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MUTATIONS IN THE PAH GENE: A TOOL FOR POPULATION GENETICS STUDY
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Abstract — Phenylketonuria (PKU), an inborn error of metabolism, is caused by mutations in the phenylalanine hydrox-
ylase (PAH) gene. In the Serbian population, 19 different PAH mutations have been identified. We used PAH mutations
as molecular markers for population genetics study. The low homozygosity value of the PAH gene (0.10) indicates that
PKU in Serbia is heterogeneous, reflecting numerous migrations throughout Southeast Europe. The strategy for molec-
ular diagnostics of PKU was designed accordingly. To elucidate the origin of the most common (L48S) PKU mutation
in Serbia, we performed haplotype analysis by PCR-RFLP. Our results suggest that the L48S mutation was imported into
Serbia from populations with different genetic backgrounds.
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INTRODUCTION

Phenylketonuria (PKU, MIM#261600) is the most com-
mon inborn error of amino acid metabolism in Cauca-
sians (average incidence of 1/10000). It is transmitted in
an autosomal recessive pattern and is caused by deficien-
cy of the hepatic enzyme, phenylalanine hydroxylase
(PAH, EC 1.14.16.1), which catalyzes the conversion of
phenylalanine to tyrosine. Disfunction of the PAH en-
zyme results in an elevated serum level of phenylalanine
and mental retardation, unless dietary intake of phenyla-
lanine is restricted (D onlon et al., 20006).

Deficiency of PAH is mainly caused by mutations in
the PAH gene (GenBank accession no. AF404777),
mapped to human chromosome 12q24.1. The PAH gene
contains 13 exons and 12 large introns spanning approx-
imately 90 kb. Over 500 different mutations have been
identified in the PAH gene so far and recorded in the PAH
locus knowledgebase (http://www.pahdb.mcgill.ca)
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mation of a defect in the PAH enzyme and could be a
helpful tool for phenotype prediction in a newborn infant,
for refining diagnosis, and for implementing optimal die-
tary therapy (Kayaalp etal, 1997, Guldberg et
al, 1998; Guttler and Guldberg, 2000). Also,
the correlation between mutations in the PAH gene and
responsiveness to tetrahydrobiopterin, a cofactor of the
PAH enzyme used as a specific therapeutic drug, is under
investigation (Blau and Erlandsen, 2004).

In a previous study of the Serbian population, 19
different disease-causing mutations were identified, cor-
responding to a mutation detection rate of 97%. The most
frequent mutations, L48S (21%), R408W (18%), P281L
(9%), E390G (7%) and R261Q (6%), account for 60% of
all mutant alleles. Less frequent ones are: R158Q (4.4%),
1306V (4.4%), TVSI2+1G>A (4.4%), Q20X (2.9%),
RI11X (2.9%), VI77L (2.9%), P225T (2.9%), R261X
(2.9%), p.S16>XfsX1 (1.5%), S231F (1.5%), R252Q

(Scriver etal, 2003).

Characterization of PAH mutations is a final confir-
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(1.5%), R297H (1.5%), IVS10-11G>A (1.5%), and
R413P (1.5%) (http://www.goldenhelix.org/serbian)

(Stojiljkovi¢ etal, 2006).
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The most frequent mutation in PKU patients in Ser-
bia and Montenegro is L48S, with a relative frequency of
21%. This mutation was initially reported in Turkey
(Konecki etal., 1991). It was later reported in many
European populations (Bulgaria, Romania, Czech Re-
public, Germany, and Belgium - 2%; Croatia and Sicily -
5%, Southern Italy - 11%; Turkish patients in Germany-
13.3%) (Zschocke, 2003; Zschocke et al,
2003). However, the exceptional prominence of L48S de-
tected in Serbia suggests the influence of either a founder
effect and genetic drift or its autochthonous origin. Hap-
lotypes of PAH are nowadays widely used to determine
the chromosomal background on which a mutation arose,
as well as its geographic pattern.

The PAH gene sequence contains a large number of
recognized polymorphisms. There are three forms of pol-
ymorphisms: i) seven biallelic restriction fragment length
polymorphisms (RFLPs: Bglll, Pvulla, Pvullb, EcoRI,
Mspl, Xmnl, and EcoRV); ii) multiallelic polymorphisms
(variable number of tandem repeats, VNTR, and short
tandem repeats, STR); and iii) silent single nucleotide
polymorphisms, SNPs (e.g., Q232Q).

RFLP, VNTR and STR alleles can be combined to
generate PAH haplotypes. Although several thousands of
different polymorphic PAH haplotypes could be generat-
ed from combinations of these alleles, far fewer have ac-
tually been observed on human chromosomes. Particular
PAH haplotypes are associated with disease-causing mu-
tations in European populations (Scriver and
Kaufman,2006).

In this study, we analyzed allele frequencies of PKU
mutations in Serbia in order to determine genetic varia-
tions at the PAH locus in the Serbian population. We have
also performed haplotype analyses to elucidate the origin
of the most common PKU mutation (L48S) in Serbia.

MATERIALS AND METHODS

Thirty four patients with PKU, identified through a
neonatal screening program or during genetic counseling
in Dr Vukan Cupi¢ Mother and Child Healthcare Institute
in Belgrade, were further referred to the Institute of Mo-
lecular Genetics and Genetic Engineering in Belgrade for
DNA analysis. Detection of PAH gene mutations was
successfully performed using PCR-RFLP, DGGE, and
sequencing methods (Stojiljkovi¢ etal, 2006).

Twelve unrelated patients, compound heterozygotes

with L48S being one of two mutations, and one homozy-
gote for L48S, were studied for polymorphism in the
PAH gene.

Calculation of Homozygosity

Homozygosity (j) at the PAH locus in the population
was determined using the equation j = Xx?, where x; is the

frequency of the ith allele. Here each of the uncharacter-
ized alleles is defined as having a frequency of 1/N,
where N is the total number of mutant chromosomes in-
vestigated.

This value is the theoretical frequency of patients
carrying two identical mutations. Homozygosity values
of different populations reflect their mutational heteroge-
neity for the particular locus (Guldberg etal, 1996).

Calculation of Expected Heterozygosity for
Intron Polymorphisms

Expected heterozygosyties for individual sites were
estimated as one minus the sum of the squares of the al-
lele frequencies (1-&p;?). For a biallelic system, there are

only two different possibilities (Kidd et al., 2000).
Polymorphism Analysis

Venous blood (5-10 mL) was collected in 3.8% Na-
citrate anticoagulant and genomic DNA was extracted us-
ing standard procedure (P onc z et al, 1983).

Detection of EcoRI and Xmnl biallelic restriction
fragment length polymorphisms was performed by pol-
ymerase chain reaction (PCR) followed by restriction en-
zyme digestions (PCR-RFLP).

We performed PCR for PAH gene introns 5 and 8.
PCR conditions being the same for both EcoRI and Xmnl
polymorphisms. Performance of PCR was in a 25-ul final
volume for a reaction medium containing 100 ng of prim-
ers, 200 pM dNTPs, 2.25 mM MgCl,, 50 mM KCI, 10

mM Tris-HCI (pH 8.4), and 1 U Taq Polymerase (Perkin
Elmer). Amplification of DNA was acheived by 30 cycles
at 95°C for 30 sec, 58°C for 30 sec, and 72°C for 30 sec,
preceded by an initial denaturation step (95°C for 5 min)
and followed by final elongation (72°C for 10 min). Am-
plified PCR products were electrophoretically analyzed
on 2% agarose gel, stained with ethidium bromide and
visualized under UV light.

Primers used for the EcoRI restriction enzyme poly-
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morphic site were as follows: 5’-AGAGTTTTTAGCAT-
GAAAGGC-3’; and 5’-CTACCCACCAAAAAAAGTA-
CA-3’. The PCR product was 458 bp long. Primers used
for the Xmnl restriction enzyme polymorphic site were as
follows: 5’-CTGTACTTGTAAGATGCAGC-3’; and 5°-
ACTGTCCCAAGCAATCAAAG-3’. The PCR product
was 205 bp long (www.alfred.med.yale.edu).

The amplified products were digested with EcoRI or
Xmnl (Biolabs, England) according to manufacturer rec-
ommendations. In the presence of an EcoRI or Xmnl site,
the amplified fragment was digested into two fragments
of 412 and 45 bp or 110 and 95 bp, respectively, easily
distinguishable upon electrophoresis on 8% polyacrylam-
ide gel. The undigested PCR product indicates the ab-
sence of an EcoRI or Xmnl site. Detection of three frag-
ments (undigested and digested PCR products) indicates
heterozygosity at the polymorphic site.

The PAH gene intron 5 DNA fragment of a patient
homozygous for the L48S mutation was sequenced for
using the ABI PRISM 310 Sequence Analyzer (Applied
Biosystems, Foster City, CA, USA).

RESULTS

Heterogeneity

The Serbian population is characterized by a high
number of different mutations in the PAH gene: 19 differ-
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Fig. 1. Number of different PAH mutations in relation to the number of
mutant alleles detected in the Serbian population. 1 - fraction of PAH
mutations detected on one chromosome (31%), 2 - fraction of PAH
mutations detected on two chromosomes (26%), 3 - fraction of PAH
mutations detected on three to 10 chromosomes (32%), 4 - fraction of
PAH mutations detected on more than 10 chromosomes (11%).

ent disease-causing mutations have been identified
(Stojiljkovi¢ etal, 2006). This finding suggests
that PKU in Serbia is heterogeneous. Also, the number of
different mutations in relation to the number of mutant
chromosomes is, in itself, a reflection of the allelic varia-
tion. In our study, one third of mutations were found on
just one chromosome in the population, and only two mu-
tations, .48S and R408W, were detected on more than 10
chromosomes (Fig. 1). Additionally, the three most com-
mon PAH gene mutations account for less that 50% of all
mutant alleles. Homozygosity was observed in three pa-
tients only, which gives a frequency of homoallelic PKU
genotypes of 8.82%. As expected, each of them was ho-
mozygous for one of the three most frequent mutations.

However, a more direct measure of the heterogenei-
ty of PAH mutations was needed. The homozygosity val-
ue was therefore calculated on the basis of mutation fre-
quencies (j= Zx?). For the population of Serbia, the ho-

mozygosity value, j, is 0.10.
1 2 3

Fig. 2. Detection of EcoRI polymorphism by the PCR-RFLP method.
Lanes: 1, 3 - heterozygote for EcoRI polymorphic site, 2 — 100-bp
marker.
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Fig. 3. Detection of Xmnl polymorphism by the PCR-RFLP method.

Lanes: 1 — 100 bp marker, 2, 5 - homozygote for XmnI polymorphic site, 3, 4 - heterozygote for XmnI polymorphic site.

Polymorphism Analysis

In order to elucidate the origin of the most common
PAH mutation in Serbia (L48S), we analyzed two poly-
morphic sites (EcoRI and Xmnl) of 12 unrelated patients,
compound heterozygotes with L48S being one of two
mutations, as well as one homozygote for L48S.

Our research strategy was based on the finding that
L48S was associated with four different haplotypes (3, 4,
16, and 28) in the populations studied so far (Table 1)
(www.pahdb.mcgill.ca). Since the difference between
these four haplotypes is in the polymorphic sites EcoRI,
Xmnl, and EcoRV, our research was focused on these pol-
ymorphisms. The exact position of the EcoRV polymor-
phic restriction site has not yet been determined. We
therefore restricted our analysis to the Xmnl and EcoRI
polymorphisms. Using this experimental approach, we
could distinguish between haplotypes 4, 16, and 28.

Our PCR-RFLP analysis of patients carrying the
L48S mutation showed that all of them were heterozy-
gous (+/-) for the EcoRI restriction site. The homozygote
for L48S was also heterozygous for the EcoRI site (Fig.
2). Heterozygosity of the EcoRI site in this patient was
confirmed by DNA sequencing (data not shown). The ex-
pected heterozygosity for the intron 5 EcoRI site there-
fore is 0.5.

Digestion with Xmnl revealed three homozygotes
(+/+) and nine heterozygotes (+/-). The homozygote for
L48S was also homozygous Xmnl (+/+). The expected
heterozygosity for the intron 8 Xmnl/ site is 0.46 (Fig. 3).

Based on high heterozygosity for the analyzed poly-
morphic sites, we can conclude that at least two different
haplotypes associated with the L48S mutation exist in the
Serbian population.
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Table 1. Different PAH haplotype configurations associated with the L48S mutation. [Polymorphic restriction sites: Bglll, Pvulla, Pvullb, EcoRlI,
Mspl, Xmnl, and EcoRV. +) Restriction site present; -) Restriction site absent].

Haplotype | Bglil Pvulla Pvullb EcoRI Mspl Xmnl EcoRV
(position) | (intron 1) | (intron 2) | (intron 3) | (intron 5) | (intron 7) | (intron 8) | (gene 3’
downstream)
3 - + - + - + -
4 - + - + - + +
16 - + - + - - +
28 - + - - - + +
DISCUSSION be interesting to compare homogeneity of the Serbian

In this study, mutations in the PAH locus were used
as markers for genetic variations in the Serbian popula-
tion.

We analyzed a homozygosity value () because it in-
dicates the extent of genetic variation at the PAH locus in
a given population. The higher homozygosity value, the
more homogeneous the population is with respect to PAH
mutations (Guldberg etal, 1996).

The most homogeneous population described so far
are Yemenite Jews, in whom a single molecular defect
(deletion in the exon 3 of the PAH gene) is responsible
for all the PKU cases in the population. Accordingly, the
homozygosity value for this population is 1. Populations
of Northeast and Eastern European countries (Latvia,
Lithuania, Southern Poland) are also quite homogeneous.
For the Serbian population, j is 0.10. It is rather low, more
similar to the situation in ethnically mixed populations
(those of Germany and the United States) than to the case
of a small isolated population (Yemenite Jews). It would

population with that of other populations residing on the
Balkan Peninsula. However, in the majority of Balkan
populations, less than 90% ascertainment of mutations
has been achieved. It does not give an idea of the level of
heterogeneity, since a great number of mutations have not
been characterized. The exception is Croatia, where the
homozygosity value is 0.17, indicating that PKU is mod-
erately homogeneous (Table 2).

Heterogeneity of the PAH gene in the Serbian popu-
lation reflects numerous historically documented migra-
tions and coexistence of different populations in this part
of the Balkan Peninsula and confirms that gene flow oc-
curred between populations.

The homozygosity value has to be considered when
a PAH gene mutation detection strategy for a particular
population is being created. Since the homozygosity val-
ue for the Serbian population is low, a diagnostic strate-
gy has to be designed to identify a great number of muta-
tions. We use denaturation gradient gel electrophoresis
followed by sequencing analysis of all 13 exons of the

Table 2. Homozygosity at the PAH locus in different populations. x? - homozygosity value; * Zxcalculated in this study.

Population >x No. of Mutation | Reference

chromosomes | detection

rate (%)
Yemenite Jews 1.00 44 100 Avigad et al., 1990
Latvia 0.58* 96 98 Pronina et al., 2003
Lithuania 0.54* 184 95 Kasnauskiene et al., 2003
Southern Poland 0.44 80 91.3 Zygulska et al., 1994
Romania 0,26* 44 88 Popescu et al., 1998
Croatia 0.17 78 99.0 Zschocke et al., 2003
Northern Ireland 0.14 242 99.6 Zschocke et al., 1995
Serbia 0.10 68 97.0 Stojiljkovi¢ et al., 2006
Germany 0.08 90 95.6 Zschocke and Hoffmann.,
2003

United States 0.06 294 94.9 Guldberg et al., 1996
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PAH gene. The detection rate of 97% achieved in our pre-
vious study confirms that our diagnostic approach was
well designed.

Polymorphic haplotypes at the PAH locus are used
to study human evolution and the history of human pop-
ulations. They are markers that can be used to follow mi-
grations between different populations. In addition to
this, PAH haplotypes can also be used to determine the
origin of PAH mutations.

In a previous study of PAH gene mutations, we
speculated that high frequency of the L48S mutation in
the Serbian population is possibly attributable to mixing
of South Slavic populations with autochthonous popula-
tions residing in the region, influenced by east-to-west
Neolithic migrations. However, we could not exclude ad-
ditional factors, such as the founder effect and/or genetic
drift (Stojiljkovi¢ et al, 2006). This hypothesis
had to be tested by determining the haplotype of chromo-
somes affected by the L48S mutation.

A unique haplotype associated with L48S would
suggest its independent (Serbian) origin. Otherwise, the
association of L48S with different haplotypes would sug-
gest that it was imported during migrations on the territo-
ry of Serbia.

Association of L48S with haplotypes 3, 4, 16, and
28 has been reported to date (www.pahdb.mcgill.ca). In
the majority of populations, mutation L48S is associated
with haplotype 4. Haplotype 16 was reported in Croatian
patients with PKU. Haplotype 3 was found in Turkish
and Italian patients. Haplotype 28 was found in Italy.
Since the difference beetwen haplotypes 3, 4, 16, and 28
is in polymorphic sites Xmnl, EcoRI and EcoRV (Table
1), we decided to start with haplotype analysis of these
polymorphic sites. Additionally, we had to exclude anal-
ysis of EcoRV, since its exact position is not known. We
therefore were not able to discriminate between haplo-
types 3 and 4. However, it has been hypothesized that
haplotypes 3 and 4 evolved from a common ancestor
(Lichter-Konecki et al, 1994). Accordingly,
precise data about association of L48S with haplotype 3
or 4 would not contribute to the explanation of its origin.

Our results showed that expected heterozygosities
for the intron 5 EcoRI and intron 8 Xmnl polymorphic
sites were high. This finding indicates that L48S is not as-
sociated with a particular haplotype. It can therefore be
concluded that more than one haplotype is associated

with the L48S mutation in the Serbian population, despite
the fact that extended haplotype analysis was not per-
formed.

Our preliminary results exclude the possibility that
the L48S mutation originates from Serbia and suggest
that it was imported from populations with different ge-
netic backgrounds.

Family study of all patients with the L48S mutation
will provide full and final information about haplotypes
in the Serbian population and definitely elucidate its ori-
gin.
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MYTAIIMJE Y PAH I'EHY: OCHOBA 3A IONIYIALHNOHO-TEHETHYKO UCTPA’KUBAILE

MAJA CTOJWBKOBUR!, AHA CTEBAHOBUR'!, MAJA BPOPBEBUR?, BPAHKA TIETPYUYEB', HATAIIIA TOLIWR!, TEOJJOPA KAPAH
BYPAIIEBUR!, CAIbA ABEWR', MUJIEHA PAJIMUJIOBUR!, CObA TTABJIOBUR!

! Unemumym 3a monexynapmy 2enemuxy u 2enemuuko unaicersepcmeo, 11000 beorpan, Cpouja

2 Uncmumym 3a 30pascmeery saumunty majke u 0emema “IIp Byxan Qynuh”’, 11000 beorpan, Cpouja

DeHnkeToHypHja je ypohena merabonndka 0osect rnpo-
y3pOKOBaHa MyTaljama y reHy 3a (eHWJIaJaHuH XH-
npoxcunasy (PAH). V cprickoj momysanuju je uaeHTudu-
kxoBaHO 19 pasmuuntux PAH myrammja. PAH myrtanmje
kopumrheHe cy Kao MOJIEKYJIapHH MapKepH 3a MOIyJa-
IIHOHO-TEHETHIKO HCTpaxnBame. Hiucka BpeqHOCT XOMO-
surotHocTan PAH rena (0,10) ykasyje Ha XeTepOreHOCT
¢denunkeronypuje y Cpbuju u onpaxasa OpojHe MUrpa-

nuje y peruony jyroucroune EBpomne. Y ckiagy ca tum,
OCMUIIJbEHA je CTparerdja MOJIEKyJIapHe JHjarHOCTHKE
¢benunkeronypuje 3a CpOujy. Y 1uby pacBeT/baBarba
mopekITa Hajuemhe MyTaIyje Koja y3pokyje (heHuIKeTo-
HypHjy y Cpouju, L48S, ypalena je xammoruricka aHanu-
3a PCR-RFLP metonom. Hamm pesynraru cyrepuiy na
je L48S myrammja mopekioM W3 BHUIIE MOITyJiandja ca
Pa3IMUUTUM TeHETHYKUM KapaKTepHCTHKama.
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