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Abstract. Porphyrias are metabolic disorders result-
ing from mutations in haem biosynthetic pathway
genes. Hepatoerythropoietic porphyria (HEP) is a
rare type of porphyria caused by the deficiency of
the fifth enzyme (uroporphyrinogen decarboxylase,
UROD) in this pathway. The defect in the enzymatic
activity is due to biallelic mutations in the UROD
gene. Currently, 109 UROD mutations are known.
The human disease has an early onset, manifesting in
infancy or early childhood with red urine, skin pho-
tosensitivity in sun-exposed areas, and hypertricho-
sis. Similar defects and links to photosensitivity and
hepatopathy exist in several animal models, includ-
ing zebrafish and mice. In the present study, we re-
port a new mutation in the UROD gene in Egyptian
patients with HEP. We show that the homozygous
¢.T163A missense mutation leads to a substitution of
a conserved phenylalanine (amino acid 55) for isole-
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ucine in the enzyme active site, causing a dramatic
decrease in the enzyme activity (19 % of activity of
wild-type enzyme). Inspection of the UROD crystal
structure shows that Phe-55 contacts the substrate
and is located in the loop that connects helices 2 and
3. Phe-55 is strictly conserved in both prokaryotic
and eukaryotic UROD. The F55I substitution likely
interferes with the enzyme-substrate interaction.

Introduction

Haem is essential for nearly all forms of life as it
plays a pivotal role in oxygen transport, detoxification,
respiration, and other vital processes (Padmanaban et
al., 1989; Igarashi and Sun, 2006; Puy et al., 2010). It
was shown that haem also serves as a signalling mole-
cule with modulation capacity for various cellular pro-
cesses (Ogawa et al., 2001; Mense and Zhang, 2006),
ligand for the orphan nuclear receptors (Raghuram et
al., 2007), and as a critical gas sensor (Shimizu at al.,
2015; Martinkova et al., 2013). Haem is a product of a
cascade of eight consecutive enzymatic steps (Puy et al.,
2010). To follow the decreased bioavailability of haem
and its consequences, severe cases of porphyrias, diseases
with inherited defects in the haem synthetic pathway,
serve as a natural model for studies of evolutionarily
conserved metabolic pathways. Rare severe porphyrias
are caused by biallelic genetic defects (Puy et al., 2010).
Hepatoerythopoietic porphyria (HEP) represents a pro-
totype of such disease (Pinol-Aguade et al., 1969). HEP
is caused by a biallelic defect in the fifth enzyme in the
haem biosynthetic pathway, uroporphyrinogen decar-
boxylase (UROD) (Elder et al., 1981; de Verneuil et al.,
1984; To-Figueras et al., 2011).

HEP is characterized by an early disease onset, with
prominent skin lesions in childhood and UROD cata-

Folia Biologica (Praha) 61, 219-226 (2015)



220

M. S. Farrag et al.

Vol. 61

lytic activity decreased under 30 % of normal values.
Uroporphyrinogen decarboxylase (UROD) (UROD;
E.C.4.1.1.37) is a cytosolic enzyme that sequentially de-
carboxylates the acetate radicals of uroporphyrinogen
111, producing coproporphyrinogen I1I in the fifth step of
the haem biosynthetic pathway (Jackson et al., 1976;
Elder, 1998; Anderson et al., 2001). The enzyme is cod-
ed by the UROD gene, which is located on chromosome
1 (Dubart, et al., 1986) and spans over 3 kb (Dubart, et
al., 1986). The gene is regulated by a single known pro-
moter, has 10 exons, and a polyadenylation signal with
a canonical AATAAA element (Romana et al., 1987;
Moran-Jiménez et al., 1996). The UROD gene codes for
a primary polypeptide precursor formed of 367 amino
acyl residues (Romeo et al., 1986). The human UROD
protein is a homodimer with a molecular mass of ap-
proximately 40.8 kDa (Whitby et al., 1998).

Three metabolic phenotypes result from the decrease
in the catalytic activity of the UROD enzyme: sporadic
porphyria cutanea tarda (sPCT), familial porphyria cu-
tanea tarda (fPCT), and hepatoerythropoietic porphyria
(HEP) (de Verneuil, et al., 1984; Puy et al., 2010). sPCT
is the most common subtype of porphyria, which results
from a slight decrease in the UROD activity and is lim-
ited to the liver. sSPCT occurs due to the exposure to a
predisposing factor such as smoking, alcohol consump-
tion, viral infection, and drugs including oral contracep-
tive pills. No mutations in the UROD gene are found in
sPCT (Rocchi et. al., 1986; Fargion and Fracanzani,
2003), indicating a molecular link to additional meta-
bolic pathways. The decrease in the UROD enzyme ac-
tivity almost to 50 % of normal values in all tissues
leads to fPCT (OMIM: 176100). The diminished cata-
lytic activity of the enzyme is due to a heterozygous mu-
tation in the UROD gene (de Verneuil et al., 1978; Elder
et al., 1981; Mufioz-Santos et al., 2010). This condition
usually appears in adults and is also associated with a
predisposing factor similarly as in the case of sPCT
(Fargion et al., 1992; Elder, 1998; Moran et al., 1998;
Bulaj et al., 2000; Anderson et al., 2001; Cruz-Rojo et
al., 2002; Nordmann and Puy, 2002; Méndez et al.,
2005; Muioz-Santos et al., 2010). In fPCT, porphyrin
precursors, particularly uroporphyrinogen and hepta-
porphyrinogen, are accumulated in hepatocytes and
subsequently oxidized to their corresponding porphy-
rins, which pass to the circulation and are excreted by
urine (Elder, 1998; Anderson et al., 2001). This results
in the clinical manifestations of the disease such as cuta-
neous photosensitivity of sun-exposed areas, skin fragil-
ity, pigmentation, hypertrichosis, and in advanced cases
liver cell damage. The resulting fPCT is an autosomal
dominant trait with low clinical penetrance in which the
heteozygous UROD gene mutations lead to variable
phenotypes of carriers or manifested patients (Anderson
et al., 2001). Strikingly, the phenotype observed in hu-
man patients is recapitulated in zebrafish strains carry-
ing a UROD mutation (yquem). Fluorescent erythro-
cytes loaded with uroporphyrin are not only found in
these mutant fish, but also in morphants where UROD

activity has been suppressed. In the zebrafish commu-
nity, UROD inactivation serves as an excellent pheno-
typic marker for method development (Wang et al.,
1998; Kong et al., 2015).

In the present study, we report a mutation of a con-
served phenylalanine for isoleucine, which dramatically
decreases UROD enzymatic activity and causes HEP in
an Egyptian family. Molecular analysis of this human
genetic defect provides a new insight into the pathogen-
esis of the disease and possibly leads to individual thera-
peutic strategy.

Material and Methods

Subjects

The probands, a 13-year-old boy and his 11-year-old
sister, were identified as suspected carriers of a mutation
in UROD and HEP patients in cooperation with Professor
Hany Elweshahy from the Cairo University Hospital,
Department of Dermatology based on the clinical symp-
toms presented by red urine and elevated urinary uropor-
phyrin (data not shown, personal communication).

The ethics committee of the First Faculty of Medicine,
Charles University in Prague and General University
Hospital in Prague approved the study under No. 112/12.
Blood samples were obtained from the probands and the
mother after informed consent from the mother.

DNA analysis

Blood samples were collected in tubes containing
ethylene diamine tetraacetic acid (EDTA). Genomic DNA
was extracted from peripheral blood leukocytes using a
QIAamp DNA Blood Mini Kit (QIAGEN, Valencia,
CA) according to the manufacturer‘s protocol.

PCR amplification of the coding sequence exons
1-10 of the UROD gene and the associated splice donor
and acceptor sites was performed by using the primer
pairs and the optimized conditions as described by Mo-
ran-Jimenez et al. (1996). The PCR products were anal-
ysed by direct sequencing in an ABI PRISM 3100-Avant
Genetic Analyzer automatic sequencer (Applied Bio-
systems, Waltham, MA). The mutation was confirmed
by sequencing a second amplified fragment. In addition,
the coding exons of the UROS gene including the exon/
intron boundaries and the coding sequence of the PPOX
gene were amplified using the primer set and the opti-
mized conditions described by Xu et al. (1995) and by
Rossetti et al. (2008), respectively.

Expression of uroporphyrinogen decarboxylase
proteins

The expression plasmid pGEX-UD, which contains
the human UROD ¢cDNA, was designed. Mutation iden-
tified in the UROD gene of the probands was introduced
into pGEX-UD using the Quik-Change II Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). The muta-
tions were confirmed by sequencing. Bacterial cell pel-
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lets containing the normal and the mutated pGEX
constructs were grown overnight prior to induction with
0.1 mM isopropyl thiogalactoside (IPTG). Bacterial cell
pellets were washed in PBS and resuspended in lysis
buffer (250 mM potassium phosphate, pH 6.0, 0.1%
Triton-X 100) and the cells were disrupted by sonication
on ice. The bacterial lysates were centrifuged (Heracus
Multifuge X 1R, 7000 g for 10 min, Thermo Scientific,
Waltham, MA) and the UROD activity was measured in
the supernatants using pentaporphyrinogen I (Porphyrin
Products Inc., Logan, UT) as a substrate, as previously
published by de Verneuil et al. (1986). The porphyrins
produced were analysed by high-performance liquid
chromatography (HPLC) with fluorescence detection in
a Shimadzu apparatus (Shimadzu, Kyoto, Japan) ac-
cording to the method of Lim et al. (1983). The specific
activity was calculated as nmoles of coproporphyrino-
gen | formed per hour per mg of protein.

Results

Skin phenotype and its appearance from childhood
implicated, in the absence of biochemical data for the
above-mentioned reasons, three basic diagnostic possi-
bilities — HEP, less aggressive form of congenital eryth-
ropoietic porphyria (CEP, uroporphyrinogen synthase /
UROS/ gene defect) and homozygous porphyria varie-
gata (PV, protoporhyrinogen oxidase /PPOX/ gene de-
fect), especially because parents are the first cousins.
Simultaneous sequencing of UROD, UROS, PPOX ge-
nomic DNA (exonic sequences and exon/intron border
sequences) revealed mutation only in the UROD gene.

Physical examination revealed hypertrichosis on the
face and on the dorsal aspects of the forearms, as shown
in Fig. 1 and Fig. 2. The HEP pedigree is outlined in Fig. 3.

UROD gene sequences in the different members
of the family

Analysis of the UROD gene (Fig. 4) revealed a new
homozygous missense mutation in both probands. T—A

Fig. 1. Hypertrichosis on the cheeks and hair over-growth
on the dorsal aspects of the forearms.

transition at position 163 in exon 3 was identified
(c.163T>A), which leads to the substitution of phenyla-
lanine to isoleucine at codon 55 (p.Phe551le or F55I).
The mutation was confirmed by sequencing a second
amplified fragment. The mother was a heterozygous
carrier, as shown in Fig. 4.

Prokaryotic expression of the F551 mutant

The enzymatic activity of recombinant normal and
mutant UROD proteins was measured in bacterial ly-
sates using pentacarboxyl porphyrinogen I as a substrate.
As shown in Table 1, UROD-F55I had 19 % residual
activity as compared to the normal.

Discussion

Enzymes involved in the biosynthesis of haem and
haem metabolism are critical for living organisms. Their
conservation across biological taxa offers a wealth of
data shedding light at the basic mechanisms supporting
life functions. UROD is the fifth enzyme of the haem
biosynthetic pathway, which catalyses the removal of
four carboxymethyls from uroporphyrinogen reversing
it to coproporphyrinogen, thus affecting the steric pro-
portions of the substrate and transforming it into a fur-
ther enzymatically manageable new substrate (Elder et
al., 1978; Silva and Ramos, 2005). Interestingly, this
enzyme homodimerizes with a low monomer-dimer dis-
sociation constant of 0.1 pumol/l (in case of human

Fig. 3. Pedigree of the fPCT family. The father of the pro-
bands I-1 was not available for DNA analysis. The mother
I-2 was an obligate carrier. Half-filled symbols denote car-
riers of HEP. Black-filled symbols denote HEP patients.
Completely open symbol denotes the individual who was
not tested.
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Fig. 4. DNA analysis

Sequencing profiles for the mutation of the UROD gene in
the affected family members. 777 indicates the normal al-
lele (phenylalanine) present in the control sample. A77, the
mutant allele (isoleucine) is present at the homozygous
state in the probands and heterozygous state (WTT) in the
mother; W means A and T when both ATT and TTT alleles
are present.

UROD) (Philips et al., 2007). The dimerization is also
found in the case of bacterial UROD; nevertheless, it is
not clear whether the dimerization is necessary for the
UROD enzymatic function. Porphyrin ring biosynthesis

shares a common pathway for animals and plants in-
cluding the UROD enzyme (Heinemann et al., 2008).

HEP is a rare disease: fewer than 100 cases of HEP
have been described in the literature (Liu et al., 2013).
Table 2 depicts the frequency of the mutations of 21 un-
related families reported in the literature. A genetic ho-
mogeneity has been observed in Spain with the predom-
inance of the G281E mutation. By contrast, a great
heterogeneity of mutations has been found for other
countries in Europe, Africa or America. Because of the
heterogeneity of the mutations, the clinical outcome is
very variable, with mild or moderate phenotypes diffi-
cult to distinguish from familial PCT or a more severe
phenotype similar to CEP or homozygous VP. For ex-
ample, the genotype F46L found in two different fami-
lies (Ged et al., 2002; Armstrong et al., 2004) is associ-
ated with a mild phenotype. By contrast, the genotype
G281E is associated with a severe phenotype resem-
bling CEP.

This report describes a new missense mutation of the
UROD gene at the homoallelic state in young patients in
an Egyptian family, characteristic of HEP. The observed
mutation in the probands was present at the homozy-
gous state and their mother showed to be a heterozygous
carrier. There was no possibility to obtain the blood
from the father, but he should be bearing the same muta-
tion as the mother did. This is more evident because fa-
ther and mother of the affected siblings were cousins.

The mutation in the probands leads to the substitution
of phenylalanine to isoleucine at position 55 of UROD.
According to the crystal structure (Phillips et al., 2003),
this residue participates in the loop between helices 2
and 3 and interacts tightly with the substrate in the ac-
tive site (Fig. SA). Moreover, F55 is conserved in both
eukaryotes and prokaryotes (Fig. 5B). This offers the
possibility to study this new mutation in the UROD ac-
tive site with a specific human phenotype and enzyme
activity using a prokaryotic expression system. The
F55I mutant protein expressed in bacteria exhibits 19 %
of the wild-type protein activity (Table 1). We do not
have the possibility to investigate biological samples of
affected individuals to measure the UROD enzyme ac-
tivity directly. However, the relatively moderate skin
problems of the children correlate well with the high re-
sidual activity of UROD.

The mutation identification helps us to better under-
stand the disease and provide counselling to the affected
families. We report the first cases of HEP in the Egyptian
population based on molecular diagnosis of the UROD
gene. Because of a very low number of HEP patients
worldwide, the identification of a novel UROD mutation

Table 1. Expression of the normal and mutated GST-UROD fusion proteins

Plasmid Specific activity” No. of assays Residual activity (% vs WT)
Mean (SD) Range

pGEX-UROD 3.1+09 2.6-3.2 3 100

pGEX-UROD-F551 0.6+0.1 0.5-0.7 3 19

#Data are given as picomoles of coproporphyrinogen I formed per hour and per milligram of protein
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Table 2. Frequency of mutations in 21 independent HEP families

Mutation Ancestry N | Allelic status Allele frequency | References
-M1V Hungarian 1 Hetero 1/42 Remenyik et al., 2008
-F46L Spanish 2 | Homo 4/42 Ged et al., 2002

British Armstrong et al., 2004
-P62L* Portuguese 1 Homo 2/42 Moran-Jimenez et al., 1996
-Q71X Northern European 1 Hetero 1/42 Phillips et al., 2007
-V134Q British/German 1 Hetero 1/42 Meguro et al., 1994
-V166A Puerto Rican/Dominican 1 Hetero 1/42 Cantatore-Francis et al., 2010
-E167Q* Italian 1 Homo 2/42 Romana et al., 1987
-G168R Northern European 1 Hetero 1/42 Phillips et al., 2007
-G170D African 1 | Homo 2/42 To-Figueras et al., 2011
-H220P* British/German 1 Hetero 1/42 Meguro et al., 1994
-G281E* Spanish/Tunisian 9 Homo/Hetero** 17/42 Roberts et al., 1995
-R292G* Dutch 1 Hetero 1/42 de Verneuil et al., 1992
-P235S* Argentinean 2 | Hetero 2/42 Granata et al., 2009

Hungarian Remenyik et al., 2008
-Y311C* Italian 1 Homo 2/42 Moran-Jimenez et al., 1996
-IVS9-1GO* Argentinean 1 | Hetero 1/42 Granata et al., 2009
-Del Dutch 1 Hetero 1/42 de Verneuil et al., 1992
-645del1053* Puerto Rican/Dominican 1 Hetero 1/42 Cantatore-Francis et al., 2010
ins10

*Mutations were identified in both HEP and fPCT

*#8 patients (7 Spanish and 1 Tunisian) were homoallelic and one Spanish heteroallelic

Fig. 54. Graphical representation of the UROD structure (PDB 1r3y, only one monomeric unit is displayed) with co-
proporphyrinogen product in space-filling rendering. Sidechains participating in the direct binding of the product are
displayed in a ball and stick model. Phe 55 (mutated in the probands to Ile) is highlighted in bold and yellow.

and its characterization broadens our current knowledge
on the molecular heterogeneity of HEP worldwide.

In the mutation described in this paper, an aromatic
residue is replaced by a bulky aliphatic one. The stack-

ing interaction of three aromatic residues (Fig. 5A)
forming the bottom of the substrate-binding site is thus
disrupted and the substrate binding probably becomes
much looser. The absolute conservation of the mutated
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Fig. 5B. Alignment of a segment surrounding F55 (arrow) in human UROD with corresponding orthologous sequences
identified in selected metazoans, plants, fungi, bacteria and archaea. Species and UniProt sequence identifiers from top to
bottom: Homo sapiens, P06132; Drosophila melanogaster, Q9V595; Trichoplax adhaerens, B3S2H7: Arabidopsis thaliana
Q93ZB6; Saccharomyces cerevisiae, P32347; Escherichia coli, P29680; Halopiger xanaduensis, F8DD35. Only non-con-
served amino acids are shown and their functionality is coloured according to ClustalW scheme (www.jalview.com). F55
has been found conserved in all sequences inspected (over 1100).

residue indicates that the optimal arrangement in the vi-
cinity of the substrate had been reached early in the evolu-
tion and no further diversion in this region was possible.
Studies of mutations leading to phenotypic manifes-
tation such as a disease lead directly to discoveries of
functionally important primary structures of enzymes.
In this respect, disease is a consequence of direct distur-
bance of the protein function, and biological medicine is
becoming an important contributor to general biology,
in this case, the biology of haem and its availability.
There are 109 known mutations in the UROD gene in
humans. Their detailed molecular analysis is likely to
contribute to discoveries of new biological roles and
functions of this evolutionarily conserved enzyme.
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