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Abstract

Porphyria cutanea tarda (PCT) arises from decreased hepatic activity of uroporphyrinogen
decarboxylase (UROD). Both genetic and environmental factors interplay in the precipitation of
clinically overt PCT, but these factors may vary between different geographic areas. Decreased
activity of UROD in erythrocytes was used to identify patients with UROD mutations among a
group of 130 Spanish PCT patients. Nineteen patients (14.6%) were found to harbor a mutation in
the UROD gene. Eight mutations were novel: M1l, 5del10, A22V, D79N, F84l, Q116X, T141I
and Y182C. Five others were previously described: F46L, V134Q, R142Q, P150L and E218G.
The new missense mutations and P150L were expressed in £scherichia coli. D79N and P150L
resulted in proteins that were localized to inclusion bodies. The other mutations produced
recombinant proteins that were purified and showed reduced activity (range: 2.3—-73.2% of wild
type). These single amino acid changes were predicted to produce complex structural alterations
and/or reduced stability of the enzyme. Screening of relatives of the probands showed that 37.5%
of mutation carriers demonstrated increased urinary porphyrins. This study emphasizes the role of
UROD mutations as a strong risk factor for PCT even in areas where environmental factors
(hepatitis C virus) have been shown to be highly associated with the disease.
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The porphyrias are a group of metabolic diseases that arise from disturbances in heme
biosynthesis (1). Porphyria cutanea tarda (PCT; OMIM 176100), the most common form,
arises from a deficiency of uroporphyrinogen decarboxylase (UROD), the fifth enzyme of
the heme synthesis pathway (2). In overt PCT, there is accumulation of uroporphyrinogen
and other polycarboxylated intermediates in the liver that are oxidized to the corresponding
porphyrins. These are then released from the liver and circulate in plasma where they
become phototoxic on sun-exposed areas, leading to formation of the bullous lesions and
hypertrichosis associated with the clinical phenotype of PCT (3).
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At least two variants of the disease exist, designated types I and Il. The most common form
is type | (sporadic PCT, S-PCT) in which UROD deficiency is restricted to the liver. In type
Il (familial PCT, F-PCT), transmitted as an autosomal dominant trait, mutations in the
UROD gene are present and enzyme activity is reduced in all tissues. Variable clinical
expression is seen in F-PCT and in the absence of aggravating factors is rarely sufficient to
trigger an active phenotype.

Several environmental factors have been shown to precipitate overt clinical PCT in both F-
PCT and S-PCT, including alcohol abuse, chronic hepatitis C virus (HCV) infection and use
of oral estrogens (3). Mutations in the hemochromatosis gene (HFE) facilitate hepatic
siderosis that is recognized as a significant risk factor for developing PCT (4).

In overt PCT, the catalytic activity of UROD in the liver decreases to ~20% of normal
without an apparent change in protein level. Similar observations have been reported in
chemically induced porphyria in rodents. The conclusion from these studies was that a heat-
stable competitive inhibitor of UROD is formed /n vivo by a cytochrome P450-dependent
mechanism (5, 6).

The human UROD protein (accession number NP_000365) is a cytosolic homodimer that
catalyzes the sequential decarboxylation of four acetate chains of uroporphyrinogen to form
the tetracarboxylic coproporphyrinogen. The amino acid sequence is highly conserved
among species, and the crystal structures of both human and tobacco UROD have been
solved (7, 8). The two structures are very similar with respect to the overall fold.

The human UROD gene has been cloned, sequenced and mapped to the short arm of
chromosome 1 (1p34). The gene is ~3.4 kb and has 10 exons (9). Approximately 70
different mutations have been identified in UROD that associate with F-PCT or the
homozygous variant of PCT named hepatoerythropoietic porphyria [HEP; (10)].

In this study, we examined a series of Spanish PCT patients, mainly from the northeastern
Mediterranean area (Barcelona). In this region, the high prevalence of chronic HCV
infection has been shown to significantly contribute to the appearance of S-PCT (11).
Among this cohort of PCT patients, we characterized new mutations in the UROD gene,
studied the pathogenicity of the new mutants and explored the complex structural and
functional consequences of single amino acid substitutions in the UROD protein. We also
screened family members in search of silent mutation carriers that may present alterations in
the porphyrin excretion profile.

Materials and methods

Subjects studied

We studied 130 patients with suspected PCT who were referred to the Dermatology Unit,
Hospital Clinic of Barcelona (Spain) during the period 2004-2007 for diagnosis or follow-
up. There were 100 men and 30 women, Spanish Caucasians, living mainly in the area of
Barcelona. A diagnosis of PCT was established on clinical grounds and confirmed by
biochemical analysis of urine and feces. The mean age was 61 (range: 25-86 years). The
average age at the clinical onset of disease was 44.8 (range: 22—74 years), with no
significant differences between men and women.

All patients showed a positive response to standard treatment of PCT. A clinical history and
a lifestyle questionnaire were given to all patients with data including age at onset of the
cutaneous symptoms, associated diseases, family history, estrogen use and drug and alcohol
consumption. Additional biochemical and genetic data for most of these patients were
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available including serum markers of HCV infection, markers of hepatic iron status and
presence or absence of mutations in the HFE gene (C282Y and H63D). All patients were
asked to enroll in a study that would include further biochemical analysis of urine
porphyrins, erythrocyte UROD activity and sequencing of the UROD gene.

Additionally, 39 relatives of 12 probands were also genotyped and their urinary porphyrins
were examined.

The study was conducted in accordance with the Declaration of Helsinki principles and was
approved by the Ethics Committee of the Hospital Clinic of Barcelona. Written consent was
signed by all patients and relatives studied.

Biochemical characterization of PCT in patients and relatives

Urinary porphyrin excretion pattern was analyzed by reverse-phase high-pressure liquid
chromatography (HPLC) according to Lim and Peters (12).

Separation of porphyrins and isomers was achieved using an analytical column of 250 x 4.6
mm, 5-um particle size (BDS-Hypersil; Shandon HPLC, Cheshire, UK). Each porphyrin and
isomer fraction was quantified independently in urine and referred to nmol/mmol creatinine.
Urinary porphyrin excretion profiles were classified as being either normal (total porphyrins
in urine <35 nmol/mmol creatinine and normal distribution: coproporphyrin 111 > 1,
coproporphyrin I + 111 > uroporphyrins, and heptacarboxyl porphyrin 111<0.2 nmol/mmol
creatinine) or abnormal [total porphyrins >35 nmol/mmol creatinine and significant
deviations from the normal distribution (13)].

Erythrocytes UROD activity

UROD activity in erythrocytes was measured essentially according to McManus et al. (14).
Briefly, pentacarboxyl porphyrin I (Porphyrin Products, Logan, Utah) was reduced to
pentacarboxylic porphyrinogen | (PPI) with a sodium mercury amalgam (Sigma-Aldrich),
and red blood cells lysates were incubated adding PPI as a substrate of UROD, for 30 min at
pH 6.0, 37°C, under nitrogen. The substrate concentration used was ~10-fold greater than
the K, of UROD for PPI. The reaction was stopped by adding 0.5 ml of a 1:1 mixture of
trichloroacetic acid (10%) and dimethyl sulfoxide containing 0.7 pmol of mesoporphyrin per
liter as internal standard. The amount of coproporphyrinogen formed from PPI was assessed
by HPLC according to the method described above. UROD activity is reported as pmoles of
coproporphyrinogen formed per hour per mg of hemoglobin (U/mgHb).

Sequencing of the UROD loci

Genomic DNA was extracted from whole blood samples following the salting-out procedure
(15). We analyzed exons 1-10 of the UROD gene and the associated splice donor and
acceptor sites. The primers used for exon amplification are available from the authors.

Polymerase chain reaction products were purified using the GFX™ PCR DNA and gel band
purification kit (Amersham Biosciences, Uppsala, Sweden) and automatically sequenced
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA) and an ABI13100 automatic sequencer (Applied Biosystems). Direct sequencing was
performed using primers available from the authors.

Expression of UROD proteins

The expression plasmid pHT77 contains the human UROD complementary DNA under the
control of the T7 inducible promoter (16). Missense mutations in the UROD gene identified
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in this study were introduced into pHT77 using the QuikChange Il Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). The mutations were confirmed by sequencing.

UROD proteins were expressed in Rosetta2 (DE3) pLysS (Novagen, Madison, WI) in 2-1
cultures by autoinduction. Cells were harvested and resuspended in 50 mM Tris at pH 8.0
and 100 mM NaCl and allowed to lyse for 30 min on ice. The lysate was sonicated for three
times for 30 s for 1.5 min total. The cell debris was removed by centrifugation and the
supernatant was filtered through a 0.8-pm filter. The UROD was purified on a 1 ml Ni-NTA
(Qiagen, Valencia, CA) column using a step gradient with buffers containing 50 mM NaPOy,
at pH 7.0, 500 mM NaCl, 5% glycerol and 2.5 mM [-mercaptoethanol with or without 250
mM imidazole. Peak fractions containing UROD were pooled, concentrated to 1-6 mg/ml
and dialyzed against 4 | 50 mM Tris at pH 6.8, 150 mM NacCl, 5% glycerol and 1 mM p-
mercaptoethanol. Proteins were assayed for enzymatic activity as previously described (17).

Identification of F-PCT patients

Erythrocyte UROD activity was measured in all PCT patients. Selection of candidates for
sequencing the UROD loci and the identification of individuals harboring UROD mutations
were performed as follows.

A preliminary receiver operating characteristic (ROC) curve was constructed for UROD
activity in erythrocytes based on the UROD genotyping (presence or absence of mutation) as
a reference (18). UROD activity of the first 20 individuals (including 10 patients and 10
family members) who were found to harbor a mutation within the UROD gene was plotted
against enzyme activity of 21 control individuals who were negative for a mutant UROD
allele (including 10 family members and 11 unrelated controls).

The area under the curve was 0.983 (SE: 0.016; 95% CI: 0.914-0.998). A provisional cutoff
value for UROD activity was set at 38 U/mgHb (sensitivity: 96.7; 95% CI: 82.7-99.4;
specificity: 88.6; 95% CI: 73.2-96.7). From there on, all new consecutive PCT patients, with
erythrocyte UROD activity below the cutoff point, were sequenced (7= 6; all were found to
be carriers). All the patients who showed UROD activity between 38 U/mgHb (cutoff) and
43 U/mgHb (cutoff + 15; sensitivity: 100; 95% CI: 88.3—100) were also sequenced (7= 25;
3 were found to be carriers). Fifteen additional patients with high UROD activity (all UROD
>43 U/mgHb) were randomly selected and genotyped. None of these patients were found to
be carriers of mutant UROD alleles. This allowed classification of the patients into F-PCT (n
=19; 12 women and 7 men; all genotyped and with a confirmed mutation) and S-PCT (n=
111; 18 women and 93 men; 37 genotyped and being wild type and the rest with high
UROD activity and not genotyped). All the relatives (7= 39) were directly genotyped. At
the conclusion of the study, a new ROC curve was constructed based on all individuals
sequenced and with UROD measured (n7= 95; Fig. 1). The cutoff point was adjusted and set
at 39 U/mgHb (sensitivity: 93.00; 95% CI: 80.94-98.5; specificity: 87.7; 95% ClI: 75.3—
94.9).

Consequently, the proportion of F-PCT among this series of Spanish PCT patients was
14.6%. No patients with a family history of PCT and normal UROD activity (PCT type I11)
were identified in this study.

Identification of mutations within the UROD gene

Sequencing of the UROD loci of the F-PCT patients allowed identification of 13 different
mutations within the UROD gene including 8 novel mutations (Table 1).
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Expression of new missense mutations in prokaryotes

Previously uncharacterized missense mutations were cloned into an expression system and
purified for additional analysis. The P150L mutation that had been initially found in Italy
but not expressed in prokaryotes was incorporated into this analysis (19). Recombinant
UROD proteins were recovered from four of the mutants: A22V, F841, T1411 and Y182C
(Fig. 2a). Two of the mutants, D79N and P150L, were expressed in the Escherichia colito
significant levels; however, the proteins were not present in the soluble fraction and were
not studied further (Fig. 2b). The activities of the mutant proteins were measured using
uroporphyrinogen | and uroporphyrinogen Il as substrates. The activities for each are
shown in Table 2.

Additional risk factors

Additional risk factors for PCT were investigated among this group of F-PCT patients.
Twelve out of 19 patients (63%) presented at least one identifiable risk factor in addition to
the UROD gene mutation. Three patients were heterozygous for the HFE C282Y allele and
other three were homozygous for the H63D allele; three other patients presented anti-HCV
antibodies in blood and other three confirmed the use of estrogens either for oral
contraception or menopausal symptoms. Daily alcohol consumption >40 g was found in 6
out of 7 men and in 1 out of 12 women.

Comparison between F-PCT and S-PCT patients showed that the only environmental risk
factor which was significantly different between both groups was chronic HCV infection
(15% and 75%, respectively).

Family study

We genotyped 39 relatives belonging to 12 different F-PCT families. Mutations in UROD
were detected in 16 of the relatives genotyped (41%). On examination, 6 of 16 (37.5%)
revealed increased urinary porphyrins and a typical PCT pattern (Table 3). Only three of
them presented dermatological manifestations, thus documenting the existence of a number
of PCT family carriers with only biochemical abnormalities.

Discussion

The proportion of PCT patients classified as F-PCT, based on the presence of a mutant
UROD allele, has differed based on geographic and ethnic factors. According to published
reports that include UROD genotyping, this may range from 24% found among Danish PCT
patients to 50% found among a series of patients from Chile (20, 21). Our study found a
somewhat lower percentage of F-PCT (14.6%), which may be in accordance with previous
studies that found a high prevalence of HCV infection among the general Spanish
population and a probable major role of HCV infection in the triggering of PCT in this
geographic zone (11, 22).

The prevalence of UROD mutations among the general population is unknown but is most
likely very low. Therefore, the finding of UROD mutations in 14.6% of our patients, even if
lower to that found in other studies, clearly shows that harboring a UROD mutation is a
major risk factor for developing PCT. Moreover, the existence of a significant number of
family carriers with increased urinary porphyrins (Table 3) reinforces this notion. However,
given the frequent coexistence of other risk factors among the F-PCT patients (at least 63%
in our series), the inherited UROD mutation may be viewed as one factor among a complex
series of events that ultimately lead to the clinical precipitation of the disease.
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One of the previously reported mutations, the E218G mutation, has been observed in
Spanish PCT patients unrelated to the four probands reported in this study, thus suggesting a
relatively high frequency of this mutation among Spanish F-PCT carriers (23).

The F46L mutation, found in two independent probands of our series, had been previously
reported in patients with HEP and also in a PCT patient from Chile (21, 24, 25). One study
reported an HEP patient with a unique urinary excretion pattern with a predominance of
pentacarboxylated porphyrins (25). This observation was not confirmed in the F-PCT
patients reported in this study. Both our patients with the F46L mutation presented with
typical urine porphyrin profiles with a predominance of uroporphyrin and heptacarboxylated
porphyrins.

The V134Q mutation has also been reported both in HEP and in PCT patients (20, 26, 27).
Its appearance in a different series of patients is also striking as the amino acid change
involved is distant from the enzyme active site and the purified recombinant UROD vyielded
a nearly normal activity when engineered in prokaryotes (27). This suggests that this
mutation creates a UROD protein that may be rapidly degraded /n vivo.

Mutations initially identified in HEP patients were considered to rarely precipitate overt
disease when present as simple heterozygotes (3). One study reported the existence of an
HEP pedigree member who was heterozygous for the F46L allele and presented a normal
erythrocyte UROD activity (24).

Nonetheless, our results as a whole tend to confirm an increasing number of HEP mutations
being found also among heterozygous F-PCT patients.

The M1l substitution (c.3G>A\) is a novel mutation found in this study, although a different
change in the same codon, M1T, has been previously reported (20). The absence of an initial
methionine codon within the messenger RNA (MRNA) Kozac consensus sequence is
predicted to lead to a loss of translation from the mutant allele.

Nucleotide sequencing of a proband identified a C>T substitution at nucleotide position 346
in exon 5 (Table 1). The predicted effect is a change from glutamine at amino acid position
116 to a stop codon (CAG > TAG), designated Q116X. This may yield a truncated protein
of 115 amino acids or nonsense-mediated mMRNA decay. A similar effect can be predicted
from a deletion of 10 bp initiated at the fifth nucleotide of exon 1 (5del10; Table 1).

Our study identified several new missense mutations. Characterization of these (plus the
already reported P450L) (28) included heterologous expression and biochemical
characterization.

The two mutants that failed to produce a soluble protein are located at the base of the (f/a)g-
barrel. The aspartic acid at position 79 (D79N mutant) is totally conserved across 13 species
of UROD (7). The extensive hydrogen bonding network of D79, to H358, N16 and Y30 is
important to correctly position the terminus of the helix as it transitions into the B-sheet.
Both carboxylate oxygen atoms participate in the formation of the hydrogen bonding
network (Fig. 3). The proline in position 150 is also situated at the base of an a-helix that
turns sharply up into one of the B-sheets that forms the core of the barrel. Proline at position
150 (P150L) is highly conserved, and disruption of either of these two leads to a misfolded
protein that is trafficked to inclusion bodies.

The four remaining mutants produce a protein that is soluble but has reduced catalytic

activity (Table 2). The alteration of alanine 22 to a valine is a minor structural shift (Fig. 4).
The residue is buried in at the base of the barrel, and the additional bulk of the valine residue
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may be sufficient to alter the active site geometry. The minimal loss in catalytic activity
supports this; however, this alteration may decrease the stability of the protein thereby
reducing the total amount of UROD available for catalysis. Residue 84 is one of several
phenylalanines that forms the base of the active site (Fig. 4). This network of hydrophobic
aromatic residues forms a platform that allows the substrate to adopt the domed
configuration that positions the four pyrrole nitrogens to hydrogen bond to aspartic acid 86.

Threonine in position 141 is positioned with the side chain exposed to the interior of the
structure. The larger sidespin of isoleucine is unable to be accommodated in this
environment. Compensatory changes in the structure would likely be required to adjust to
the bulk of the isoleucine. The tyrosine in position 182 is located on the dimer interface and
has few inter- or intramolecular interactions. The loss in catalytic activity may be due to
subtle alterations in the structure that affect interaction between monomers.

The family study showed that a significant proportion of mutation carrier relatives present
abnormal and increased urinary excretion of porphyrins. Only a few of them presented with
clinical symptoms, suggesting that the mutations may induce only subtle biochemical
manifestations in some individuals. The study also confirms that a high proportion of UROD
mutation carriers never develop overt PCT symptoms and that the factors that may lead to
clinical expression in the patients remain in many cases obscure.
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Fig. 1.
Receiver operating characteristic curve for UROD activity in erythrocytes. Area under the
curve (95% ClI): 0.9625 (0.9314-0.9935).
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Fig. 2.

Expression and purification of UROD proteins in Escherichia coli. (8) Recombinant proteins
were purified using an Ni-NTA resin and separated on a 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Recombinant human UROD runs at an
apparent molecular weight of 42 kDa. The UROD without a mutation (wild type, WT) is run
for comparison. (b) The insoluble pellet (1) and the soluble supernatant (S) were separated
on a 10% SDS-PAGE gel; D79N, P150L and WT were compared with the purified
recombinant human UROD (rhUROD). The UROD protein from D79N and P150L is
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present in the insoluble fraction, while WT is primarily present in the soluble fraction. EV,
empty vector control.
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Fig. 3.
Location of UROD mutants at the base of the TIM barrel. Mutants D79N and P150L

destabilize the core of the barrel and lead to misfolding of the proteins. The hydrogen
bonding distances of D79 are shown as dashed yellow lines.
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Fig. 4.

Location of UROD missense mutants identified in this study. A monomer of UROD with (-
sheets in red, a-helices in blue and stands in purple is shown in the cartoon. The side chains
of amino acids mutated are labeled and shown in green.
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Activity of UROD proteins

Table 2

Uropor phyrinogen |

Uroporphyrinogen |11

Mutation activity®  SD activity®  SD
A22V 62.6 12.3 73.2 145
F84l 1.7 13 2.3 14
T1411 21.3 29 26.7 4.0
Y182C 40.0 10.8 65.2 10.0

a. ... . .
Activity of UROD mutant proteins toward uroporphyrinogen I.

bActivity of UROD mutant proteins toward uroporphyrinogen I11. Activity shown as percentage of wild-type activity.
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Table 3

Screening of family members

Family Mutation

Number Number of  Urinary
screened®  carriers®  porphyrins®

V134Q
V134Q
R142Q
E218G
E218G
M1l

D79N
F46L

P150L
R142Q
A22V
12 F46L

© 00 N o U A~ W N

=
» o

5
6
4
2
1
2
3
1
2
2
1
7

N © N N O B N O B B N W
N O O P O O N O O O +» O

rEINumber of family members genotyped.

bFamin members carriers of UROD mutation.

c_ . - . . .
Family members with increased urinary porphyrins and porphyria cutanea tarda pattern.
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