12 (198?]) 451-457. - e
birth of the patients indicated that the patients were [ S:E: Waisbren, P. Chang, H.L. Levy, H. Shifrin, E. Allred,

. L L C. Azen, F. de la Cruz, W. Hanley, R. Koch, R. Malton,
virtually randomly d'Str_|bUted among th_e Institutions B. Rouse, Neonatal neurological assessment of offspring in
(data not shown). Obviously, identification of the re- maternal phenylketonuria, J. Inherit. Metab. Dis. 21 (1998)
maining PAH mutations, and mutations in patients 39-48.
in which, none of the above mutations were present, [7]1J. Weglage, K. Ullrich, M. Pietsch, B. Funders, R.
requires further investigation. This could be achieved Zass, H.G. Koch, Untreated non-phenylketonuric-hyperpheny-

. lalaninaemia: intellectual and neurological outcome, Eur. J.
by employment of other techniques such as denatur-

. . . Pediatr. 155 (Suppl 1) (1996) S26-28.
ing gradient gel electrophoresis (DGG) followed by [8] R. Guthrie, A. Susi, A simple phenylalanine method for

direct sequencing, and the use of polymorphic short detecting phenylketonuria in large populations of newborn

tandem repeat and variable number of tandem re- infants, Pediatrics 32 (1963) 318-343.

peats associated with tHRAH gene and the common [9] C.R. Scriver, P.J. Waters, Monogenic traits are not simple:

mutations. lessons from phenylketonuria, Trends Genet. 15 (1999) 267—
272.

[10] A.G. DiLella, S.C. Kwok, F.D. Ledley, J. Marvit, S.L. Woo,
Molecular structure and polymorphic map of the human phen-
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