IV. Discussion

For porphyrin determination in plasma or urine, the HPLC method by Kondo
has been used. However, it has been verified that using the method of this study allows
confirmation of porphyrins ‘including isomers as shown in Fig. 1. The method of this
study is an improved method by which isomers can be separated by gradient of the salt
concentration (from a high concentration to a low concentration) in an
acetonitrile-based eluent. Hitherto, there have been no findings concerning such method.
In addition, it has been verified that quantification in terms of recovery rate and
reproducibility can be achieved by this method for daily tests with sufficient accuracy.
In this method, protoporphyrin IX (hereinafter abbreviated to "PPIX") was quantified
from a Meso standard substance. However, it will be also necessary to examine the
reproducibility and the recovery rate by this method with the addition of PPIX as a
standard substance instead of Meso.

In addition, in this study, we found that porphyrins can be used as a tumor
marker by determining porphyrins in plasma or urine obtained from healthy volunteers
and cancer patients before and after ALA administration and determining porphyrins in
plasma or urine after ALA administration. However, we were unable to elucidate the
reason that the CP concentration in urine and the UP concentration plasma become high.
There is probably a mechanism related to porphyrin clearance in nephrons. For example,
it is necessary to examine affinity between generated plasma protein or albumin and

porphyrin. This is a future objective to be examined.
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Heme-dependent Regulation of Gene Expression and Protein Functions
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G-I A BB L CEICEHEMRoERmDICIH D
transferrin receptor % 7 L THUBPUZI Y AT 5. &4
NTONLBEOMEFIIRLKELY A P HDOL DI
FTAEB AL OA A L O AKRTH Y, BEOHEAR
SRITHE DR A~NL O T 2L 26T Y ‘

A OSFARICEE s ERERL Tb%wmiAA
3% % 47 9 heme oxygenase (HO) Tdh 4. HO |& NADPH-
cytochrome P450 reductase, NADPH 43 & UF 7 T KB % &
Mo TALEFBILIZGRT 2. REISOERBO L
DY ALY EE B L2 biliverdin reductase 12 & o TE Y
NME e THEEE A, F72, HO WA 4 v LB
L (CO) ML, #4 4 IEHMHEN, COEA
ML AR E E L COBREE R T I EBMBNE L
Hi o/, HO 1ZHO-1 &£ HO-2 O 2 fBEHO T 1 V4
4 LAY, HO-1 IZERLES A L A, &8, #, 2RER
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THBEINLZAPLAY N2 ETHE Y. —7F, HO2
OFBIE—E T, FFICHEIR R R o R D)
%\, HO K & 7 1%#11213 hemoglobin % 4f& & § 5
LY S EOEA L OFMBTHS Y. HO-1 REY
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OEWPHEDOLNBE Z L SANLTHOS {1X HO-1
ffoTWwahI EMMAL. HHEoT, ~NLEROITHILHO-I
VAR B84 4 OB~ OHGE & HO-1 IZIRFEL
OGS OHEFO THE D) B L EEZHILE Y.

BN L L ANILD AN LIS & 5 ERES

ALAS 12135 < fi 4 O#LEC5TT 5 ALAST & iRInEk
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FALIE o TRD 7 1 — KNy 7l %0 #ign o
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AN LRFHEDRETRR

BHROANLZL » TEEHFEE STV I E2RY
2SN A LA > OB I har FY 7R
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3 % & iso-1-cytochrome @ & %% BE 4 % {1 B, CYCI &
CYC2 A EMALRT HAPY ¥ 7 1 & — # — $0I (UAST) (2
A4 H I THEMILEILA. HAPL @ USAl ~OH &
AL L o THMT A, HAPHIEDNA ILEET RV >~
774 A - LKA T A CP-motif & & DG
L LW ST b ~ L — HAPI B 5 Tl g
HMEAES B WO MIET & LT COXVb, cytochrome bs, cata-
lase T & CPOX 7 ESHIS LTV A A%, COXVa (i [Z[F]
B oo s ng ¥, RAEMMEEHO L T5%<
DN FNTTC i/\/—\ﬁﬁ & 3R 7 T CooA AR SE S0,
CO %L L ThRodTHr / Akflﬁmm L ClfET = it d
AIEMMeENDL LAY, HiEbo kb L Mg
FRANAS IV Vil a ?%&”
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O~ LN D BRI T CO A L C ALAS #
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AL A BT REV-erb o 1d~ 7 A 3T3-L1 IEHh#HAa
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FRL ANV~ OBEOR Y A A, FIH, EFES & UHE
WOeHBIIHAH SN TVE, ThoogohiEs R4
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Erythropoietic protoporphyria (EPP) is an autosomal-dom-
inant inherited disorder characterized biochemically by the
excess accumulation and excretion of protoporphyrin, an
intermediate precursor of heme biosynthesis. The enzyme
abnormality that underlies protoporphyrin accumulation in
EPP is a defect of ferrochelatase (FECH). Patients with EPP
are clinically characterized by painful photosensitivity in
skin and some (5-10%) exhibit liver failure due to massive
hepatic accumulation of protoporphyrin [1, 2]. After we
demonstrated the structure of the human FECH gene [3],
more than 100 different kinds of molecular defects of FECH
have been reported throughout the world. It has been
reported that the low expression of a wild-type allelic var-
iant trans to a mutated FECH allele is generally required for
clinical expression of EPP [4]. According to this back-
ground, Gouya et al. [5] have found that the presence of a C
at IVS3-48 in the human FECH gene causes the low
expression of FECH. This intronic single nucleotide poly-
morphism (SNP) of the FECH gene, IVS3-48C/T transition,
is key to the EPP phenotype. It is suggested that partially
aberrant splicing of pre-mRNA by IVS3-48C is responsible
for the clinical manifestations of EPP, although change in
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the enzyme activity has not been examined. Here, we report
mutations of the FECH gene associated with IVS3-48C in
five Japanese EPP patients. We found that the FECH
activity of peripheral blood lymphocytes with IVS3-48C/C
was <50% of that with IVS3-48T/T suggesting that the
variations of the activity in patients with EPP could be based
on the different levels of control.

1 Mutation of the FECH gene in patients with EPP

We have diagnosed five patients with EPP in Japanese
hospitals (Table 1). All patients suffered photosensitivity
and three of them (patients 3, 4 and 5) developed hepatic
dysfunction and died. Biochemical analysis of all patients
showed marked elevation of protoporphyrin in erythro-
cytes. The FECH activity in peripheral blood lymphocytes
of EPP patients decreased to 19-39% that of the control.
After informed consent for all examinations had been
obtained from patients and their families, blood samples
were collected for genetic analysis. The total RNA was
isolated by the guanidine thiocyanate method from lym-
phocytes or Epstein—Barr virus-transformed lymphoblas-
toid cells. cDNAs were synthesized with oligo(dT) primer
using ReveTra Ace (Toyobo Co. Ltd., Tokyo, Japan). The
entire FECH protein-coding region was amplified by PCR
using two synthetic primers, 5-GAGGCTGCCCAGGC
A-3" and 5'-TTTGCCTAACGCCACGGGGT-3'. The DNA
fragments were ligated into pGEM-T vector (Promega Co.,
Madison, WI). Several plasmids-carrying FECH cDNA
from a patient were isolated and the inserted DNAs were
analyzed by sequencing. We found mutations in cDNAs.
To confirm the mutation, we tried to analyze mutations of
the FECH gene; namely, genomic DNA was isolated from
whole blood cells. Regions containing molecular defects
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Table 1 Characterization of Japanese patients with EPP in terms of phenotype and genotype

Patient no. Sex Age Symptoms

Protoporphyrin in
blood (pg/dl RBC)

Mutation in FECH Genotype of normal

allele IVS3-48

23
33
41
27
36

Photosensitivity
Photosensitivity
Photosensitivity liver failure
Photosensitivity liver failure

N B W N e
TEEEZXR

Photosensitivity liver failure

9,274
12,574
8,779
9,127

1,424 IVS4(—4)a>g
A5b (751-755)
T557C (1186T)
Al6b (574-589)

IVS9(+1)g>a

C

O0o0n

found in FECH cDNA were amplified with primers as
previously reported [6]. The amplified DNAs were directly
sequenced. Then, we identified five different mutations that
were the same as those previously reported for Japanese
and European patients [2]. The common mutations between
Asians and Caucasians can be ascribed to their common
ancestry.

2 Relation of IVS3-48T/C of the FECH
gene to Japanese EPP

The IVS3-48C/T transition of the FECH gene from EPP
patients and their families was also analyzed. To amplify the
DNA of the intron 3—exon 4 boundary (278 bp), the primers
5-TCTACAACAAGAGAGCTGGC-3' and 5-ATCCTG
CGGTACTGCTCTTG-3' were used. Five Japanese EPP
patients presented in this study were found to exhibit IVS3-
48C of the normal allele (Table 1), which is consistent with
the previous studies of Japanese [7], Caucasian and Asian
EPP patients [2]. On the other hand, all carriers (n = 4) in
their families were found with IVS3-48T of the normal
allele. Other possible low expression alleles of the FECH
gene, such as —251 G/A and IVS1-23C/T transitions linked
to the disease [4], were also examined for the five EPP
families, but the examination was not conclusive. Thus, the
variation of IVS3-48C/T transition in the FECH gene may
explain the difference in the residual enzyme activities in
asymptomatic and symptomatic mutant carriers. Alterna-
tively, because EPP development requires with the mutated
allele of the FECH gene as well as the allele with IVS3-48C,
it can be said that EPP is a recessive-inherited disease in a
broad sense. We examined the relationship of decreased
FECH activity with the genotype of the FECH gene,
including IVS3-48C/T transition. After the isolation of
peripheral blood lymphocytes of EPP patients and Japanese
healthy controls, we examined the FECH activity by the
formation of zinc-mesoporphyrin [8]; namely, homogenates
from lymphocytes were incubated with mesoporphyrin
(10 nmol), zinc acetate (40 nmol), Tween 20 (0.01%), and
sodium palmitate (400 pg/mL) in 100 mM Tris—HCI, pH
8.0. The formation of Zn-mesoporphyrin was determined by
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Fig. 1 The FECH activity in peripheral blood T lymphocytes from
healthy controls. Lymphocytes were isolated from healthy volunteers
with IVS3-48T/T (T:T) (n = 9), IVS3-48C/T (C:T) (n = 10) and
IVS3-48C/C (C:C) (n = 4) of the FECH gene. The FECH activity
was measured using homogenates. The activity of 100% is equivalent
to 67.2 % 6.5 nmol Zn-mesoporphyrin formed/10° cells/h at 37°C
with IVS3-48T/T. *P < 0.01, C:T versus T:T; **P < 0.005, C:C
versus T:T

HPLC with 5C18-5AR column (4.6 x 150 mm) (Nacalai
Tesque, Kyoto, Japan). As shown in Fig. 1, the highest
activity was observed in the genotype with IVS3-48T/T, a
moderate level was shown with IVS3-48C/T, and the lowest
level was with IVS3-48C/C. The FECH activity with
IVS3-48C/C was only 38% of that with IVS3-48T/T. Then,
we compared the FECH activities in EPP patients with those
in healthy controls with IVS3-48C/C, C/T and T/T. As
shown in Fig. 2, the activities in EPP patients relative to
those of the controls were divided into three groups, which
corresponded to 15, 35 and 64% of the controls, and these
were dependent on the three genotypes. Various investiga-
tors have found that the FECH activities in EPP patients vary
widely (8-45%), compared with those in controls [1, 9].
Some researchers reported that EPP seemed to exhibit
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Fig. 2 The FECH activity in EPP patients relative to that of healthy
controls with IVS3-48C/T transition. The FECH activity in peripheral
blood lymphocytes of patients with EPP (M:C) was measured by
comparison with that of controls with IVS3-48T/T (T:T) (n = 4),
IVS3-48C/T (C:T) (n = 6) and IVS3-48C/C (C:C) (n = 5) of the
gene. * P < 0.01, M:C/T:T versus M:C/C:C; **P < 0.01, M:C/C:T
versus M:C/C:C

autosomal recessive inheritance owing to the low enzyme
activity [10]. We now demonstrate that this variation is
derived from the three different genotypes of the FECH
gene. Thus, heterozygotes with the low expression allele
(IVS3-48C) in combination with a null allele would produce
a small amount of FECH when compared with the normal
group. Similarly, a low expression allele combined with a
missense allele could explain the weak FECH activity
observed in patients with EPP. Conversely, the FECH
activities in healthy controls varied, the level of the relative
FECH activities in EPP patients differed, depending on the
different activities from the IVS3-48 genotypes of the FECH
gene among controls. To estimate the frequency of IVS3-
48C/T transition of the FECH gene in the Japanese popula-
tion, analysis by single-strand conformation polymorphism
(SSCP) using GeneGel Excel 12, 5/24 kit (GE Bioscience,
Buckinghamshire, UK) was carried out with the genomic
DNA of healthy volunteers. Of the 148 Japanese examined,
the genotype with IVS3-48C/C was found in 32 (22%),
IVS3-48C/T was in 68 (46%) and IVS3-48T/T was in 48

(32%). Thus, over half of the subjects have IVS3-48C. This
value is similar to those reported for Asian people [2, 7].
Given that 10% of Caucasians have IVS3-48C, Asian people
including Japanese face a higher risk of EPP. Although the
reduced FECH activity is an important factor to diagnose
EPP, it is difficult to evaluate EPP by FECH activity because
of the high frequency of healthy controls with IVS3-48C in
Asian populations.
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At the terminal step of heme biosynthesis, ferroche-
latase (FECH) catalyzes the insertion of Fe’* into
protoporphyrin to form heme. It is located on the inner
membrane of the mitochondria of animals. The enzyme
inserts divalent metal ions, including Fe?*, Co?**, and
Zn?*, into porphyrins in vitro. We have reported that it
can remove Fe?* from heme. To characterize the iron-
removal reverse activity of FECH, we examined its
properties in porcine liver and muscle mitochondria,
and isolated porcine FECH cDNA. The amino acid
sequence of porcine FECH showed high homology with
bovine (91%), human (85%), mouse (87%), and rat
(76 %) equivalents. It was expressed in Escherichia coli,
and purified, and the kinetic properties of the zinc-
chelating and iron-removal activities were examined.
Both activities peaked at 45 °C, but different optimal pH
values, of 7.5-8.0 for zinc-ion insertion and 5.5-6.0 for
the reverse reaction were found. The K, values for
mesoporphyrin IX and Zn** were 6.6 and 1.1pMm,
respectively, and the K,, for heme was 5.7 pM. The k4
value of the forward reaction was about 11-fold higher
than that of the reverse reaction, indicating that the
enzyme preferably catalyzes the forward reaction
rather than the iron-removal reaction. Reverse activity
was stimulated by fatty acids and phospholipids,
similarly to the case of the forward reaction, indicating
that lipids play a role in regulating both enzyme
activities.

reaction;
muscle

ferrochelatase;  iron-removal
Zn-protoporphyrin; porcine
mitochondria; cDNA cloning

Key words:

At the terminal step of the heme-biosynthesis path-
way, ferrochelatase (FECH) (EC 4.99.1.1), located on
the inner membrane of the mitochondria, catalyzes the
insertion of ferrous ions into protoporphyrin IX to form
protoheme.” FECH protein has a molecular mass of
40-42kDa on SDS-PAGE analysis. Mammalian FECH
is active as an homodimer, as analyzed by radiation
inactivation and X-ray crystallography,>> and contains
an iron-sulfur cluster as a functional group.**® Some
lipids promote its enzyme activity,> while this activity
is inhibited by heavy metal ions, such as lead and
mercury.) Ferrous ions are the target of the enzyme

in vivo, while other divalent metal ions, including zinc,
cobalt, and tin, are also utilized to form other metal-
loporphyrins in vitro.1®

Both the cDNA and the gene for FECH have been
isolated and sequenced from micro-organisms, plants,
and animals, including humans, the cow, the mouse, and
the rat.? The mammalian enzymes from humans, the
bovine, the mouse and the rat have been expressed in the
active form in E. coli. The kinetic properties of the
enzyme were examined."?

Although iron is an essential element for living cells,
an excess of intracellular ferric ions can be toxic.”
Uncommitted heme in the cells is also very dangerous
for the maintenance of living systems.®? Therefore,
reutilization of iron, including degradation of the heme,
catalyzed by heme oxygenase, is essential for the
homeostasis of iron in cells. Recently, we reported that
the removal of ferrous ions from heme occurred in vivo,
and that FECH removed iron from heme in vitro,'®
but the role of the reaction in removing iron in vivo is
not clear.

The red pigment of cured ham is usually due to
nitrosomyoglobin, a product of the thermal treatment of
meat with nitrite. Nitrosamines can be generated in that
process during storage or shelving period.!'? There-
fore, nitrite-free ham is a preferred alternative. Dry-
cured ham (Parma ham), which is nitrite-free, is made
from porcine muscle with only sea salt at a suitable
temperature for long periods.”” The main component
of the red pigment of the ham has been found to be
Zn-protoporphyrin, ! a pigment stable under air
exposure and heating.!> Although the mechanism
involved in the formation of Zn-protoporphyrin during
the production of dry ham is unclear, formation in the
muscle may be related to mitochondria and enzyme
catalysis.!® Very recently, we found that FECH is
involved mainly in the formation of Zn-protoporphyrin
via iron-removal reverse reaction,!® but little attention
has been paid to the characteristics and kinetic proper-
ties of the reverse reaction of FECH.

Here, we characterized FECH in porcine liver and
muscle mitochondria. Then we isolated the FECH
cDNA, the actively expressed enzyme in E. coli, and
purified it. The catalytic properties of the forward and
reverse reactions were compared.

The nucleotide sequence will appear in the Genbank/DDBJ Nucleotide Sequence Database under accession no. AB530166.
¥ To whom correspondence should be addressed. Fax: +81-75-724-7789; E-mail: taketani @kit.ac.jp
Abbreviations: FECH, ferrochelatase; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis; MDH, malate dehydrogenase
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Materials and Methods

Materials. Restriction endonucleases and DNA-modifying enzymes
were obtained from Takara (Tokyo) and Toyobo (Tokyo). Mesopor-
phyrin IX, protoporphyrin IX, and Zn-protoporphyrin were from
Frontier Scientific (Logan, UT). Hemin-imidazole was prepared as
previously described.!? Pig kidney LLC-PK1 cells were obtained from
the Japan Cell Bank (Saitama, Japan). Porcine livers and muscles were
generously donated by Itoh Ham Inc. (Moriya, Japan). The antibodies
for ferrochelatase used were as described previously!” and the
antibodies for malate dehydrogenase (MDH) were obtained from
Calzyme Laboratories (San Luis, CA). All other chemicals used were
of analytical grade.

Isolation of mitochondria. Pig muscle and liver were suspended in
10 mm Tris—HCI (pH 7.5), 0.25 M sucrose (6.0 ml/g) and homogenized
at 4°C. The homogenates were centrifuged at 600 x g for 10 min at
4°C, and then the supernatants were centrifuged at 12,000 x g for
10 min at 4°C. After they were washed twice, the pellets (mitochon-
drial fraction) were dissolved with the above solution and stored at
—20°C. The protein concentration was measured by the method of
Lowry et al.'® or that of Bradford,' using BSA as standard.

DNA cloning. Total RNA was isolated from LLC-PK1 cells using
RNAsol Super (Nacalai Tesque, Kyoto, Japan), and poly(A)*-rich
RNA was obtained with oligo(dT) cellulose (GE Healthcare, Buck-
inghamshire, UK). Single-strand cDNA was synthesized using an
oligo(dT) primer (GE Healthcare). For isolation of porcine FECH
cDNA, several primers for PCR were designed on the basis of the
cDNA of human, mouse, and bovine FECH. The primers finally
used for DNA amplification were as follows: forward (PoFl1: 5'-
AAGAATTCAATGCTTTCAGTCGGCACA-3'), and reverse (PoR:
5'-AAAAGCTTCACAGCTGGCTGGT-3"). After PCR was completed,
the product was separated on a 1.1% agarose gel, digested with EcoRI
and Hindlll, and ligated into EcoRl/Hindlll-digested pBluescript II
KS™* vector (Stratagene, La Jolla, CA). The inserted fragment of the
plasmid was confirmed by determining the nucleotide sequence.

Expression of porcine FECH. To express porcine FECH in bacteria,
the cDNA was amplified with a second forward primer (PoF2: 5'-
AAGAATTCAAGCCCCAAACTTCAAGT-3') and the reverse primer
PoR described above. The resulting DNA fragment was ligated into
EcoRI/Hindlll-digested pET carrying His-tagged expression vector
(Merk, Darmstadt, Germany), and the plasmid obtained was transferred
to E. coli, BL21. The bacteria were grown in LB medium for 16 h, and
then the culture medium was diluted by 10-fold in fresh LB medium.
The enzyme was expressed with 0.3 mM isopropyl-p-D-thiogalactopyr-
anoside at 30°C for 2h.

Purification of recombinant ferrochelatase. The cells were
harvested by centrifugation and suspended in 20mm Tris-HCl
(pH 8.0), 10% glycerol, 1 mm DTT, 0.1% Tween 20, 20 mM imidazole,
and 0.3 M NaCl. They were disrupted by sonication and centrifuged at
5,000 x g at 4°C for 10 min. The supernatants were shaken with Ni%*-
NTA beads (Qiagen, Valencia, CA), and washed 3 times with the
above solution. The enzyme was eluted with 20 mm Tris—HCI (pH 8.0),
10% glycerol, 0.1% Tween 20, 0.25M imidazole, and 0.3 M NaCl.

Immunoblotting. The proteins were analyzed by SDS-PAGE, and
stained with Coomassie Brilliant Blue or electroblotted onto a
polyvinylidenedifluoride membrane. Immunoblotting was carried out
using anti-ferrochelatase as primary antibody.!®

Enzyme assay. FECH activity was determined by measuring the
insertion of zinc into mesoporphyrin, as described previously.?? For
examination of the reverse activity of FECH, a reaction mixture
containing 10puM hemin-imidazole, 2mM ascorbic acid and 10mm
potassium phosphate buffer (pH 5.5) in a final volume of 1.0ml in a
Thunberg vacuum tube was used. The dissolved gas was removed
in vacuo. The reaction was carried out at 45 °C for 1 h. To measure the
conversion of heme to zinc-protoporphyrin, 20 um zinc ions was added
to the reaction mixture. After incubation, the protoporphyrin or zinc-
protoporphyrin formed was measured fluorophotometrically,!®
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Fig. 1. Characterization of Porcine FECH in the Muscle and Liver,
and the Activity of Porcine Liver and Muscle FECH.

A, For the forward reaction, liver and muscle mitochondria were
incubated with 20 mMm Tris—HCI, pH 8.0, 0.1% Tween 20, 15um
mesoporphyrin IX, and 40uM zinc acetate in a final volume of
200 pl at 37 °C for 60 min. The formation of Zn-mesoporphyrin was
measured. Data are expressed as mean == SD of triplicate experi-
ments. For the conversion of heme to Zn-protoporphyrin, a reaction
mixture containing liver or muscle mitochondria (0.2-1.0mg,
protein), 10 mM potassium phosphate buffer, pH 5.5, 10 uM hemin-
imidazole, 50 uM zinc acetate, and 200uM NADH was used, in a
final volume of 1.0ml. The reaction was carried out at 45°C for
60 min. The formation of Zn-mesoporphyrin or Zn-protoporphyrin
was measured. Data are expressed as mean 4 SD of triplicate
experiments. B, Immunoblot analysis. Immunoblotting was per-
formed with liver (lane 1) and muscle (lane 2) mitochondria, using
anti-FECH and anti-MDH as the primary antibodies. Liver and
muscle mitochondria (5 ug of protein) loaded into slots were used.

Results

Characterization of FECH in porcine liver and muscle

To characterize muscle FECH, mitochondria were
isolated from porcine liver and muscle by centrifugation
and FECH activity was examined. The formation of Zn-
mesoporphyrin in the muscle mitochondria was much
lower than in the liver mitochondria (Fig. 1A). We also
examined the reverse activity of FECH by measuring the
conversion of hemin to Zn-protoporphyrin. The con-
version activity in the muscle mitochondria was about
40% of that in the liver mitochondria (Fig. 1A). Then
the proteins in the mitochondria were analyzed by SDS-
PAGE and transferred onto a membrane, and immuno-
blotting was performed using antibodies for bovine
FECH and for the mitochondrial matrix protein, MDH
(Fig. 1B). The results indicated that FECH was ex-
pressed in both tissues, and the amount of FECH in the
muscle was low as compared with that of the hepatic
enzyme.

Cloning of porcine FECH cDNA
To isolate porcine FECH cDNA, mRNA was isolated
from kidney LLC-PK1 cells, and PCR using specific
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Porcine 1 MLSVGTNMAARLRSGA LLVYGGSRACQPW] S AAA--EAVQ SPKPpV 58
Bovine . MAAATLRISAG RLLYGGSRACQPR§ S TAAAATETAQRARSPKIPOA 53
Human 1 MRSLGANMAAALRAAG PLASSSWRVCQPWRWKSGARAAAVTTETAQHAQGAKPPOV 60
Mouse 1 MLSASANMAAAT G PLVHGSSRACQPWRCQSGAAVAATTEKV-HHAKTTKIPOA 59
Rat 1 MAVLGC A mQ— GSPVGLCLSSSL-RRQ@- [TAARFNTT~~ BT~ ~-PET 47
Porcine TGILMLNMGGPETVGENVQDFLRRLFLDODLMSLE) [PFIARKRRTPKIQ 118
Bovine TGILMLNMGGPE VEEleDFT RLFLDODL PFTAKRRTPKIQ 113
Human ITGILMLNMGGPETLGDVHDFLLRLFLDRDL APFIAKRRTPKIQ 120
Mouse TGILMLNMGGPETLGEVQDFLORLFLDRDL PFIAKRRTPKIQ 119
Rat [TGILMLNMGGPEKLEDVHDFLLRLEMDTDL PFIAKRRTPKIQ 106
Porcine 119 RTEG_GS—PIE:M KORAEGMVKLLDELS| APHKY[YIGFRYVHPLTEEAIQEMERD| 178
Bovine 114 RIGGGSPI M@zxg GMVKLLDELSPHTAPHKYY IGFRYVHPLTEEATIEEMERD| 173
Human 121 RIGGGSPIKIWTSKQGEGMVKLLDELSPNTAPHKYY IGFRYVHPLTEEAIEEMERD 180
Mouse 120 RIGGGSPIKMWTSKOGEGMVKLLDELS APHKY[YIGFRYVHPLTEEAIEEMERD 179
Rat 107 EQYSKIGGGSP IKAWTTMOGEGMVKLLDEMCPDITAPH IGFRYVHPLTEEAIL EKD 166
Porcine 179 RAIRFTOYPQYSCATTGSSLNAIYRY ¥YNEVGKK LLIQCFTEH 238
Bovine 174 RAVAFTQYPQYSCSITTGSSLNAIYRYYINEVGRK| LLIQCFADH 233
Human 181 RATAFTQYPQYSCSTTGSSLNAIYRY YINQVGRK| LLIQCFADH 240
Mouse 180 RATIAFTQYPQYSCSITTGSSLNATIYRYYNEVGOK| LLIQCFADH 239
Rat 167 RAVAFTQYPOYSCSTTGSSLNAIYRYY|SNRADR LLIECFAEH 226
Porcine 239 IL HFP| MSVVNRGDPYP) TVQRVMD YSNPYRLV| 298
Bovine 234 ILKELDHFP) MSVVNRGDPYP) TVORVMDKLGYSNPYRLY| 293
Human 241 ILKELDHFP) MSVVNRGDPYP) TVQKV! YCINPYRLV| 300
Mouse 240 IL HFP) MSVVNRGDPYPj TVHKV YPNPYRLV| 299
Rat 227 VR P TSVVNRGDPYPL TVORVMDRLGHCNPYRLY| 286
Porcine 299 WQSKVGPMPWLGPOT IKGLCIE?I; ILLVPIAFTSDHIETLY[ELDIEYSQVLGSEC 358
Bovine 294 WQSKVGPMPWLGPQTDEATKGLCKR! ILLVPIAFTSDHIETLY[ELDIEYSQVLASEC 353
Human 301 WQSKVGPMPWLGPQTDESIKGLCERGRKNILLVPIAFTSDHIETLYELDIEYSQVLAKEC 360
Mouse 300 WQSKVGPVPWLGPQTDEAIKGLCERGRKNILLVPIAFTSDHIETLYELDIEYSQVLAQKC 359
Rat 287 WOSKVGPMAWLGPQTDEVIKGLCQRGKRNLLLVPIAFTSDHIETLHELDIEYSQVLGEEV 346
Porcine 359 [ENIRRAESLNGNPLFISKALADLVHSHIQSNER —RE@S Sl 418
Bovine 354 NTRRANTNGNPLFSKALADLVHSHL;EER RETKSFFTS 413
Human 361 ENIRRAESLNGNPLFSKALADLVHSHTIQSNEL) RETKS| S| 420
Mouse 360 (GAENIRRAESLNGNPLFSKALADLVHSHTQSNKL RKTKISFFTS| 419
Rat 347 NIRRAESLNGNPLFFRALADLVQSHLOSNES) TKAFFISS| 406
Porcine 419 421
Bovine 414 416
Human 421 423
Mouse 420 422
Rat 407 409

Fig.2. Amino Acid Sequence Alignment of Porcine, Bovine, Human, Mouse, and Rat FECH.
Amino acids identical among the five species are boxed. Asterisks show the conserved cysteine residues for the iron-sulfur cluster.

primers was carried out. A DNA fragment of about
1.2kb was obtained and ligated into pBluescript vector,
and the plasmids obtained were sequenced. The nucleo-
tide sequence showed a high homology to the bovine,
human, mouse and rat equivalents. Figure 2 shows an
alignment of the porcine, bovine, human, mouse, and rat
amino acid sequences. The overall homologies of the
porcine enzyme were 91% with the bovine enzyme, 85%
with the human, 86% with the mouse, and 76% with the
rat. There were many highly conserved regions and four
cysteine residues at the C-terminus of the iron-sulfur
cluster among the mammalian enzymes.

Expression and purification of FECH in E. coli

We conctructed an expression plasmid, pET-pFECH,
and was transferred to E. coli strain BL21. Protein
expression was induced by incubation with 0.3 mMm IPTG
at 30°C for 2h. When the enzyme activity was
measured using cell extracts of untransformed and
transformed bacteria, the rates of both the forward and
the reverse reaction in the transformed cells were high as
compared to those in the control, indicating that the
enzyme was active (Fig. 3A). The activity of the
conversion of heme to Zn-protoporphyrin in extracts
of FECH-expressing cells was similar to the reverse
activity. His-tagged FECH was then purified with Ni-
NTA agarose beads. The purified His-tagged FECH was

analyzed by 10% SDS-PAGE and stained with Coo-
massie Brilliant Blue (Fig. 3B). A specific band with a
molecular mass of 42kDa was found, and the specific
enzyme activity increased by about 20-fold after
purification. Immunoblot analysis revealed that the
protein reacted with anti-FECH antibody (Fig. 3C).

Kinetic properties of purified FECH

When enzyme activity was examined with the purified
FECH, the conversion of heme to Zn-protoporphyrin as
well as iron-removal reaction occurred in a similar
fashion.

When the temperature of the reaction was changed, the
forward and reverse activities peaked at 45 °C (Fig. 4A).
Figure 4B shows the pH profile of the forward and iron-
removal reverse reactions. The zinc-insertion reaction
showed high activity at pH 7.5-8.0, while the reverse
reaction showed high activity at pH 5.5-6.0.

The K, of the forward reaction for mesoporphyrin IX
and zinc were 6.6 and 1.1 uM, respectively (Table 1).
The k¢o value of the enzyme for the two subjects was
estimated to be 400min~!. The ratio key/Kpn of
mesoporphyrin IX is approximately 6-fold higher than
that of zinc acetate. This means that the reaction velocity
depends on mainly the mesoporphyrin IX concentration
in the reaction mixture. For the reverse reaction, the
values of K, and k., of hemin were estimated to be
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Fig. 3. The Molecular Properties of Recombinant Porcine FECH Expressed in E. coli.

A, FECH activity. Supernatants obtained by centrifugation from control (lane 1) and FECH-expressing E. coli (lane 2) were used to measure
the forward, reverse, and conversion reactions, which were performed similarly to the description in the legend to Fig. 1. Data are expressed as
the mean = SD of triplicated experiments. B, SDS-PAGE analysis. The proteins in the supernatants as above (lanes 1 and 2) and FECH purified
using Ni-NTA beads (lane 3) were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. C, Immunoblot analysis.
Immunoblotting was performed using anti-FECH as the primary antibody.
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Fig. 4. Characterization of Forward and Reverse Reactions of
Recombinant FECH.

A, effects of temperature (A) and pH (B). FECH activity was
measured with mesoporphyrin IX and zinc acetate for the forward
reaction. The reverse reaction was performed using hemin-imidazole
as substrate. Data are expressed as the mean 4 SD of duplicate
experiments.

57uM and 31.4min~! respectively, suggesting that
FECH proceeded readily in the forward reaction.
Previous studies!*?" have found that FECH activity
increases owing to various lipids including fatty acids
and phospholipids. To determine the effects of fatty
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Table 1. Kinetics of FECH

Forward reaction® Revgrse*

reaction

Parameter -
Mesoporphyrin Zinc Hemin
X

Km (um) 6.6£0.2 1.14+0.1 57402
Kear (min~1) 400.0 + 38.0 314+24
Keat/Km 60.7 £ 6.0 351.2£45.7 55405

(um~!.min~1)

*The assay conditions used were as described in “Materials and Methods.”
Data are expressed as the mean £ SD of 2-4 experiments.

acids on iron-removal reverse activity, we added sodium
palmitate to the reaction mixture. Upon increasing the
concentration of sodium palmitate to 100 pg/ml, the
forward and reverse activities increased concentration-
dependently, and the rates of the forward and reverse
reactions increased 2.5-fold and 2.0-fold in the presence
of 100 pg/ml sodium palmitate, respectively (Fig. 5A).
Other fatty acids such as stearic acid and oleic acid
showed activities similar to those of palmitic acid. At
100 ug/ml, phosphatidylicholine, the rate of forward
activity increased while that of the reverse reaction
decreased. Lysophosphatidylcholine slightly activated
forward activity, but inhibited reverse activity. Sphin-
gomyelin and lysophosphatidic acid markedly inhibited
reverse but not forward activity.

Finally, we examined the effects of heavy metal ions
on iron-removal reverse activity. As shown in Fig. 5B,
the reaction was markedly inhibited by ferric and cubic
ions, but ferrous, cobaltic, and tin ions had no effect.

Discussion

We characterized porcine FECH located in the liver
and muscle mitochondria. The amount and activity of
FECH in the muscle mitochondria were low compared
with those in the hepatic mitochondria. In addition to
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Fig. 5. Effects of Lipids (A) and Metal Ions (B) on FECH Activity.
The forward and reverse reactions were performed similarly to the
description in the legend to Fig. 4, but without (lane 1) or with
sodium palmitate (lane 2), phosphatidylcholine (lane 3), sphingo-
myelin (lane 4), lysophosphatidylcholine (lane 5), and lysophos-
phatidic acid (lane 6). Data are expressed as the mean = SD of
triplicate experiments.

Zn>*-chelating activity, NADH-dependent conversion
of hemin to Zn-protoporphyrin was observed in the
muscle and liver mitochondria. The conversion from
hemin to Zn-protoporphyrin was found to include the
following three reactions: reduction of hemin, removal
of ferrous ions from the heme, and insertion of zinc ions
into protoporphyrin.'® Methemoglobin reductase cata-
Iyzes the reduction of the ferric ions of hemin and
oxidized hemoprotein,?>?* and the ferrous ions in heme
can be removed by FECH. When hemin was chemically
reduced with reducing reagents, the iron-removal reac-
tion of heme occurred with the porcine recombinant
FECH, indicating that ferrous ions in heme are removed
by the FECH reaction.

c¢DNAs and genes of FECH have been isolated from
bacteria, fungi, plants, and mammals.” The amino acid
sequence of porcine FECH showed high homology with
those of mammalian FECH. The metal-chelating activity
of FECH is well documented. It is evident that porcine
FECH exhibits iron-removal activity as well as con-
version of heme to Zn-protoporphyrin, since both
activities were detected with purified recombinant
FECH. We have reported that bacterial and yeast FECH
exhibited reverse activity, suggesting that the reversible
reaction of FECH is a general property.!? The present
data indicate that the k., value of the reverse iron-
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removal activity was much lower than that of the zinc-
chelating activity, indicating that FECH functions in
heme biosynthesis. Hence the formed heme is utilized as
a prosthetic group of cytochromes and myoglobin in
muscle. Otherwise, considering that the conversion of
hemin to Zn-protoporphyrin did not proceed at higher
pH levels at which the zinc-chelating reaction occurs,
the rate-limiting step of the formation of Zn-protopor-
phyrin from hemin was the iron-removal reaction.

Ham is produced mainly using pig muscle. Although
the pigment of cured ham is nitrate-binding myoglobin,
dry ham consists mainly of Zn-protoporphyrin.'® We
and others have reported that the reverse reaction of
ferrochelatase, namely, removal of iron from heme,
occurs in vitro.!%19  Therefore, hemoprotein-heme,
including myoglobin and hemoglobin, becomes a sub-
strate of the removal reaction of FECH,!® and the
protoporphyrin thus produced can be utilized in the
formation of Zn-protoporphyrin, a major pigment of
dry-cured ham. The enzyme naturally utilizes ferrous
ions as a substrate in vivo, but additionally inserts
divalent metal ions such as zinc and cobaltic ions into
porphyrin rings in vitro."® Thus zinc-chelating activity
is essential for the formation of the pigment of dried
ham in vitro, but the utilization of ferrous ions to form
heme in cells is tightly controlled.”

The present data indicate that the formation of Zn-
protoporphyrin from heme was markedly activated by
fatty acids, including palmitic acid. Phospholipids,
including phosphatidyl choline, and lysophosphatidyl
choline had various effects on the formation of Zn-
protoporphyrin. It is well known that the metal-chelating
activity of FECH is markedly activated by fatty acids
and phospholipids.!?? The mechanism of activation of
both reactions by fatty acids is not clear, but it is
possible that a specific environment dependent on the
species of the lipid groups of the mitochondrial inner
membrane® influences the reversible reaction of FECH.

Since divalent metal ions, including Co?*, Zn?*, and
Cu?", can be inserted into porphyrin rings to form the
corresponding metalloporphyrins, they inhibited FECH
activity to different degrees via competitive inhibition.®
Heavy metal ions can bind with SH-groups in the
catalytic domain of the enzyme, and then the activity is
inhibited.?#?> The present data indicate that the reverse
reaction was strongly inhibited by Cu?* and Fe3*, but
not by Fe?*, Sn?*, or Co?*. Thus, the sensitivity of the
reverse reaction for divalent cations was different from
that of the forward reaction.

The present data indicate that FECH in porcine
muscle is an active enzyme catalyzing the metal-ion
chelating and iron-removal reactions. Other investiga-
tors?® have reported that the formation of Zn-proto-
porphyrin in Parma ham significantly increased after a
curing time of 40 weeks, in which pig leg was incubated
with salt at 1.0-1.5°C for the first 10 weeks, suggesting
that FECH is not involved in its formation. It is possible
that zinc chelation occurs by non-enzymatic reac-
tions,?”?® or that porcine FECH is partially involved.
Since the removal of iron from heme occurs only by a
chemical reaction under strongly acidic conditions,?”
the removal reaction must be enzymatic. Furthermore,
lead poisoning or iron deficiency causes an accumula-
tion of Zn-protoporphyrin, and the possibility that the
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accumulation of Zn-protoporphyrin was caused by a
non-enzymatic reaction can be ruled out by the fact
that Zn-protoporphyrin does not accumulate in FECH-
deficient conditions or diseases.’® These observations
strongly suggest that the insertion of zinc ions into
porphyrin rings is an enzymatic reaction. It would be
very interesting to clarify the mechanism of the
formation of red pigments in ham. Further experiments
are required for clarification of the way Zn-protopor-
phyrin in raw muscle tissues is produced enzymatically.
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BHBRERIL 7 4 U VI (acute intermittent
porphyria, AIP) IZ~ALAHE 3 BHOEETH S
N Fudxy XAF0LE T vEEFE (hydroxymeth-
ylbilane synthase, HMBS ; BI& RV R EY 2 ¥V 7
7 &7 —+¥, PBGD) [EC 4.3.1.8] DIEHETIC L -
To-7 3/ V7Y v (6 -aminolevulinic acid, 0 -
ALA) BXUERNL7 4 Y /%~ (porphobilinogen,
PBG) DEGNIGHEICER L, 1B, @, W&t
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Lo ZEEAERRRDIED, it AR RS
72 E ORI, X S ICEIMERHER, i
EoERMEERE BT 2 BERERTH Y, b
NONUIINE TRAFIIB I B RIL7 4 U VES
RELDMAE TR 2 SAAR T Ep?, SEb S I
Fii AIP FEFIIC > & HMBS BIET 2T L 72D T
ERZIRL, Hb¥ T AIP T8 2 UZTEITD
BREIIOVWTELT 3,
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R 1 BIFEROTELH

Case No. (gf:figcetrxl;?e) Exon Position Mutation Sequence modification
1% Niigata intronb5 IVS5+5 c—a exon 5 skipping
2% Tokyo exon 12 733 del C frameshift
3 Hiroshima exon 12 730-731  del CT frameshift
4% Kyoto exon 9 490 del A frameshift
5% Kumamoto intron 13 IVS13+3  del aagt exon 13 skipping
6 T Hokkaido (no mutations in HMBS)
7t Osaka (no mutations in HMBS)

HATEUHD TRV EShER
VLRI BEEE RS ok

I WRELUHE

1% ®

RERP A AR R, SIGHE % &2 5 BRIRIYIC AIP
LI Nz, L IXAIP 8L L, 72h50»IC
BB DI\ 7 KR 10 ER 2SR E L, 20D
96 2 55% 2 0ERNE, BLEMETIERAL 7 4 Y v
TEXBENTH D 2035 BERERD &5 5 AIP A3
FEOVTIRNTIREE & 7z o 7ERITH 5,
2 A &
BERMIM» S M L7245/ 4 DNA 2T
HMBS &5 T DEN 217> 72, B8O HMBS &5
FHEEALY] (GenBank, M95623) %6, AEMEFD
BEOLIY I RTIEDEZNEFND LFEE &
I 20 EEBED A » b o VEEZ &0 5 &
5774w —%i%EH L, PCR ETHIEL 7242, PCR
BEYOEREINE YA VLI Py — T v AR TR
E LT, 0 NIRRT % BEROEELT] & g
LBEEFERZFEL 7,

I # R

SERD 647 HMBS B FOERIF, O1 ~ b
Ty 5: +5c=a @T7YV¥9:490delA, @Y
Y ¥ 12 :730-731 del CT, @W=x 27V >~ 12 : 733 del
C, ®f > rur13: +3delaagt D 5 FBEHETH D,
ZNTNDORRZRT LR Z>Twi, ThonH b
2 REBCTRREEN 2T o708, ELLDRZDIR
HANDOZROBIRIIBE SN, T/, EEW
WCERE D CEFRIER D AT AIP 28bit 2 K

S-190

JERY
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% 2 fEHITIE, Wwiihih HMBS BT 02 B3
BCEhdol (K1),

B 1 ICHEOH 2R, EF (FimE) &35
KDY, TEREETH - 7208, P 21 4 1 A,
& QIZFHERZ CLEHGERE, Fiv CTERESH
B 72, BECHIRIME % Z ) - 08EL 2\ 72 o
L OREIEBEICHEN ST, FETIERY o>
VICK D ERIIBER L 2 b oo, BIEENET, BE
B ARFEIERIDSA S - 7= DIEEIMEE NI TA
P& drodz, MREEIICEE L L, KEERZ L,
ABitg, AIP OFGEREDH Y, F7R¥ PBG B &
K O-ALA S8 L TWw7=Z &5 AIP E2H X
N, FNVa—ZAORBEREE L VT X FY VBRI
o TIERATR & blclE L 72, FiiEiid 12 %
£ IO 2203, RFICFERDIE-EH L7
WIEER D o1 ®, BEEZETCRHT 3 L4DEET
FERTERE & 72 o 72 FeUiE © HMBS &5 TRHT O
B O —HoNIEBEFICBLTA YRy 5D
donor site (5" A 77 4 AEHL) 26 5 WETWIC ¢
—a DEER (IVSds+5 c—a) 2FZd7-, FEHIT
INETOONOLNDIEHHITD & CREI NIE
fich, TOERIZLD mRNA ~NDIREBRE T
7V v 5 O skipping 234 U T\ % AR PEHSHER] X
Niz, L7dSo TRBEITD AIP FAEDBIEZENEK
K> TwabDEEZIOoNG, OV EBX
CZDEADA > +a VHEIBICERIZED 5k
Dot FRHCINT L 725065 D 2 ADOFHDEE
FIEZDERIZED T, EMOEELHER
TELbhol,

F U KRBT ZT o 2BlOFRS (1, 56 4)
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proband (35, %)

WEIRRRENE N Nas oonl RRRTRUE
MCACTOTOTAAGE ALCESCETOT 7T OCT
G0 G5 7o TE S B

IVS5ds+5c—a

CACTCTCTAAGgtaacaacatcttect
CACTCTCTAAGgtaagaacatcttcct

exon5 T

K1 (KE) F1L7 hy—F >y Rk BHRIFEEDEERT
LYY 5-6 &% PCREMORERI %R, A buv b5 52774 AHN»S 5 HET

YFK c—a @fjj-ﬂ‘,gl\‘%wu&) 3 (9€Eﬂ)o
(B) 2 ADFHOBEREOEERT

T UEGDIDETGPELR > THZ S,

HiETHALNLEERIASNT, EED C xeHERT (KH),

T, AIP BETH 2 REHIIEIBE X A~ DE
BOEREE DAL L 727 O ABEZ B CTRITRE L 25
Teo RHTORER, RElO—FOMDBETICASN
7o VFHRABER (490 del A) IZIRDOBIETTIIFR
oY, BERBEI N,

m % =

FEDBE T LEDESZZT, RV 7 14U ViE
KB WO EEERBET OB fTbiLs LI i
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EEA ) —= v 7L LTI ELD TIEENTH
b, LI=B3oT, HAEDEZ A, AIP 2E807-R )L
74 ) EDBWNICH o T, FTHEENE IO
EAEIC TR R DR B R L DIAAR, 2D H 2T
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