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de France Ouest, 92100 Boulogne-Billancourt, France, 3Department of Pediatrics, Faculty of Medicine I, Charles

University, Praha, Czech Republic, 4Laboratoire d’Ingénierie des Protéines et Contrôle Métabolique, Département de
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Hereditary coproporphyria (HCP), an autosomal dominant acute hepatic porphyria, results from mutations in
the gene that encodes coproporphyrinogen III oxidase (CPO). HCP (heterozygous or rarely homozygous)
patients present with an acute neurovisceral crisis, sometimes associated with skin lesions. Four patients
(two families) have been reported with a clinically distinct variant form of HCP. In such patients, the presence
of a specific mutation (K404E) on both alleles or associated with a null allele, produces a unifying syndrome
in which hematological disorders predominate: ‘harderoporphyria’. Here, we report the fifth case (from a third
family) with harderoporphyria. In addition, we show that harderoporphyric patients exhibit iron overload sec-
ondary to dyserythropoiesis. To investigate the molecular basis of this peculiar phenotype, we first studied
the secondary structure of the human CPO by a predictive method, the hydrophobic cluster analysis (HCA)
which allowed us to focus on a region of the enzyme. We then expressed mutant enzymes for each amino
acid of the region of interest, as well as all missense mutations reported so far in HCP patients and evaluated
the amount of harderoporphyrin in each mutant. Our results strongly suggest that only a few missense
mutations, restricted to five amino acids encoded by exon 6, may accumulate significant amounts of hardero-
porphyrin: D400–K404. Moreover, all other type of mutations or missense mutations mapped elsewhere
throughout the CPO gene, lead to coproporphyrin accumulation and subsequently typical HCP. Our findings,
reinforced by recent crystallographic results of yeast CPO, shed new light on the genetic predisposition to
HCP. It represents a first monogenic metabolic disorder where clinical expression of overt disease is depen-
dent upon the location and type of mutation, resulting either in acute hepatic or in erythropoietic porphyria.

INTRODUCTION

Human porphyrias are a group of inborn errors of heme bio-
synthesis that are classified as hepatic or erythropoietic

according to clinical data and to the main site of expression
of the specific enzymatic defect (Fig. 1). Of all autosomal
dominant acute hepatic porphyria, hereditary coproporphyria
(HCP) is the least common, with incomplete penetrance due
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to a partial deficiency of coproporphyrinogen III oxidase
(CPO; EC 1.3.3.3). Human CPO is a mitochondrial enzyme
encoded by a 14 kb CPO gene containing 7 exons located
on chromosome 3q11.2 (1). The enzyme catalyses the step-
wise oxidative decarboxylation of the heme precursor,
coproporphyrinogen III to protoporphyrinogen IX, via a
tricarboxylic intermediate known as ‘harderoporphyrinogen’
(Fig. 2A) (2). Two phenotypically distinct disorders related
to the deficient enzyme have been described: HCP, including
its homozygous variant form [MIM 121300] and harderopor-
phyria (3–6). The molecular relationship between the single
CPO gene and these two different phenotypes have not yet
been defined and the biochemical basis remains unexplained.
In HCP, clinical penetrance is low and symptoms are very
rare before puberty. Clinical manifestations of the disease
are characterized by acute attacks of neurological dysfunction
often provoked by drugs, fasting, menstrual cycle or infectious
diseases (7,8). Skin photosensitivity may also be present.
Excretion of large amounts of coproporphyrin III, mostly in
feces and urine, is observed. Over 44 mutations in the CPO
gene have been identified in HCP families (Human Gene
Mutation Database, http://archive.uwcm.ac.uk/uwcm/mg/
hgmd0.html). So far, mutations are family specific without
any hotspot or phenotype/genotype correlations (9).

Harderoporphyria is a rare erythropoietic variant form of
HCP, characterized by neonatal hemolytic anemia, sometimes
accompanied by skin lesions and accumulation of hardero-
porphyrin in feces (6,10,11). During childhood and adulthood,
a mild residual anemia is chronically observed. The four
affected individuals described so far are all homozygous or
compound heterozygous, suggesting a recessive mode of
inheritance of harderoporphyria. Clinically, harderoporphyric
patients are quite different compared with homozygous HCP
patients (hematological versus neurological and/or dermato-
logical symptoms, respectively). In harderoporphyria, all
patients reported to date are all homoallelic or heteroallelic
for the same missense mutation in the CPO gene (K404E
encoded by exon 6), suggesting that disruption of this region
of CPO impairs the second stage of the conversion of copro-
porphyrinogen III to protoporphyrinogen IX (11). Interest-
ingly, a heterozygous R401W mutation was found in a
British patient with HCP. However, heterologous in vitro
expression of the mutated protein induced a substantial 44%
accumulation of harderoporphyrinogen rather than copropor-
phyrinogen (9). In this study, we investigated a new case of
harderoporphyria in a Belgian family and evaluated iron
metabolism in this patient as well as in one harderoporphyric
patient previously reported. Furthermore, we performed

Figure 1. Heme biosynthetic pathway. Hepatic porphyrias are written in white on a grey background; erythropoietic porphyrias are written in white on a black back-
ground. ALA, d-aminolevulinic acid; PBG, porphobilinogen; URO’gen, uroporphyrinogen; COPRO’gen, coproporphyrinogen; PROTO’gen, protoporphyrinogen.
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expression study of all missense mutations reported so far in
the CPO gene and of additional mutants generated by site-
directed mutagenesis. On the basis of the results, we propose
that amino acids D400–K404 encoded by exon 6 constitute
the active site implicated in the second decarboxylation step
and that only patients with mutation in this region will
develop harderoporphyria.

RESULTS

A new patient with harderoporphyria

The patient developed a neonatal icterus during �3 months,
resolving spontaneously. During adulthood, this evolved
towards a mild- and well- tolerated anemia with episodic,
spontaneous, photosensitive cutaneous lesions. An atypical
profile of porphyrin excretion was found in feces with
massive accumulation of harderoporphyrin (Table 1;
Fig. 2B). Residual CPO activity of the patient was 18% of
wild-type activity (Fig. 3). We identified a homozygous A to
G transition at nucleotide 1210 in exon 6 of the CPO gene
resulting in a lysine to glutamate substitution at position 404
in the abnormal protein (K404E). The brother and two

children of this patient were heterozygous for the K404E
mutation and were asymptomatic. This mutation has already
been found in the first reported harderoporphyric patients (10).

Harderoporphyric patients have a moderate iron overload

In the course of our study, one of the four previously reported
patients was studied in our porphyria centre. We noticed that,
together with the new patient reported previously, they both
presented with iron loading anemia with high serum ferritin
level (Table 2). HFE genotype was normal, except for our
new patient who was H63D homozygous. The clinical
symptoms were reminiscent of hemochromatosis type 4
[MIM 606069] due to ferroportin/SLC40A1 mutations. We
sequenced all the exons and intron–exon junctions of the
ferroportin gene in both patients and found no mutation.
The patient from reference (6) showed the most severe iron
overload (serum ferritin ¼ 1438 mg/l), confirmed by the
quantification of liver iron by MRI (107 mmol/g of liver
tissue, N , 36). Etiologies of iron loading anemia were
explored for this caucasian patient. Hemoglobin electrophoresis
was normal and no mutation in a and b globin were found.
Bone marrow examination showed dyserythropoiesis: increased

Figure 2. (A) Stepwise decarboxylation of coproporphyrinogen III to form protoporphyrinogen IX catalyzed by CPO. (B) High-performance liquid
chromatography of porphyrins in stool of a healthy individual (N), an HCP patient and the harderoporphyric proband. P, protoporphyrin; H, harderoporphyrin;
C, coproporphyrin.
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Table 1. Porphyrin data from harderoporphyric patients

Normal values New patient From (6) Patient
from (11)Patient 1 Patient 2 Patient 3

Sex F M M F M
Urine
ALA (mmol/l) ,38 17 57 50 40 40
PBG (mmol/l) ,5 ,5 20 11 11 9
Uroporphyrin (nmol/l) ,50 150 150 35 320 120
Coproporphyrin and

harderoporphyrin (nmol/l)
,200 1188 2144 1980 2560 1820

Feces
Total porphyrins (nmol/g dry weight) ,200 672 342 656 272 1159
Coproporphyrin (%) 30 19 26 29 21 6
Harderoporphyrin (%) ,1 72 66 66 65 90
Protoporphyrin (%) 70 9 8 4 14 3

Erythrocyte
Total porphyrins (nmol/l) ,1240 — 1535 1740 2398 3340

Plasma
Total porphyrins (nmol/l) ,20 54 — — — —

Figure 3. Family pedigree (solid symbols, patient). In parenthesis is the residual lymphocyte CPO activity expressed in percentage. NA, not available. Family 1
has previously been described in (6) and family 2 in (11).
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erythroblasts (38%) with high morphologic abnormalities.
Congenital dyserythropoietic anemia type I, II or III were dis-
carded in the absence of specific morphologic features. Perls
staining revealed increased sideroblasts (65%, without ringed
sideroblasts) and highly active and iron overloaded macro-
phages. Erythrocyte survival half-time, determined by using
autologous red blood cells labeled with chromium 51, was
lower (21 days, N ¼ 28) with 2% hemolysis (N ¼ 0.83%).
Ferrokinetic study with 59Fe revealed only 51% of red blood
cell iron utilization (N ¼ 70%). We concluded that the iron
overload observed is secondary to the marked dyserythropoi-
esis. The patient was treated with deferoxamine for 1 year,
which normalized its serum ferritin and hepatic iron content
(23 mmol/g of liver tissue).

Identification of the domain involved in the conversion of
harderoporphyrinogen to protoporphyrinogen IX

Hydrophobic cluster analysis (HCA) is a method used to
investigate the basis of protein stability and folding (12–14).
First, the 1D-sequence of a globular protein is written in an
a-helical bidimensional representation. Hydrophobic amino
acids are not distributed randomly but form clusters which
correspond to the positions of regular secondary structure
(a-helices or b-strands) (15). Therefore, the 2D-structure of
a protein sequence can be predicted from the examination of
the HCA plot. The HCA plot of CPO exhibited a region
around the K404 amino acid which formed a hinge between
two secondary structures (Fig. 4A). This region is highly con-
served throughout evolution (Fig. 4B). We decided to study
the five amino acids (D400, R401, G402, T403 and K404)
of this region and three surrounding amino acids (F395,
Y399 and F405).

Heterologous expression of mutated CPO

The eight amino acids of interest located in the region encoded
by exon 6 of the CPO gene (F395, Y399, D400, R401, G402,
T403, K404 and F405) were individually mutated by site
directed mutagenesis using pGEX-2T:CPO bacterial

expression vectors and the mutant proteins were expressed
in E. coli. It has already been shown that when CPO is
expressed as a GST-fusion protein, its enzymatic activity is
not affected significantly (16). For the six amino acids
Y399–K404, we introduced mutations that modified the
polarity and/or the charge of the amino acid. This selection
was made with the help of the Dayhoff’s mutation odds
matrix (17,18). The Y399L mutant showed only a minor
defect (81% of residual activity compared with wild-type
CPO) (Table 3). The mutation of the five amino acids in the
region of interest (D400–K404) resulted in variable loss of
enzymatic activity with major harderoporphyrin accumulation.
F395 and F405 were replaced by a glycine which was
expected to destabilize secondary structure. This resulted in
loss of enzymatic activity (4 and 1% of residual activity,
respectively) without significant harderoporphyrin accumu-
lation. To further document whether harderoporphyrin
accumulation may be restricted to mutation introduced in
this region, pGEX-2T:CPO expression vectors were con-
structed for each mutant allele reported so far in human
patients and expressed in E. coli. Table 4 shows that the
CPO activities of the mutant proteins, determined by measur-
ing protoporphyrin(ogen) formation, were 1–66% of the
wild-type activity, for all the mutations. Protoporphyrin(ogen)
was the main reaction product in all cases (.80% compared
with harderoporphyrin �12%), with the notable exception
of the two missense mutations R401W and K404E encoded
by exon 6 which caused substantial accumulation of the
tricarboxylic intermediate harderoporphyrinogen (44 and
28%, respectively; Table 4).

DISCUSSION

In this study, we report clinical and molecular investigations in
a third family with harderoporphyria, presenting a proband
homozygous for the K404E mutation. The patient displayed
symptoms and signs of anemia and chronic skin lesions. The
pattern of porphyrin excretion showed that the major part
of fecal porphyrin was harderoporpyhrin. In addition, total
porphyrins were increased in plasma. Enzymatic studies of

Table 2. Hematological data and iron investigation from harderoporphyric patients

Normal values New patient Patient 1 from (6)

Sex F M
Age (years) 35 25
Hematological data
Hb (g/dl) F: 11–15/M: 13–17 10.4 10.4
MCV (fl) 80–100 64 63
Reticulocyte count (/mm3) 30 000–80 000 110 000 227 000
(% of red blood cells) 0.5–1 2.1 5

Iron investigation
Iron (mmol/l) 11–27 32 16
Transferrin saturation (%) 20–40 43 39
Ferritin (mg/l) F: 20–180/M: 20–300 192 1438

HFE genotype
C282Y C/C C/C C/C
H63D H/H D/D H/H
S65C S/S S/S S/S

F, female; M, male.

Human Molecular Genetics, 2005, Vol. 14, No. 20 3093

Downloaded from https://academic.oup.com/hmg/article-abstract/14/20/3089/626236
by PPD Development LP user
on 19 November 2017



CPO activity in lymphocytes showed a 18% residual activity
compatible with a homozygous deficient CPO gene. Clinical
and biological patterns were similar to that observed in the
four harderoporphyric patients previously reported (6,10,11).
It must be emphasized that abdominal pain and neurological
symptoms, suggestive of acute hepatic porphyrias, have not

been seen in harderoporphyric patients. For this reason,
these patients have never been treated by heme arginate
injections, which is the main therapy used in acute hepatic
porphyrias. For the first time, we report that harderoporphyric
patients are iron overloaded. It is likely that harderoporphyria
is an iron loading anemia. Two mechanisms could contribute

Figure 4. Secondary structure and sequence alignment of CPO. (A) HCA plot of human CPO between amino acids 340 and 454. The CPO sequence is written in
an a-helix that is duplicated to restore the full environment of each amino acid. Hydrophobic clusters of amino acids are in grey and predicted secondary
structure elements in the protein. The arrow indicates how to read the 1D-sequence in HCA representation. (B) Comparison of amino acid sequences from
human (H. sapiens ), mouse (M. musculus ), Glycine max (G. max), Nicotiana tabacum (N. tabacum), Hordeum vulgare (H. vulgare), Escherichia coli
(E. coli), Salmonella typhimurium (S. typhi.) and Saccharomyces cerevisiae (S. cerevisiae ). Highlighted in green are amino acids tested by site-directed muta-
genesis and resulting in mutant proteins expressed in E. coli that accumulated high level of harderoporphyrin. H, position where a mutation has previously been
described in patients and resulting in mutant enzyme that accumulate harderoporphyrin in vitro (9,10). (C) Secondary structure of yeast CPO (carboxyterminal
end). H, a-helix; S, b-strand. Adapted from Phillips et al. (23). (D) Stereo view ribbon diagram showing closed conformation of yeast CPO. Helices H2 and H8
move to enclose the active-site cavity. Compared with human CPO, H8 contains amino acids 400–408. Adapted from Phillips et al. (23).
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to the hematological phenotype observed. Firstly, dyserythro-
poiesis occurring in bone marrow could be related to
harderoporphyrin accumulation and/or heme deficiency in
red blood cell progenitors. Furthermore, maturation arrest of
erythroid precursors is known to stimulate intestinal iron-
absorption. Secondly, overproduction of porphyrins may
account for hemolytic symptoms. Indeed, hemolysis of eryth-
rocytes could result from photolysis of porphyrin-laden cells
exposed to light in the dermal capillaries (11). This intravascu-
lar hemolysis should worsen the anemia, but not participate to
the iron overload, because intravascular hemolysis does not
stimulate intestinal iron-absorption (19). In our study, molecu-
lar analysis of the new patient showed a homozygous point
mutation, resulting in a lysine to a glutamic acid substitution
(K404E), previously reported in harderoporphyria at the
homozygous state or associated with a null allele (10,11).
The neighbouring mutation R401W has been identified at
the heterozygous state in a British woman with a typical
HCP. However, the R401W mutant enzyme expressed in a
prokaryote system showed a 75% residual activity (compared
with wild-type CPO) and a 44% harderoporphyrin accumu-
lation. Both mutations lie in a highly conserved region of
CPO, encoded by exon 6, that may be adjacent or form part
of its active site (11) and may impair decarboxylation of
harderoporphyrinogen (9,20). So far, only four other mutations
in exon 6 have been found in HCP: two lead to frameshift
mutations resulting in a probable truncated protein and two
point mutations result in exon 6 skipping which leads to
a null activity in in vitro expression study (11). These

observations lead us to investigate the bidimensional structure
of the CPO domain encoded by exon 6. Secondary structure
prediction by HCA revealed a hinge zone between two sec-
ondary structures extending from amino acids 400 to 404.
The systematic analysis, by site directed mutagenesis, of the
five amino acids of this region (D400–K404) resulted in vari-
able loss of enzymatic activity with major harderoporphyrin
accumulation, whereas only mild harderoporphyrin accumu-
lation was observed when the surrounding amino acids were
mutated. Moreover, we have expressed in vitro, all the 21 mis-
sense mutations reported so far in HCP and harderoporphyric
patients and measured the porphyrins produced. R401W and
K404E are the only two that mainly affect the second decar-
boxylation reaction during the conversion of coproporphyrino-
gen III to protoporphyrinogen IX. Our data strongly support
the hypothesis that the short region extending from amino
acids 400 to 404 predicted by HCA and encoded by exon 6
is important for catalysis of the oxidative decarboxylation of
harderoporphyrinogen. This region may be important in
preventing diffusion of harderoporphyrinogen away from the
catalytic site during the sequential reaction.

Human CPO is a 76 kDa protein that is active as a homo-
dimer in the mitochondrial intermembrane space (16).
However, because of the lack of crystallographic data, little
structural information about the human CPO enzyme is avail-
able. A catalytic model has first been proposed by Elder et al.
(2) and has recently been refined by Lash et al. (21,22). The
active site of CPO is presented with three individualized
sites: one as a binding site for a propionate side chain, one
representing the catalytic site where oxidative decarboxylation
of a propionate occurs and a steric site for a small non-polar
unit (methyl or vinyl). In this model, both oxidative decarboxy-
lations of coproporphyrinogen occur at the same active site
after a rapid 908 anti-clockwise rotation of the reaction inter-
mediate, harderoporphyrinogen. The substrate, interacting
with the enzyme surface, does not leave the enzyme cleft.
This model could explain why the first decarboxylation step
is rate-limiting. However, a loss of harderoporphyrinogen
from the cleft could occur when an excess of coproporphyrino-
gen is present. Kinetic studies have shown that in harderopor-
phyric patients, the abnormal CPO has a reduced affinity for
harderoporphyrinogen which may leave the enzyme cleft
more easily and this may account for its accumulation in
patients (6). Recently, Phillips et al. (23) published the
crystal structure of Saccharomyces cerevisiae CPO. Whereas
the yeast enzyme resides in the cytosol, it shares 52%
homology with human CPO. This study supports the catalytic
model of Elder et al. refined by Lash et al. (2,21,22). The yeast
enzyme adopts a dimeric conformation with two independent
active sites, one per monomer. In yeast, two different crystal
forms have been isolated depending on the opened or closed
conformation of the active site. The closed conformation is
induced by binding of the substrate. This substrate-induced
conformational change is mediated by the movement of two
helices (H2 and H8) which form a lid over the active site
resulting in a buried substrate-sized cavity. Alignment of the
amino acid sequences of yeast and human CPO reveals that
our region of interest between amino acids D400–K404 is
located in the H8 helix (Fig. 4C and D). Consequently, we
can speculate that mutations affecting H8 helix could

Table 3. E. coli expression of mutant in exon 6 of CPO cDNAs

Constructa CPO specific
activityb

CPO activityb

(% of wild-type)
Harderoporphyrinc

(% of porphyrins
produced)

CPO/sense 15 841 100 14
CPO/antisense 789 / 6
Empty plasmid (EP) 794 / 9
F395G 1 437 4 11
Y399L 12 993 81 10
D400R 827 ,1 21
R401Wd 11 970 75 44

K 10 338 63 51
D 7 557 45 43

G402A 850 ,1 33
T403N 5 491 31 36
K404Ee 10 832 66 27

N 10 104 61 20
F405G 950 1 12

The arrow indicates the hypothetical functional region encoded by exon 6.
aExpression vector: pGEX-2T.
bSpecific activity was expressed in pmol of protoporphyrin/h/mg protein at
378C. Residual activity was determined by the formula:

100� ½SA� SAðEPÞ�

SAðCPO=senseÞ � SAðEPÞ

ðSAðEPÞ specific activity for empty plasmid):

cSignificative harderoporphyrin accumulation was considered if �20%.
dReported in one heterozygous HCP patient, but responsible for significant
harderoporphyrin accumulation in E. coli (9).
eSubstantial accumulation of harderoporphyrin similar to that observed in
the K404E mutation causing harderoporphyria (9).

~
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decrease the affinity of CPO for harderoporphyrinogen, as
observed in harderoporphyric patients (6). Indeed, Philips
et al. (23) hypothesised that the K404E mutation could
destabilize the binding site by H-bonds CO groups at
C-terminus of the helix and that the R401 in human (R275
in yeast) and D400 (D274 in yeast) could be involved in the
active site.

In human porphyrias, we establish the existence of a
phenotype/genotype relationship in the human CPO gene;
we support the catalytic model of Lash et al. and demonstrate
that harderoporphyrin accumulation is restricted to five amino
acid substitutions at position 400–404. Our results, supported
by recent crystallographic data of yeast CPO, demonstrate that
the type and location of the mutations in the CPO gene modu-
late the phenotype. This molecular and protein relationship
strongly suggests that mutations in human CPO gene predict
the clinical outcome of the disease, with either hepatic
hereditary coproporphyria or hematological manifestations of
erythropoietic harderoporphyria.

MATERIALS AND METHODS

Case report

Procedures involving human subjects were performed in
accordance with the 1983 revised version of the Declaration

of Helsinki and informed consent was obtained from all
subjects prior to their inclusion in the study. The patient, a
39-year-old woman, was born at term of healthy, non-
consanguineous Belgium parents. Shortly after birth, she
developed a severe icterus which disappeared spontaneously
at 3 months of age; she remained slightly icteric afterwards.
No diagnosis was established. Hepatic porphyria was sus-
pected when the patient was 33 years old because of skin
lesions associated with chronic anemia. The cutaneous
lesions were characterized by prurigo, hyperpigmentation
and milia localized on light-exposed areas of the backs of
the hands and on the arms and face. On these locations, she
complained of itching for 6 months which was worsened by
alcohol intake. The patient had increased skin fragility, but
no hypertrichosis, alopecia or porphyrin-rich gall stones
were found. She was taking oral contraceptive which was
halted consequently. Microscopic examination from a
cutaneous biopsy showed no specific lesions, only hyperplasic
epidermis, hypergranulosis, hyperkeratosis with irregular
acanthosis, hypoderm and derm inflammation with predomi-
nant polynuclear cells. Immunofluorescence microscopy was
negative. The porphyrin and hematological data are summar-
ized in Tables 1 and 2. The patient is the second of two
siblings and has two healthy children (Fig. 3). In her both
parents and in her brother, hematological data were normal
(data not shown). The proband and her healthy relatives

Table 4. Expression of all missense mutant CPO cDNAs in E. coli and overall mutations in the exon/intron 6 CPO gene reported so far in human

Origin
(reference)

Sequence
modificationa

Activity
(% of wild-type)

Harderoporphyrin
(% of porphyrin
produced)

Exon 1 British (9) Q162P 6 10
British (9) D171 N 33 5

Exon 2 Japanese (31) G189S 5 8
Czech (20) G197W 22 9
Canadian (32) E201K 1 15
British (9) A203T 34 7

Exon 3 Canadian (32) P249S 5 10

Exon 4 Japanese (33) G280R 17 11
German (34) P285L 8 10
British (9) A293T 29 8
French (35) H295D 11 9
German (36) H307R 5 12
British (9) G308V 39 6

Exon 5 German (36) H327R 3 11
Czech (29) R331W 32 9
Czech (20) 390delG ,1 7
British (9) R391W 22 12

Exon 6 British (9) R401Wb 63 44
French (9 and this study) K404Ec 66 28
Canadian (32) 1268InsT (stopþ 17) Null allele —
British (9) R426X Null allele —
French (1) G1277A exon 6 skipping Null allele —

Intron 6 French (11) 1277þ3 A/G exon 6 skipping Null allele —

Exon 7 Dutch (20) W427R ,1 8
British (9) R447C 14 9

aNumbering according to the first base of transcription initiation site (1).
bReported in one heterozygous HCP patient, but responsible for significant harderoporphyrin accumulation in E. coli (9).
cReported in harderoporphyric patients (10,11).
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never exhibited abdominal and/or neurological symptoms
typical of acute hepatic porphyrias.

Iron metabolism investigations

Serum ferritin, transferrin and iron levels were determined by
automated turbidimetry/nephelemetry or spectrophotometry
using standard procedures (Dade Behring) on a RXL or an
ACS analyzer (Bayer). Genomic DNA was extracted from
peripheral blood. Each of the 8 exons of the ferroportin
gene was amplified and sequenced with intronic primers, as
previously described (24). The cysteine 282 tyrosine
(C282Y) HFE mutation encoded by exon 4 and the histidine
63 aspartic acid and serine 65 cysteine (H63D, S65C)
mutations encoded by exon 2 were detected using PCR ampli-
fication with primers and restriction enzyme digestion, as
already described (25).

Porphyrin synthesis investigations

Erythrocyte, plasma, urinary and fecal porphyrins were
determined using standard methods (26,27). Lymphocyte
CPO activity was measured as described (28). CPO protein
has a low stability in lymphocytes so that decay of enzyme
activity could be observed if a more than a 1 h delay occurred
between blood sampling, lymphocyte isolation and storage at
2808C (20).

DNA preparation, amplification by PCR, DGGE analysis
and DNA sequencing

Genomic DNA from the proband, her children and brother
were extracted from peripheral blood according to a standard
protocol. Genomic DNA fragments of interest were amplified
by PCR using primers selected from the published CPO
sequence (1). Briefly, 20 pmol of each set of primers was
mixed in 50 ml of PCR solution containing 1 U of Taq poly-
merase (Beckmann Inc., Fullerton, CA, USA), 50 mmol/l
KCl, 10 mmol/l Tris–HCl pH 8.5, 1.5 mmol/l MgCl2,
200 mmol/l of each dNTP. Reactions were performed in a
DNA thermocycler (Hybaid, Teddington, UK) as follows: 35
cycles of denaturation at 948C for 30 s, annealing at specific
temperature for 30 s and elongation at 728C for 1 min.
Mutation screening was realized by denaturing gradient gel
electrophoresis (DGGE) and abnormal patterns sequenced to
identify mutations and polymorphisms as already described
(20). For the DNA sequencing, CPO gene was amplified
using primers different from those used for the screening
analysis (20).

Structure of CPO protein and identification of the domain
involved in the conversion of harderoporphyrinogen to
protoporphyrinogen IX

To predict the secondary structure of the CPO enzyme, we
performed the sensitive 2D-method HCA (reviewed in 12)
which highlights the correspondence between amino acid
sequence and secondary structures, whether a-helices or
b-strands (15). HCA plot of the enzyme was generated with

the DrawHCA program (available at smi.snv.jussieu.fr/hca/
hca-form.html).

Construction and prokaryotic expression of normal and
mutated human CPO cDNA

Normal human CPO was expressed using the pGEX-2T:CPO
expression vector (Pharmacia Biotech, Uppsala, Sweden) as
already described (29). Point mutations were introduced into
the pGEX-2T:CPO vector, using the QuickChangew site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA).
Each expression construct was sequenced to ensure that only
the desired mutation had been introduced and that the remain-
der of the sequence was correct.

CPO assay

The recombinant bacteria (Epicurian Coliw XL-1 blue) were
grown and CPO activities of controls and mutant enzymes
were determined in bacteria lysates as previously described
(10). Specific activity was expressed in pmol of protopor-
phyrin/h/mg protein at 378C and results are the mean of
three duplicate experiments. Residual activity was determined
by the formula:

100� ½SA� SAðEPÞ�

SAðCPO=senseÞ � SAðEPÞ

;

SAðEPÞ indicates specific activity for empty plasmid:

Some lysates were purified with the RediPack GST purification
module (Amersham Pharmacia Biotek, Uppsala, Sweden)
according to the manufacturer’s protocol. To control for the
purification, eluates were checked by SDS-PAGE, followed
by Coomassie blue staining (30) (Supplementary Material).
No significant differences were observed before or after
purification concerning the residual activities or percentages
of harderoporphyrin accumulation between mutated and
normal enzymes.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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