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Cytotrienin A, a member of the triene-ansamycin family, was initially identified to be an inducer of apoptosis
and recently shown to be an inhibitor of translation that interferes with eukaryotic elongation factor 1A
function. In human lung carcinoma A549 cells, cytotrienin A was found to inhibit more strongly the cell-
surface expression of intercellular adhesion molecule-1 (ICAM-1) induced by tumor necrosis factor (TNF)-a
than the expression induced by interleukin (IL)-1c. Cytotrienin A induced the ectodomain shedding of TNF
receptor 1 by TNF-o-converting enzyme (TACE). The TACE inhibitor TAPI-2 antagonized the selective
inhibitory effect of cytotrienin A on inhibitor of nuclear factor-«B-o (IkBat) degradation as well as ICAM-1
expression in TNF-a-stimulated cells. The MEK inhibitor U0126 and the p38 MAP kinase inhibitor SB203580,
but not the JNK inhibitor SP600125, prevented the ectodomain shedding of TNF receptor 1 induced by
cytotrienin A and reversed the inhibitory effects of cytotrienin A on the TNF-o-induced IkBow degradation. In
the presence of both U0126 and SB203580, cytotrienin A inhibited TNF-a- and IL-1a-induced ICAM-1
expression at almost equivalent concentrations. Thus, our present results demonstrate that cytotrienin A is a
translation inhibitor that triggers ribotoxic stress response and selectively inhibits the TNF-a-induced ICAM-1
expression by inducing the ectodomain shedding of TNF receptor 1 via the activation of ERK and p38 MAP

kinase.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pro-inflammatory cytokines mainly induce the activation of the
nuclear factor-xB (NF-xB) signaling pathway that leads to the
expression of a variety of genes essential for inflammation and
carcinogenesis (Karin and Greten, 2005). Upon stimulation with
tumor necrosis factor (TNF)-o and interleukin (IL)-1, TNF receptor 1
and IL-1 receptor recruit different sets of adaptor proteins required for
the activation of inhibitor of NF-xB (IkB) kinase that phosphorylates
the N-terminal serine residues of IkB (Bhoj and Chen, 2009; Hayden
and Ghosh, 2008). Phosphorylated I«B is ubiquitinated and immedi-
ately undergoes proteasomal degradation. In unstimulated cells, the
NF-kB heterodimer forms a complex with IkB and localizes in the
cytosol. Upon IkB degradation, the NF-<B heterodimer becomes free
and translocates to the nucleus where it activates the transcription of
target genes, such as intercellular adhesion molecule-1 (ICAM-1)
(Roebuck and Finnegan, 1999). It has been shown that various types
of natural and synthetic small molecules specifically block the NF-<B
signaling pathway (Kataoka, 2009).
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TNF-a-converting enzyme (TACE), also referred to as a disintegrin
and metalloprotease 17 (ADAM17), is a cell-surface metalloprotei-
nase required for the ectodomain shedding of cytokines (e.g., TNF-at),
growth factors (e.g., TGF-a), receptors (e.g., TNF receptor 1), and
other cell-surface proteins (Seals and Courtneidge, 2003). Ectodomain
shedding produces soluble ligands and receptors and thus plays a
crucial role in the regulation of inflammatory responses. It has been
reported that extracellular signal-regulated kinase (ERK) and p38
mitogen-activated protein (MAP) kinase phosphorylate the cytoplas-
mic tail of TACE at threonine 735 and thereby regulate TACE-mediated
ectodomain shedding (Diaz-Rodriguez et al,, 2002; Liu et al., 2009;
Soond et al., 2005; Xu and Derynck, 2010).

Cytotrienin A (Fig. 1A), a member of the triene-ansamycin family,
has been initially identified as an inducer of apoptosis in human
leukemia HL-60 cells (Kakeya et al, 1997; Zhang et al, 1997).
Recently, cytotrienin A was shown to inhibit translation elongation by
interfering with eukaryotic elongation factor (eEF) 1A function
(Lindqvist et al,, 2010). In our effort to identify anti-inflammatory
agents, we found that mycotrienin IJ, a structural analog of cytotrienin
A, inhibits ICAM-1 expression induced by inflammatory cytokines
(Yamada et al,, 2011). In addition, we found that cytotrienin A inhibits
more strongly ICAM-1 expression induced by TNF-oo than the
expression induced by IL-1c. In this study, we further investigated
the molecular mechanism underlying the selective inhibition of the
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Fig. 1. Cytotrienin A directly inhibits protein synthesis. (A) Structure of cytotrienin A. (B) Luciferase mRNA was translated by the Rabbit Reticulocyte Lysate System in the presence of
various concentrations of cytotrienin A. Luciferase activity (%) is shown as means 4+ S.D. (n=3). *P<0.05 and ** P<0.01, compared with control. (C) A549 cells were pretreated with
various concentrations of cytotrienin A for 30 min and pulse-labeled with [*H]thymidine (open squares), [*H]uridine (open circles), or [3H]L-leucine (filled circles) for 1 h in the
presence or cytotrienin A. Radioactivity incorporated into acid-insoluble fractions was measured. Radioactivity (%) is shown as means 4 S.D. (n=3). *P<0.05 and ** P<0.01,
compared with control. (D) A549 cells were incubated with various concentrations of cytotrienin A for 1 h and then incubated with TNF-at (2.5 ng/ml, filled circles) or IL-1a
(0.25 ng/ml; open circles) or without cytokines (open squares) for 6 h in the presence of cytotrienin A. Cell viability (Asos) is shown as means+S.D. (n=3).

TNF-a-induced ICAM-1 expression by cytotrienin A. Our present
results demonstrate that cytotrienin A is a translation inhibitor that
induces the TACE-mediated ectodomain shedding of TNF receptor 1
via the activation of ERK and p38 MAP kinase.

2. Materials and methods
2.1. Cell culture

Human lung carcinoma A549 cells (Health Science Research
Resources Bank, Osaka, Japan) were maintained in RPMI 1640
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v)
heat-inactivated fetal calf serum (JRH Biosciences, Lenexa, KS, USA)
and penicillin-streptomycin mixed solution (Nacalai Tesque Inc,
Kyoto, Japan).

2.2. Reagents

Recombinant human TNF-oe and human IL-1o were kindly provided
by Dainippon Pharmaceutical (Osaka, Japan). Cytotrienin A was
prepared as described previously (Hayashi et al., 2008). The proteasome
inhibitor MG-132 (benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal)
and the TACE inhibitor TAPI-2 (N-(R)-(2-(hydroxyaminocarbonyl)
methyl)-4-methylpentanoyl-L-t-butyl-glycyl-L-alanine 2-aminoethyl
amide) were purchased from Peptide Institute, Inc. (Osaka, Japan).
The MAP kinase/ERK kinase (MEK) inhibitor U0126 (1,4-diamino-2,
3-dicyano-1,4-bis|2-aminophenylthio|butadiene; Wako Pure Chemi-
cal Industries, Ltd., Osaka, Japan), the c-Jun N-terminal kinase (JNK)
inhibitor SP600125 (1,9-pyrazoloanthrone; Sigma-Aldrich Co., St.
Louis, MO, USA), and the p38 MAP kinase inhibitor SB203580 (4-(4-
fluorophenyl)-2-(4-methysulfinylphenyl)-5-(4-pyridyl)1H-imidazole;

Cayman Chemical Co., Ann Arbor, MI, USA) were commercially
obtained.

2.3. Antibodies

Antibodies to 3-actin (AC-15; Sigma-Aldrich), ICAM-1 (clone 15.2;
Leinco Technologies, Inc., St. Louis, MO, USA), IkBa (clone 25; BD Bio-
sciences), and phospho-IkBa (Ser32/36) (5A5; Cell Signaling Technol-
ogy, Inc.,, Danvers, MA, USA) and TNF receptor 1 (H-5; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) were commercially obtained.

2.4. Assay for translation

Luciferase mRNA was translated into its protein product by the
Rabbit Reticulocyte Lysate System (Promega Co., Madison, WI, USA) at
30 °C for 90 min. Luciferase activity in the reaction mixtures was
measured by mixing with the substrate solution (0.25 mM luciferin,
0.8 mM ATP, 1 mM DTT, 6.75 mM MgCl,, 18.75 mM Tris-phosphate
(pH 7.8), 0.75% Triton X-100, 0.75% bovine serum albumin, 11.25%
glycerol) and relative light units were immediately measured with a
Lumitester K-100 Luminometer (Hamamatsu Photonics K.K.,, Hama-
matsu, Japan).

2.5. Assay for macromolecular synthesis

A549 cells were pulse-labeled with [4,5->H]L-leucine (41.66 TBq/
mmol; Moravek Biochemicals, Inc., Brea, CA, USA), [methyl->H]
thymidine (2.37 TBq/mmol; MP Biomedicals, LLC., Santa Ana, CA,
USA), or [5-®H]uridine (0.626 TBq/mmol; Moravek Biomedicals), and
washed three times with phosphate-buffered saline (PBS). Then, the
labeled cells were lysed with 0.25 M NaOH for 15 min. Macromolecules
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were precipitated by 1h incubation on ice in the presence of 5%
trichloroacetic acid and then collected by centrifugation (10,000 xg,
5 min). After washing once with 5% trichloroacetic acid, radioactivity
was measured with a 1900CA TRI-CARB® liquid scintillation analyzer
(Packard Instrument Co., Meriden, CT, USA).

2.6. Assay for cell viability

A549 cells were pulsed with 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT, 500 pg/ml) for 2 h. Resultant
MTT formazan was solubilized with 5% sodium dodecyl sulfate
(SDS) overnight. Absorbance at 595 nm was measured with a Model
680 microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

2.7. Assay for cell-surface expression of ICAM-1

A549 cells were washed twice with PBS and fixed with 1%
paraformaldehyde-PBS for 15 min. The cells were washed twice with
PBS and incubated with 1% bovine serum albumin (Sigma-Aldrich)-
PBS overnight. Fixed cells were incubated with mouse anti-human
ICAM-1 IgG antibody (clone 15.2) for 60 min, followed by washing
three times with 0.02% Tween 20-PBS. The cells were further
incubated with horseradish peroxidase (HRP)-linked anti-mouse
IgG antibody (Jackson ImmunoResearch Laboratories, Inc.,, West
Grove, PA, USA) for 60 min, followed by washing three times with
0.02% Tween-20-PBS. The cells were incubated with the substrate
solution (0.2 M sodium citrate (pH 5.3), 0.1% o-phenylenediamine
dihydrochloride, 0.02% H,0,) for 20 min at 37 °C. Absorbance at
415 nm was measured with the Model 680 microplate reader.

2.8. Preparation of cell lysates and Western blotting

A549 cells were washed once with PBS and lysed with Triton
X-100 lysis buffer (50 mM Tris-HCl (pH 7.4), 1% Triton X-100, the
protease inhibitor mixture Complete™ (Roche Diagnostics, Mannheim,
Germany), 2 mM DTT, 2 mM orthovanadate). Postnuclear lysates were
collected by centrifugation (10,000 xg, 5 min). The culture medium was
centrifuged (10,000 xg, 5 min) to remove cell debris and insoluble
materials. Proteins were then precipitated with chloroform/methanol.
Protein samples (30 pg/lane) were separated by SDS-PAGE and trans-
ferred onto Hybond-ECL nitrocellulose membranes (GE Healthcare,
Piscataway, NJ, USA). The transferred membranes were blocked with 4%
skim milk in 0.5% Tween 20-PBS overnight, and then incubated with
primary antibodies and HRP-linked secondary antibodies (Jackson
ImmunoResearch). Protein bands were detected by analysis using ECL
Western blotting detection reagents (GE Healthcare).

2.9. Statistical analysis

Statistical significance was assessed by one-way ANOVA followed
by the Tukey test for multiple comparisons. Differences of P<0.05
were considered to be statistically significant.

3. Results
3.1. Cytotrienin A is an inhibitor of translation

Cytotrienin A at concentrations of 1 to 10 pM directly inhibited
translation in the cell-free system based on rabbit reticulocyte lysate
(Fig. 1B). In human lung carcinoma A549 cells, cytotrienin A at the 50%
inhibitory concentration (ICsp) value of around 0.1 pM significantly
decreased cellular protein synthesis, but weakly inhibited or did not
inhibit DNA and RNA syntheses (Fig. 1C). Cytotrienin A at concentra-
tions of up to 10 pM did not decrease cell viability (Fig. 1D). These
results indicate that cytotrienin A selectively inhibits cellular protein
synthesis without affecting the viability of A549 cells.
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3.2. Cytotrienin A inhibits more strongly TNF-o-induced ICAM-1
expression than IL-1a-induced ICAM-1 expression

A549 cells express cell-surface ICAM-1 in an NF-xB-dependent
manner upon stimulation with pro-inflammatory cytokines (Holden
et al, 2004). In this study, A549 cells were preincubated with
cytotrienin A for 1 h and then incubated with TNF-a or IL-1ax for 6 h.
In the absence of cytotrienin A, TNF-a and IL-1a induced the cell-
surface expression of ICAM-1 at similar levels. We found that
cytotrienin A inhibited the TNF-a- and IL-la-induced ICAM-1
expression in a dose-dependent manner and the ICso values were
0.8uM and 9.2 uM, respectively (Fig. 2). However, the fact that
cytotrienin A did not decrease cell viability even in the presence of
TNF-a (Fig. 1D) excludes the possibility that cytotrienin A sensitizes
TNF-a-induced cell death and thereby nonspecifically inhibits
ICAM-1 expression. Therefore, it seems likely that cytotrienin A
inhibits TNF-ai-induced ICAM-1 expression by targeting the TNF-o-
dependent NF-<B signaling pathway.

3.3. Cytotrienin A inhibits IkBa phosphorylation and degradation
induced by TNF-c, but not IL-1a

In the NF-«B signaling pathway, TNF-a and IL-1« induce the rapid
phosphorylation of IkBa by IkB kinase and phosphorylated IxBo
immediately undergoes proteasomal degradation. Cytotrienin A was
found to inhibit the TNF-a-induced IkBow degradation (Fig. 3A). It has
been shown that the proteasome inhibitor MG-132 prevents IkBo
degradation, thus allowing the accumulation of phosphorylated IkBo
(Takada et al., 2009). Cytotrienin A also prevented the constitutive
and TNF-a-induced IkBo phosphorylation in the presence of MG-132
(Fig. 3A). However, cytotrienin A did not prevent the IL-1o-induced
IkBa degradation and phosphorylation (Fig. 3B). These results suggest
that cytotrienin A specifically targets the NF-xB signaling pathway
upstream of IkBa phosphorylation upon TNF-a stimulation.

3.4. Cytotrienin A induces ectodomain shedding of TNF receptor 1 by
TACE

TNF-a binds to two different receptors known as TNF receptor 1
and TNF receptor 2. A549 cells express only TNF receptor 1 on the cell
surface (Ogura et al,, 2008a). To investigate whether cytotrienin A
downregulates the expression of TNF receptor 1, A549 cells were
incubated with various concentrations of cytotrienin A for 1h.
Cytotrienin A decreased the intracellular level of full-length TNF
receptor 1 (55 kDa) and conversely increased the amount of a small

0.1¢

0.5
"B

< 046

5

'ﬁ 0.3+ 3 None
9] ® TNF-a
< 0.2 o IL-1a
[¢}]

=

<

o

0 T

0 001 01 1 10
Cytotrienin A (uM)

Fig. 2. Cytotrienin A inhibits more strongly TNF-o-induced cell-surface ICAM-1
expression than IL-la-induced cell-surface ICAM-1 expression. A549 cells were
pretreated with various concentrations of cytotrienin A for 1h and then incubated
with TNF-au (2.5 ng/ml; filled circles) or IL-1a (0.25 ng/ml; open circles) or without
cytokines (open squares) for 6 h in the presence of cytotrienin A. ICAM-1 expression
(A415) is shown as means 4 S.D. (n=3). ** P<0.01, compared with control.
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Fig. 3. Cytotrienin A inhibits IkBa phosphorylation and degradation induced by TNF-o,
but not that induced by IL-1o.. (A and B) A549 cells were pretreated with (+) or
without (—) cytotrienin A (1 M) in the presence (+) or absence (—) of MG-132
(20uM) for 1h and then treated with (+) or without (—) TNF-a¢ (2.5 ng/ml; A) or
IL-1ae (0.25 ng/ml; B) for 15 min in the presence (+) or absence (~) of cytotrienin A or
MG-132. Cell lysates were analyzed by Western blotting.

fragment (around 30 kDa) reactive to anti-TNF receptor 1 antibody in
the culture medium (Fig. 4A). As observed previously (Ogura et al,,
2008a), this fragment was most likely to be soluble TNF receptor 1
containing extracellular domain produced by proteolytic cleavage.

The TACE inhibitor TAPI-2 suppressed the elevation of soluble TNF
receptor 1 as well as the reduction of intracellular TNF receptor 1 in
cytotrienin-A-treated cells (Fig. 4B). These results indicate that
cytotrienin A induces the ectodomain shedding of TNF receptor 1 by
TACE.

We further addressed whether the ectodomain shedding of TNF
receptor 1 is responsible for the inhibition of the TNF-a-induced IxBo
degradation by cytotrienin A. In the presence of TAPI-2, the TNF-ct-
induced IkBo degradation was no longer inhibited by cytotrienin A
(Fig. 4C). Moreover, cytotrienin A inhibited the TNF-o- and IL-1a-
induced ICAM-1 expression at relatively similar concentrations in the
presence of TAPI-2 (Fig. 4D). Thus, these data indicate that the
ectodomain shedding of TNF receptor 1 induced by cytotrienin A is
responsible for the preferential inhibition of TNF-c-induced IkBo
degradation and ICAM-1 expression by cytotrienin A.

3.5. Cytotrienin A induces ectodomain shedding of TNF receptor 1 via
ERK and p38 MAP kinase

In response to various stimuli, ERK and p38 MAP kinase regulate
TACE-mediated ectodomain shedding (Diaz-Rodriguez et al.,, 2002;
Liu et al, 2009; Soond et al, 2005; Xu and Derynck, 2010). To
determine which members of the MAP kinase superfamily are
necessary for the TACE-mediated ectodomain shedding of TNF
receptor 1 in A549 cells exposed to cytotrienin A, specific inhibitors
of the MAP kinase superfamily were used as blocking agents. In
cytotrienin-A-treated cells, the MEK inhibitor U0126 and the p38 MAP
kinase inhibitor SB203580 prevented the release of soluble TNF
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Fig. 4. Cytotrienin A induces the ectodomain shedding of TNF receptor 1 by TACE. (A and B) A549 cells were incubated with various concentrations of cytotrienin A for 1 h (A). A549
cells were preincubated with (+) or without (—) TAPI-2 (25 uM) for 30 min and then incubated with (4 ) or without (—) cytotrienin A (1 uM) for 1 h in the presence (+) or absence
(—) of TAPI-2 (B). The cell lysates (Cell) and the culture medium (Medium) were analyzed by Western blotting. (C) A549 cells were pretreated with (+) or without (—) TAPI-2
(25 uM) for 30 min, then treated with (+) or without (—) cytotrienin A (1 uM for TNF-o and 10 uM for IL-1a) for 1 h and stimulated with (+) or without (—) TNF-a (2.5 ng/ml) or
[L-1at (0.25 ng/ml) for 15 min in the presence (+) or absence (—) of TAPI-2 or cytotrienin A. Cell lysates were analyzed by Western blotting. (D) A549 cells were pretreated with or
without TAPI-2 (25 pM) for 30 min, then treated with various concentrations of cytotrienin A for 1 h and incubated with TNF-a (2.5 ng/ml; filled circles) or IL-1c (0.25 ng/ml; open
circles) for 6 h in the presence or absence of TAPI-2 or cytotrienin A. ICAM-1 expression (%) is shown as means 4 S.D. (n==3). *P<0.05 and ** P<0.01, compared with control.
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receptor 1 markedly but not completely, whereas the JNK inhibitor
SP600125 was inactive (Fig. 5A). In accord with these data,
pretreatment with either U0126 or SB203580, but not SP600125,
reversed the blockade of the TNF-a-induced IkBo degradation by
cytotrienin A at concentrations of 1 to 10 uM (Fig. 5B). In the presence
of either U0126 or SB203580, the selective inhibitory effects of
cytotrienin A on the TNF-a- and IL-1a-induced ICAM-1 expression
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became less evident (Fig. 5C). Moreover, cytotrienin A inhibited
ICAM-1 expression induced by TNF-a and IL-1 at almost equivalent
concentrations when A549 cells were treated with the combination of
U0126 and SB203580 (Fig. 5C). This effect was consistent with the
observation that the ectodomain shedding of TNF receptor 1 induced
by cytotrienin A was completely suppressed by the combined
treatment with U0126 and SB203580 (Fig. 5A).
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Fig. 5. ERK and p38 MAP kinase are necessary for the ectodomain shedding of TNF receptor 1 induced by cytotrienin A. (A) A549 cells were preincubated with or without U0126
(10 uM), SB203580 (10 M), SP600125 (10 pM) or U0126 (10 uM) plus SB203580 (10 uM) for 1 h and incubated with (+) or without (—) cytotrienin A (1 uM) for 1 hin the presence
or absence of the protein kinase inhibitors. The cell lysate (Cell) and the culture medium (Medium) were analyzed by Western blotting. (B) A549 cells were pretreated with various
concentrations of U0126, SB203580 or SP600125 for 1 h, then treated with (+) or without (—) cytotrienin A (1 pM) for 1 h and stimulated with (+) or without (—) TNF-o
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inhibitors. ICAM-1 expression (%) is shown as means +S.D. (n=3). *P<0.05 and ** P<0.01, compared with control.
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4. Discussion

Cytotrienin A, a member of the triene-ansamycin family, was
recently shown to be a translation inhibitor that targets eEF1A
function (Lindqvist et al., 2010). Cytotrienin A was found to inhibit
more strongly the TNF-o-induced cell-surface ICAM-1 expression
than the IL-la-induced expression and to selectively block the
TNF-o-dependent NF-«B signaling pathway. Due to the fact that
cytotrienin A blocks translation, it was reasonably speculated that
cytotrienin A would prevent the cytokine-induced ICAM-1 expression
at the translation stage. However, the molecular mechanism by which
cytotrienin A exerts a strong inhibitory effect on the NF-<B signaling
pathway as well as the ICAM-1 expression upon TNF-a stimulation
remained unclear. In this study, we have demonstrated that
cytotrienin A induces the ectodomain shedding of TNF receptor 1
and thereby diminishes responsiveness to TNF-o. possibly via the
downregulation of cell-surface TNF receptor 1.

In addition to mycotrienin Il and its structural derivatives (Yamada
et al,, 2011), cytotrienin A inhibited more strongly the TNF-a-induced
ICAM-1 expression than the IL-1a-induced ICAM-1 expression. Thus,
it seems that these inhibitory profiles are common to the triene-
ansamycin group compounds that show the ability to inhibit
translation (Lindqvist et al., 2010; Yamada et al, 2011; Yamamoto
et al,, 2011). Similar inhibitory profiles were also observed with other
structurally different translation inhibitors, i.e., acetoxycycloheximide
and anisomycin (Sugimoto et al., 2000; Yamada et al., 2011). We
have previously shown that acetoxycycloheximide induces the
ectodomain shedding of TNF receptor 1 by TACE (Ogura et al.,
2008a). As cytotrienin A inhibited the TNF-a- and IL-1a-induced
ICAM-1 expression at similar concentrations only in the presence of
the TACE inhibitor TAPI-2, these observations clearly indicate that the
TACE-mediated ectodomain shedding of TNF receptor 1 is responsible
for the selective inhibitory effects of cytotrienin A on the TNF-o-
induced ICAM-1 expression and the IkBa degradation.

It has been shown that cytotrienin A triggers the activation of JNK,
p38 MAP kinase, and p36 myelin basic protein (MBP) kinase (Kakeya
et al,, 1998; Watabe et al., 2000). Some types of translation inhibitors,
such as acetoxycycloheximide and anisomycin, are known to induce
ribotoxic stress response, which leads to the activation of MAP kinase
superfamily, and to regulate various cellular responses (Chinen et al.,
2010; lordanov et al., 1997; Kadohara et al., 2005; Ogura et al., 2008b;
Shifrin and Anderson, 1999; Sidhu and Omiecinski, 1998). In this
study, we have shown that either the MEK inhibitor or the p38 MAP
kinase inhibitor reduces the ectodomain shedding of TNF receptor 1
induced by cytotrienin A. Therefore, we conclude that cytotrienin A is
a translation inhibitor that can trigger ribotoxic stress response.

It has been reported that ERK and p38 MAP kinase phosphorylate
the cytoplasmic tail of TACE and induce the TACE-mediated
ectodomain shedding by regulating intracellular localization, matu-
ration, and proteolytic function (Diaz-Rodriguez et al., 2002; Liu et al.,
2009; Soond et al., 2005; Xu and Derynck, 2010). The TACE-mediated
ectodomain shedding of TNF receptor 1 in cytotrienin-A-treated cells
was reduced by either the MEK inhibitor or the p38 MAP kinase
inhibitor and suppressed completely by their combined treatment.
Therefore, it seems that the ERK pathway and the p38 MAP kinase
pathway complementarily regulate the TACE-mediated ectodomain
shedding of TNF receptor 1. In agreement with this notion, cytotrienin
A inhibited the TNF-a- and IL-lo-induced ICAM-1 expression at
almost equivalent concentrations only when both ERK and p38 MAP
kinase were pharmacologically blocked.

The concentrations of cytotrienin A required to inhibit the IL-1o-
induced ICAM-1 expression were much higher than those required to
inhibit cellular protein synthesis. This characteristic effect was
conserved in mycotrienin II (Yamada et al., 2011), but might not be
common in other structurally different translation inhibitors, because
we observed that cycloheximide prevented cellular protein synthesis

and the IL-1a-induced ICAM-1 expression at similar concentrations
(Sugimoto et al, 2000). It is a well-established fact that eEF1A is
indispensable for the translation of all polypeptide-encoded mRNAs
(Lamberti et al., 2004; Mateyak and Kinzy, 2010). Therefore, the
inhibitory effect of cytotrienin A may be influenced by unidentified
intracellular factors and/or conditions other than eEFI1A in intact
living cells.

Translation inhibitors, such as cycloheximide, are frequently used
to sensitize tumor cells to TNF-o-induced cell death, largely by
preventing the expression of NF-kB-responsive anti-apoptotic pro-
teins, such as c-FLIP (Aggarwal, 2003; Kataoka, 2005). Due to the fact
that the ectodomain shedding of TNF receptor 1 is induced by
cytotrienin A or acetoxycycloheximide, translation inhibitors are not
always effectively sensitize cells to TNF-a-induced cell death. In fact,
we have previously shown that cycloheximide, regarded as a weak
inducer of ribotoxic stress response, downregulates cell-surface TNF
receptor 1 expression at high concentrations and potentiates TNF-t-
induced caspase-8 activation only when metalloproteinase inhibitors
are present (Ogura et al.,, 2008a). Therefore, in addition to the c-FLIP
level, the expression of the cell-surface TNF receptor 1 and related
proteins should be evaluated when translation inhibitors are used to
promote susceptibility to TNF-« in various types of cells.

In conclusion, our data reveal that cytotrienin A is a translation
inhibitor that can induce the ectodomain shedding of TNF receptor 1
via the activation of ERK and p38 MAP kinase. Triene-ansamycin
compounds have been shown to exert several biological activities,
including antitumor activity. Thus, the ability of these compounds to
block translation as a molecular target and thereby induce ribotoxic
stress response may account for the molecular basis of some biological
activities that have been not previously understood.
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ABSTRACT

J-Aminolevulinic acid (ALA)-induced porphyrin accumulation is
widely used in the treatment of cancer, as photodynamic therapy.
To clarify the mechanisms of the tumor-preferential accumula-
tion of protoporphyrin, we examined the effect of the expression
of heme-biosynthetic and -degradative enzymes on the ALA-
induced accumulation of protoporphyrin as well as photodamage.
The transient expression of heme-biosynthetic enzymes in HelLa
cells caused variations of the ALA-induced accumulation of
protoporphyrin. When ALA-treated cells were exposed to white
light, the extent of photodamage of the cells was dependent on
the accumulation of protoporphyrin. The decrease of the
accumulation of protoporphyrin was observed in the cells treated
with inducers of heme oxygenase (HO)-1. The AL A-dependent
accumulation of protoporphyrin was decreased in HeLa cells by
transfection with HO-1 and HO-2 ¢DNA. Conversely, knock-
down of HO-1/-2 with siRNAs enhanced the ALA-induced
protoporphyrin accumulation and photodamage. The ALA effect
was decreased with HeLa cells expressing mitoferrin-2, a
mitochondrial iron transporter, whereas it was enhanced by the
mitoferrin-2 siRNA transfection. These results indicated that not
only the production of porphyrin intermediates but also the reuse
of iron from heme and mitochondrial iron utilization control the
ALA-induced accumulation of protoporphyrin in cancerous cells.

INTRODUCTION

Photodynamic therapy (PDT) was developed as treatment of
nonmelanoma skin tumors and preneoplastic skin lesions.
PDT includes the activation of photosensitizer, which causes
the release of singlet oxygen and other reactive oxygen species
upon exposure to light, resulting in photodamage of cells,
followed by tissue destruction (1). In tumor cells, via the heme
biosynthesis pathway, photosynthesizer protoporphyrin is
synthesized from a large amount of exogenous ALA and
accumulates in a specific manner (2). The application of ALA
following PDT treatment has been used in the treatment of
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© 2011 The Authors
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skin diseases and has advantages over systemic administration
in that the entire body does not face sensitization (3,4). ALA-
induced PDT has been successfully applied in various medical
fields, including urology, gastroenterology and dermatology
(3-5). In heme biosynthesis, ALA is catalyzed by four cytosolic
enzymes, ALA-dehydratase, porphobilinogen deaminase
(PBGD), uroporphyrinogen synthase (UROS) and uro-
porphyrinogen decarboxylase and by two mitochondrial
enzymes, coproporphyrinogen oxidase (CPOX) and proto-
porphyrinogen oxidase (PPOX), converting to protoporphyrin
(6). Finally, ferrochelatase (FECH) catalyzes the insertion of
ferrous ions into protoporphyrin to produce heme (7).
Although there are reports that ALA-induced PDT can also
be used as a fluorescence detection marker for the photodiag-
nosis of tumors (3,4,8), the mechanisms involved in the specific
accumulation of protoporphyrin in cancerous tissues have not
been clearly demonstrated. Previously, we (7,8) reported that
protoporphyrin accumulates owing to limited capacity for the
FECH reaction. In addition, we also reported an increase in
the uptake of ALA by cancerous cells (8).

Heme oxygenase (HO) is the rate-limiting enzyme in the
cellular catabolism of heme to biliverdin, carbon monoxide
and free iron. Biliverdin is subsequently converted to bilirubin
by biliverdin reductase (9,10). The enzyme is expressed in a
variety of organisms. In mammals, two HO isoforms, HO-1
and HO-2, have been reported. The expression of HO-1 is
induced by heme, a substrate of the enzyme and metal ions,
such as arsenite and cadmium, whereas that of HO-2 is
constant (10). Interestingly, most of the known HO-1 inducers
stimulate the production of ROS or lead to a depletion of
glutathione levels, indicating the involvement of the induction
of HO-1 in cellular protection against oxidative stress (11,12).
The induced HO-1 could have an advantage in cell growth,
resulting in a protective effect against the photosensitivity of
tumors, whereas the knockdown of HO-1 gives rise to
suppression of cell growth with failure in the photosensitivity
(13). In contrast, the reduced expression of HO-1 mRNA by
siRNA increased cell death upon ALA-PDT (14). Thus, the
effect of the expression of HO-1 on ALA-PDT is inconclusive.
Furthermore, the contribution of HO-2 to the effectiveness of
ALA-PDT is unclear.
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Iron utilization in mitochondria in cancerous cells also
remains poorly understood. It was shown that functions of the
respiratory chain enzymes including iron- or heme-containing
proteins were impaired in tumors (15). As for mitochondrial
iron metabolism, mitoferrin, a mitochondrial iron importer,
transports iron in mitochondria and can regulate iron-
chelation into protoporphyrin by FECH (16). Mitoferrin-1 is
synthesized in erythroid cells, whereas mitoferrin-2 is synthe-
sized in various tissues (16). Otherwise, iron delivery to the
iron-sulfur cluster biosynthetic machinery can be mediated by
frataxin, a mitochondrial iron-chaperon (17). The reduction of
the expression of frataxin causes Friedreich’s ataxia, an
inherited neurodegenerative disorder (17). Targeted disruption
of frataxin in murine hepatocytes causes decreased life span
and increased liver tumor formation, whereas the over
expression of frataxin leads to inhibition of cell growth of
cancer, by increasing oxidative phosphorylation (18). Thus,
iron deficiency related to FECH in cancerous cells may be
responsible for the ALA-induced accumulation of protopor-
phyrin. Previous studies (8,19) also showed that removal of
iron from the cells with an iron chelator, desferrioxamine,
markedly enhanced the ALA-induced accumulation of proto-
porphyrin. However, as desferrioxamine has a protective effect
against phototoxicity in vitro and in vivo, it did not appear to
confer additional benefit in ALA-PDT (20). Therefore, it is
necessary to clarify the utilization of mitochondrial iron for
heme production. In this study, we investigated the role of the
utilization of iron and the recycling of iron from heme for the
ALA-induced accumulation of protoporphyrin and photo-
damage. Down-regulation of the expression of iron-metabo-
lizing molecules mitoferrin-2, frataxin and HO-1/-2 increased
the ALA-induced photodamage, whereas up-regulated expres-
sion gave the reverse effect. The importance of increased
expression of porphyrin-metabolizing enzymes on ALA-PDT
was also shown.

MATERIALS AND METHODS

Materials. Protoporphyrin IX, cobalt-protoporphyrin (Co-PP) and
tin-protoporphyrin (Sn-PP) were purchased from Frontier Scientific
Co. (Logan, UT). The antibodies for HO-1, HO-2 and actin used were
as previously described (10). Monoclonal antibodies for frataxin and
HA were products of Millipore Co. (Billerica, MA) and MBL
Laboratories (Tokyo, Japan), respectively. HO-1 (No. sc-44306),
frataxin (No. sc-40580), mitoferrin-2 (No. sc-90800) and control
siRNAs (No. sc-37007) were products of Santa Cruz Biotechnology
(Santa Cruz, CA). HO-2 siRNA was synthesized by Sigma—Aldrich
(Tokyo, Japan): sense r(CCACCACGGCACUUUACUUCA) and
antisense ((AAGUAAAGUGCCGUGGUGGCC). All other chemi-
cals used were of analytical grade.

Plasmids. Plasmids pcDNA3-HF (human FECH) (8), pcDNA3-
HCPOX (human CPOX) (21), pCD-PPOX (human PPOX) (22),
pCAG-HMBSu (human nonerythroid PBGD) (23) and pCAG-UROS
(human nonerythroid UROS) (23) were used for the expression of
enzymes in cells. Plasmids pHHO-1 and pHHO-2 carrying human HO-1
and HO-2 ¢cDNAs, respectively, were kind gifts from Dr. Shibahara
(24,25). To construct pcDNA3-frataxin, PCR was performed with
mouse liver cDNA library. Primers 5-AAGGATCCATGTGGACT
CTCGGGCGC-3" and 5-AAGGATCCTCAAGCATCTTTITCCGG
A-3" were used. Amplified cDNAs were digested with BamHI and
ligated into BamHI-digested pcDNA3. To obtain the full-length
c¢DNA fragment of human mitoferrin-2, PCR reaction was performed
with the following primers: 5-AATCTAGAGAGTTGGAGGG
GCGGGGT-3 and 5-AAAAGCTTGCCAGCCCTCCACTCT-3’ for
mitoferrin-2 and human kidney cDNA library as a template. Then, to
make mammalian expression vector carrying mitoferrin-2 containing
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an HA-tag at the C-terminus, the amplified cDNA was ligated into the
Xbal/HindlI1l site of the vector pCG-C-HA (26).

Cell cultures. Human epithelial cervical cancer HeLa cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with fetal calf serum (FCS) and antibiotics. The cells (1 x 10°)
in a 1.5-cm-diameter dish were transfected using Lipofectamine 2000
(Invitrogen Co., San Jose, CA) with the indicated plasmid then
incubated in the presence of 10% FCS at 37°C for 16-24 h (26). The
cells also transfected with siRNAs were cultured for 48 h. The cells
were then incubated in the absence or presence of ALA (0.5-1 mm) for
16 h before being exposed to light, as described previously (7,8).

Exposure of the cells to light. The cells were incubated with ALA
(1 mm) for 8-16 h and 1.0 mL of fresh drug-free medium was then
added. Irradiation with visible light was carried out under sterile
conditions, using a fluorescence lamp, in a CO; incubator, as described
previously (8,27). Cell viability was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Each
experiment was carried out in triplicate or quadruplicate. Cell viability
(cell survival) is expressed as a percentage of control cells. Porphyrins
were extracted from the cells with 96% ethanol containing 0.5 M HCl
(8). The amount of protoporphyrin was determined by fluorescence
spectrophotometry, as previously described (8,27).

Immunoblotting. The lysates from Hela cells were subjected to
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electroblotted onto poly(vinylidene difluoride) (PVDF)
membrane (Bio-Rad Laboratories, Hercules, CA). Immunoblotting
was carried out with antibodies for HO-1, HO-2, HA, frataxin and
actin, as the primary antibodies (8).

Reverse transcriptase (RT)-PCR analysis. Total RNA was isolated
from the cells by the guanidium isothiocyanate method (26). Single-
strand cDNA derived from the RNA was synthesized with the oligo
(dT) primer, using ReveTra Ace (Toyobo, Co., Tokyo, Japan),
followed by PCR, using the indicated primers. The amount of cDNA
added to the reaction mixture was normalized by the intensity of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amplicon. The
cDNAs obtained were analyzed using a 1% agarose gel and electro-
phoresed. The primers were 5'-CCGGGGCCGGGGGACCTTAG-3’
(forward) and 5-GCGGGTACCCACGCGAATCAC-3" for PBGD,
5-CCCCATCGGAAATTGCTTAGG-3" (forward) and 5-CTTTCC
CAGACTTCAGTTTTATTG-3 for UROS, 5-ATGTTGCCTAAGA
GACCTC-¥ (forward) and 5-ACAAAATGGCAATTTACC-3" for
CPOX, 5-CCCACAGCCAGACTCAGC-3’ (forward) and 5-GCTG
TTAGGTTCTGTGCC-3" for PPOX, 5-GTGCAAAACCTCAAG
TT-3’ (forward) and 5-TCACAGCTCCTGGCTGGT-3 for FECH,
5-ATGTGGACTCTCGGGCGC-3" (forward) and 5-CTCAAGCA
TCTTTTCCGGA-3" for frataxin, 5-GAGTTGGAGGGGCGGG
GT-3’ (forward) and 5-GCCAGCCCTCCACTCT-3’ for mitoferrin-
2 and 5-TGGGTGTGAACCACGAGA-3’ (forward) and 5-TTACT
CCTTGGAGGCCATG-3" for GAPDH.

RESULTS

Effect of the expression of porphyrin-biosynthetic enzymes on
the ALA-induced accumulation of protoporphyrin and
photodamage in HeLa cells

Previously, we (8) reported that the decrease of the expression of
FECH led to enhancement of the ALA-induced accumulation
and photodamage. To examine whether other heme-bio-
synthetic enzymes are involved in the enhancement of ALA-
induced accumulation of protoporphyrin, HeLa cells were
transfected with pcDNA3-HF, pcDNA3-HCPOX, pCD-
PPOX, pCAG-HMBSu and pCAG-UROS. The expression of
these enzymes was not examined owing to lack of availability of
the corresponding antibody, but RT-PCR analysis showed the
increased expression of the corresponding transcript by trans-
fection (Fig. 1A). The cells were incubated with 1 mM ALA and
the accumulation of protoporphyrin was examined.

As shown in Fig. 1B, the highest accumulation of proto-
porphyrin in PBGD-transiently expressing cells was observed
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Figure 1. Effect of the expression of heme-biosynthetic enzymes on
ALA-induced accumulation of protoporphyrin and photodamage in
HeLa cells. (A) HeLa cells were transfected with pcDNA3-HF,
pcDNA3-HCPOX, pCD-PPOX, pCAG-HMBSu and pCAG-UROS.
After 16-h incubation, RNA was isolated and treated with DNase I.
RT-PCR for PBGD (a), UROS (b), CPOX (c), PPOX (d) and FECH
mRNA (e) was performed; (B) Effect of the expression of PBGD,
UROS, CPOX, PPOX and FECH on the ALA-induced accumulation
of protoporphyrin. HeLa cells (5 x 10°) transfected with the indicated
plasmids were incubated for 24 h and treated with 1 mm ALA for 16 h.
The cells were washed twice with phosphate-buffered saline, then
porphyrin was extracted and measured fluorospectrophotometrically;
(C) Photosensitivity. Fresh DMEM was added to the cells treated as
above, followed by exposure to white light; then surviving cells were
assessed by MTT assay. Data are the mean £ SD of three indepen-
dent experiments.
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compared with that in control cells. The expression of UROS
or CPOX also increased the accumulation. The accumulation
in FECH-expressing cells was decreased, whereas that in
PPOX-expressing cells was similar to that in the control. When
enzyme-expressing cells were exposed to white light and
photodamage was examined, the extent of cell survival was
found to be related to low accumulation of protoporphyrin
(Fig. 1C). No significant cell death was observed by irradiation
minus ALA or by treatment with ALA minus light (data not
shown). These results indicated that increase in the expression
of heme-biosynthetic enzymes, including PBGD, UROS and
CPOX led to high accumulation of protoporphyrin.

Involvement of iron reutilization from heme in ALA-induced
accumulation of protoporphyrin and photodamage in HeLa cells

To examine if iron-containing compounds decrease the accu-
mulation of protoporphyrin from ALA, HeLa cells were
incubated with 0.5 mm ALA by the addition of 10 um hemin
or 50 um Fe-NTA for 16 h. Porphyrins were extracted
from the cells and determined. As shown in Fig. 2A, the
(A)
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Figure 2. Effect of metalloporphyrins and Fe-NTA on ALA-induced
accumulation of protoporphyrin and photodamage. (A) Effect of
hemin, Fe-NTA, Co-PP and Sn-PP on the ALA-induced accumulation
of protoporphyrin. HeLa cells (5 x 10%) were incubated with 1 mm
ALA plus the indicated concentration of chemicals for 16 h. Porphyrin
was extracted from the cells and measured using a fluorospectropho-
tometer; (B) Effect of hemin, Fe-NTA, Co-PP and Sn-PP on ALA-
induced photodamage. The cells treated as above were irradiated, and
survival of the cells was analyzed by MTT assay. Data are the
mean % SD of three to four independent experiments.



accumulation of ALA-induced protoporphyrin in hemin- or
ferric ion-nitrilotriacetate (FeNTA)-treated cells was decreased,
compared with that in ALA-treated cells. Sn-PP, an inhibitor
of HO, increased the accumulation of protoporphyrin. Co-PP,
a substrate of HO, was without effect on the accumulation.
When the ALA-induced photodamage was examined, hemin
and Fe-NTA reduced the photodamage dependent on the
decrease of protoporphyrin (Fig. 2B). Sn-PP but not Co-PP
increased the photodamage. The above results suggest that the
generation of iron from heme may decrease the photodamage
and accumulation of protoporphyrin.

Our previous studies (28,29) showed that treatment of the
cells with hemin and metal ions resulted in the induction of
HO-1. When the cells were treated with hemin, arsenite or
cadmium ions for 16 h, HO-1 was markedly induced (Fig. 3A).
The ALA-induced accumulation of protoporphyrin in arsenite
and cadmium ion-treated cells was decreased compared with
that in the control, but the extent was less than that in the case
of hemin (Fig. 3A). These results suggest that reutilization of
iron generated from heme by HO led to the decrease of the
accumulation of protoporphyrin. Then, the HeLa cells were
transfected with pHHO-1 or pHHO-2. As shown in Fig. 3B,
the expression of HO-1 and HO-2 by the transfection was
increased. When the cells were then treated with ALA, the
accumulation of protoporphyrin in HO-1 or HO-2-expressing
cells was decreased, indicating that the increase in the
expression of HOs can facilitate the recycling of iron from
heme. These observations led us to examine if knockdown of
the HO-1/-2 expression affects the accumulation of protopor-
phyrin. When HeLa cells were transfected with HO-1/-2
siRNAs and incubated for 48 h, the levels of HO-1 and HO-2
proteins were markedly decreased (Fig. 4A). After the
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subsequent 16-h incubation with ALA, the content of por-
phyrin was measured. As expected, the accumulation of
protoporphyrin was increased by knockdown of HO-1 and
HO-2 (Fig. 4B). The photodamage by HO-1/-2 double knock-
down was much greater than that by transfection of control
RNA (Fig. 4C). These results indicate that cessation of the
recycling of iron from heme enhances the ALA-induced
photodamage.

Involvement of mitochondrial iron-metabolizing proteins in
regulating the ALA-induced accumulation of protoporphyrin
and photodamage

Recently, some researchers (16) reported that mitochondrial
iron-metabolizing proteins including mitoferrin-2 and frataxin
regulate heme and Fe-S cluster biosynthesis. To clarify the
involvement of these proteins in the ALA-induced accumula-
tion of protoporphyrin, Hela cells transiently expressing
frataxin or nonerythroid type mitoferrin-2 were made
(Fig. 5A). After these cells were incubated with ALA for
16 h, porphyrin in the cells was examined. The expression of
mitoferrin-2, but not frataxin, decreased the ALA-induced
accumulation of protoporphyrin in a dose-dependent manner
(Fig. 5B). The ALA-induced photodamage with these cells was
also examined. The light-resistant cells were increased depen-
dent on the decrease of protoporphyrin (Fig. 5C). Finally,
knockdown of the expression of frataxin and mitoferrin-2
using siRNA was carried out (Fig. 6A). The ALA-induced
accumulation of protoporphyrin in frataxin- or mitoferrin-2-
deficient cells was more than that of control cells (Fig. 6B).
Upon exposure of the cells to light, photodamage of frataxin-
or mitoferrin-2-deficient cells was greater than that of the
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Figure 3. Reduction of ALA-induced accumulation of protoporphyrin and photodamage by the expression of HO-1,-2. (A) Effect of hemin,
sodium arsenite and cadmium chloride on the ALA-dependent accumulation of protoporphyrin. Upper panel: HeLa cells (5 x 10%) were treated
with the above chemicals at the indicated concentration plus 1 mm ALA for 16 h. The accumulated protoporphyrin was measured. Data are the
mean * SD of three independent experiments. Lower panels: Immunoblots of HO-1. Cell lysates from cells treated with hemin, sodium arsenite
and cadmium chloride for 16 h were analyzed by SDS-PAGE, followed by immunoblotting; (B) Effect of over expression of HO-1 and HO-2 on the
accumulation of protoporphyrin. The cells transfected with pHHO-1 and pHHO-2 were cultured for 16 h, followed by incubation with 1 mm ALA
for 8 h. Upper panel: Porphyrin was extracted and determined. Lower panel: Immunoblots of HO-1 and HO-2.
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Figure 4. Enhancement of the ALA-induced accumulation of proto-
porphyrin and photodamage by knockdown of HO-1 and HO-2. (A)
The cells (5 x 10%) transfected with HO-1 and HO-2 siRNAs were
cultured for 48 h, followed by incubation with 1 mm ALA for 16 h.
The cellular protein from the cells as above was analyzed by SDS-
PAGE. Immunoblots of HO-1 and HO-2 were carried out; (B)
Porphyrin was extracted and determined; (C) Effect of double
knockdown of HO-1 and HO-2 on the photodamage. The cells treated
with HO-1/-2 siRNAs in combination were irradiated. The survival of
cells was examined by MTT assay. Data are the mean + SD of three
to four independent experiments.

control (Fig. 6C). Without irradiation, virtually no photo-
damage was observed. These results indicated that the decrease
of the supply of iron in mitochondria led to the enhancement
of ALA-induced photodamage.

DISCUSSION

This study demonstrated that the increased expression of
heme-biosynthetic enzymes, including PBGD, UROS and
CPOX in HeLa cells increased the accumulation of ALA-
induced protoporphyrin and photodamage. The increased
expression of PPOX did not have any effect. In cells highly
expressing FECH, the accumulation of protoporphyrin
decreased, presumably due to insertion of ferrous ions into
protoporphyrin, which was consistent with our previous
findings (7,8) that the accumulation of protoporphyrin was
inversely correlated with the expression of FECH. Recently,
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Figure 5. Effect of the expression of frataxin and mitoferrin-2 on the
ALA-induced protoporphyrin and photodamage. HeLa cells (5 x 10°)
were transfected with pcDNA3-frataxin or pCG-C-mitoferrin-2 and
incubated for 16 h. The cells were then incubated with 500 pum and
1 mm ALA for 8 h. (A) Immunoblots. Cellular proteins from the cells
as treated above were analyzed by SDS-PAGE, followed by immuno-
blotting with anti-frataxin and anti-HA, as the primary antibodies;
(B) The porphyrin was extracted and measured; (C) Photodamage. The
cells treated as above were irradiated. The survival of cells was
examined by MTT assay. Data are the mean + SD of three to four
independent experiments.

other investigators applied FECH siRNA to enhance ALA-
PDT in glioma of septum and found a high efficacy of ALA-
PDT in vivo (30). On the base of the fact that FECH deficiency
leads to the accumulation of protoporphyrin leading to the
inherited disease erythropoietic protoporphyria (31), the
decrease of FECH activity is closely related to ALA-PDT. In
addition to the decrease of FECH activity, it is reported that
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Figure 6. Enhancement of the ALA-induced accumulation of proto-
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was performed to estimate the levels of frataxin and mitoferrin-2
mRNAs; (B) Porphyrin was extracted and determined; (C) Photo-
damage. The cells treated as above were irradiated. Surviving cells
were examined by MTT assay. Data are the mean £ SD of three
independent experiments.

the treatment of prostate cancer cells with methotrexate, an
anticancer reagent, resulted in an increase in ALA-induced
PDT with concomitant elevation of CPOX (32). Sinha et al.
(33) reported that up-regulation of CPOX enhanced ALA-
PDT of prostate cancer cells. Our results support this effect of
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CPOX expression on ALA-PDT because the transfection of
the cells with CPOX-expression plasmid caused an increase in
the ALA-induced photodamage. Hinnen et al. (34) and Krieg
et al. (35) reported that an increase in the expression of PBGD
in adenocarcinoma cells was related to the hypersensitivity of
ALA-PDT, suggesting that the elevation of PBGD in cancer-
ous cells might be a useful parameter for predicting the
accumulation of protoporphyrin. We found that the augmen-
tation of PBGD expression caused an increase in the ALA-
induced accumulation of protoporphyrin and photodamage.
Thus, the elevation of the level of heme-biosynthetic enzymes,
including PBGD, UROS and CPOX could be responsible for
the high accumulation of protoporphyrin in tumor cells. In
addition, considering that silencing of ALA-dehydratase
caused the decrease of ALA-induced accumulation of proto-
porphyrin (36), ALA-dehydratase seems to play a role for
ALA-PDT.

The results in our study supported the findings of previous
studies that the supply of iron and the reuse of iron from heme
by HO reduced the ALA-induced accumulation of protopor-
phyrin (27). Here, we demonstrated that the induction of HO-1
by hemin and heavy metal ions decreased the accumulation. It
is possible that the decrease of the accumulation can be due to
the heavy metal toxicity as the intoxication by heavy metal
ions caused the reduction of ALA-induced accumulation of
protoporphyrin (37). On the other hand, Sn-PP, an inhibitor of
HO but not Co-PP, a substrate of HO, increased the ALA-
induced accumulation of protoporphyrin (Fig. 2A). Further-
more, the expression of HO-1 in Hela cells was shown to be
inversely related to the ALA-induced accumulation of proto-
porphyrin (Fig. 3B). The increased expression of HO-2 also
decreased the accumulation, and knockdown of the expression
of HO-1/-2 in HeLa cells resulted in a marked enhancement of
the photodamage (Fig. 4C). Thus, iron generated by HO-1 as
well as HO-2 is reused for the iron-chelating reaction by
FECH. As such, challenge of HO-1 and HO-2 siRNA may
facilitate for the enhancement of ALA-PDT for tumors.

Some researchers (13) showed that the ALA-induced
phototoxicity was variable among cancer cell lines even when
knockdown of HO-1 in several cells by siRNA was carried out,

-and suggested that the level of HO-1 was unrelated to ALA-

PDT. However, the contribution of HO-2 in ALA-PDT was
not examined. We found that expression of HO-2 as well as
HO-1 decreased the accumulation of protoporphyrin in the
presence of ALA, whereas deficiency of HO-2 or HO-1 in
HeLa cells increased the accumulation. In addition to the
decreased expression of FECH in tumor cells, the low
expression of HO-1/-2 in cancer cells may be linked to
hyperphotosensitivity derived from ALA. Therefore, the
decrease of HO function can cause the ALA-induced accumu-
lation of protoporphyrin. Alternatively, we have shown that
HO-1 is markedly induced not only by chemicals that produce
oxidative stress involving the generation of reactive oxygen
species but also by the substrate heme (28,29), and that HO-1
in ALA-treated cells was induced in time- and dose-dependent
manners, and the induction of HO-1 was seen in the
protoporphyrin-accumulated cells (8). It is considered that
uncommitted heme in the cells is very dangerous for the
maintenance of living systems, and reutilization of iron,
including degradation of heme, catalyzed by HO, is essential
for the homeostasis of iron in cells (9). By the treatment of cells
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with ALA, excess heme produced from ALA may induce
HO-1. It was also possible that the accumulated protopor-
phyrin generates reactive oxygen species via autoxidation (38),
which leads to the induction of HO-1. On the basis of the fact
that HO degrades heme, producing iron, CO and biliverdin
(12), the supply of iron for its reutilization reduced the
protoporphyrin and high level of HO-1 in tumor cells may be
responsible for their resistance to anticancer treatment. In
contrast, the iron supply was stopped by the inhibition of the
HO reaction with Sn-PP, leading to an increase in the
production of protoporphyrin. The photosensitivity caused
by the ALA-dependent accumulation of protoporphyrin was
different among tumor cells. One of the reasons to explain the
different photosensitivity may be the different rates for the
production of heme and the degradation of heme in species of
tumor cells.

It is well known that iron metabolism in mitochondria is
different between normal and cancerous cells. Among mole-
cules involved in mitochondrial iron metabolism, mitoferrin-2
functions in the import of mitochondrial iron in nonerythroid
cells (16). Reduction of mitoferrin-1/2 levels by RNA inter-
ference resulted in the decrease of mitochondrial iron and
heme synthesis (16). Mutation of erythroid-type mitoferrin in
zebrafish caused defects in hemoglobinization (16). The
present data revealed that knockdown of mitoferrin-2 in HeLa
cells led to the increase in the ALA-induced accumulation of
protoporphyrin and enhancement of photodamage. On the
other hand, transient expression of mitoferrin-2 in HeLa cells
decreased the ALA-induced accumulation of protoporphyrin,
which showed the increased availability of iron for the reaction
of FECH. Although no study on whether the expression of
mitoferrin-2 in cancerous cells is reduced has been reported, it
is possible that the function of mitoferrin-2 can be impaired in
transformed cells.

The overexpression of mitochondrial frataxin in cancer cells
decreased ROS production and induced mitochondrial func-
tions, including respiratory, membrane potential and ATP
content (39). It is reported that several cancer cells do not
express detectable frataxin, but untransformed cells produce
frataxin (40). Thus, the reduction of the function of frataxin in
cancerous cells lead to the decrease of mitochondrial function
and may contribute to enhancement of cancer-specific ALA-
PDT. Hela cells used in this study produced detectable
frataxin and transient overexpression of frataxin did not affect
ALA-induced accumulation of protoporphyrin, suggesting
that the expression of frataxin in control Hela cells can be
enough to maintain iron metabolism in mitochondria. The
expression of frataxin in frataxin-deficient tumor cells may
reduce ALA-PDT. On the other hand, knockdown of frataxin
led to an increase in the ALA-induced photodamage with the
accumulation of protoporphyrin. Frataxin is an iron-chaperon
and plays an essential role in Fe-S cluster biogenesis in
mitochondria (39). Considering that FECH is an Fe-S cluster-
containing protein and the expression level of FECH is
dependent on the intracellular level of iron (41), a loss of
function of frataxin decreases the level of FECH, leading to
enhancement of ALA-PDT. In contrast, Schoenfeld et al. (17)
reported that lymphoblasts of frataxin-knockout mice were
protected from ALA-induced phototoxicity by the reduced
expression of CPOX. The different effect of frataxin deficiency
on ALA-induced photodamage can be due to different
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metabolic regulations of mitochondrial iron utilization
between normal and cancerous cells. Thus, the present study
revealed important roles of multiple factors such as porphyrin
synthesis, iron reutilization and mitochondrial iron meta-
bolism for characteristics of tumor-specific ALA-dependent
accumulation of protoporphyrin. Further systematic studies
should shed light on the mechanism of resistance against PDT
and overcome the limitation in clinical application for various
carcinoma cells.
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ABSTRACT Ferrochelatase (FECH) the enzyme at the last step of the heme-blosynthetlc pathwa ,is mvolved in the formatlon of .

& INTRODUCTION

In cooked ham, the red pigment, mtrosomyoglobm, is a result
of thermal treatment of meat with nitrite."* Because nitrosa-
mines generated in nitrite-meat products are associated with a
cancer risk,” nitrite-free or green ham has been a preferred
alternative. Dry-cured ham (Parma ham), nitrite-free ham, is
produced by the incubation of meat w1th sea salt for along period
at suitable temperature and humidity.> Zn-protoporphynn as a
replacement product of protoheme (Fe-protoporphyrin)®® has
been isolated as the main component of red pigments of these
types of ham. Because of its safe and stable properties,®™® Zn-
protoporphyrin was the preferred replacement for nitrosomyo-
globin. However, it is hard to develop the red pigment rapidly in
meat products, and the formation of Zn-protoporphyrin in meat
is not well understood.

Ferrochelatase (FECH) (EC 4.99.1.1), located at the inner
membrane of the mitochondria in mammalian cells, catalyzes the
insertion of ferrous ions into protoporphyrin IX to form
protoheme.” The gene for FECH has been isolated from various
organisms, and the structures of FECH protein from bacteria to
higher eukaryotes were found to be conserved. Mammalian
FECH contams an iron—sulfur cluster at the carboxyl terminal
of the Oprotem, 0 whereas most fungal and bacterial FECHs do
not.>'® The function of the cluster in the mammalian enzyme is
unclear. Ferrous ions are the preferable targeting substrate of the
enzyme to form heme in vivo.” Furthermore, other correspond-
ing metalloporphyrins can be produced via the enzyme catalysis
of divalent metal ions including zinc, cobalt and nickel with
porphyrin compounds in vitro. Although it was considered that
FECH irreversibly catalyzes the insertion of metal ions into
porphyrin ring, we showed that FECH can also catalyze the iron-
removal (reverse) reaction from heme to create protoporphyrin
in vivo and in vitro and the subsequent conversion reaction from
heme to Zn-protoporphyrin in vitro.'"** The iron-removal

< ACS Publications ©2011 American Chemical society

reaction seems to be carefully controlled in vivo,'' but the
reaction could occur in vitro. Furthermore, the reaction of
NADH-cytochrome bs reductase (metmyoglobin reductase)
reduces the ferric ions in heme to ferrous ions, which leads to
the conversion of hemin to Zn-protoporphyrin.

The formation of Zn-protoporphyrin in dry-cured ham is
unclear. Several findings showed that bacteria in porcine meat
were the mam cause of the stable pigments during Parma ham
processing.® Recently, endogenous enzymes including FECH in
meat have been identified as a potential cause of the pigment
formation."" ¢ Several compounds such as salt, ascorbic acid,
and dithiothreito]l can increase the formation of Zn-protopor-
phyrin to some extent.'” ' It is possible that the formation of Zn-
protoporphyrin could occur via two pathways. First, an inter-
mediate porphyrin, protoporphyrinogen, is oxidized by proto-
porphyrinogen oxidase to form protoporphyrin aerobically; then,
Zn-protoporphyrin is produced by the insertion of zinc, which i s
present in large amounts in meat,”® into the protoporphyrin.®!
The other pathway, also identified in our findings, is that Zn-
protoporphyrin is generated via the conversion reaction of heme,
in which zinc is inserted into protoporphyrin as a product of the
iron-removal reaction of heme in hemoproteins catalyzed by
FECH.'>® In this case, the replacement does not occur easily,
especially in porcine muscle (meat). FECH from porcine muscle
mitochondria catalyzes the insertion reaction of zinc into proto-
porphyrin to form Zn-protoporphyrin'>**'* as well as the iron-
removal reaction of heme, strongly suggesting that FECH acts as a
conversion enzyme in porcine meat. However, the mechanism of
Zn-protoporphyrin in hams is still speculative.
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To obtain the highly efficient conversion from myoglobin-
heme and heme in meat to Zn-protoporphyrin, we tried to use
the recombinant porcine and yeast FECH for the reaction. We
here demonstrate that the recombinant enzyme is effective for
the production of Zn-protoporphyrin. We also found the roles of
reducing agents, such as ascorbic acid and cysteine, in enhancing
the iron removal and conversion from heme to Zn-protopor-
phyrin under anaerobic conditions. Furthermore, the addition of
recombinant yeast FECH into intact piece of raw meat is applied
to facilitate the generation of Zn-protoporphyrin. These results
may open up new methods to generate the natural red pigment of
meat and could help to shorten the incubation period of dry-
cured ham.

E MATERIALS AND METHODS

Materials. The genomic DNA of the thermophilic bacterium
Thermus thermophilus (NC_006461) was obtained from Japan Gene
Bank. Mesoporphyrin IX, protoporphyrin IX, and Zn-protoporphyrin
were from Frontier Scientific (Logan, IT). Horse hemoglobin (Hb) and
myoglobin (Mb) were products of Sigma Co. (St. Louis, MO). Porcine
muscles were generously donated by Itoh Ham Inc. (Moriya, Japan).
Restriction endonuclease was obtained from Takara Co. (Tokyo,
Japan). The other chemicals used were of analytical grade.

Recombinant Enzymes. Mouse NADH-cytochrome bs reductase
and porcine FECH carrying His-tag were prepared as described
previously. "> The FECH genes of S. cerevisiae and T. thermophilus were
isolated by polymerase chain reaction (PCR) using corresponding geno-
mic DNA. The primers used for yeast FECH were 5'-AAG GAT CCC
GTC CTC ATG GCC TA-3' (forward) and 5'-AAG AAT TCT ATC
TCG GCC ACG CCG C-3' (reverse), and those for T. thermophilus were
5'-AAG AAT TCG AAT GCA CAA AAG AGA T-3' (forward) and
5'-AAAAGC TTT CAA GTA GAT TCG TGA T-3' (reverse). The DNAs
obtained were inserted into pET vector and transformed into E. coli BL21
strain. The bacteria were grown in LB medium for 16 h, and then, the
culture medium was diluted by 10-fold in fresh LB medium. These
enzymes were expressed with 0.3 mM isopropyl-$ thiogalactopyranoside
at 30 °C for 2 h. The cells were harvested by centrifugation and suspended
in 20 mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM dithiothreitol (DTT),
0.1% Tween 20, 20 mM imidazole, and 0.3 M NaCl, disrupted by
sonication, and centrifuged at 500g at 4 °C for 10 min. The supernatants
were shaken with Ni**-NTA beads (Qiagen, Valencia, CA) and washed
three times with the above solution. The enzymes were eluted with 20 mM
Tris-HCl (pH 8.0), 10% glycerol, 0.1% Tween 20, 0.25 M imidazole, 1 mM
DTT, and 0.3 M NaCl. The protein concentration was measured by the
method of Lowry et al*? or Bradford,” using bovine serum albumin as the
standard.

Electrophoresis of FECH. The proteins were analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
stained with Coomassie Brilliant Blue (CBB) as described previously."

Enzyme Assay. The FECH activity (forward reaction) was deter-
mined by measuring the insertion of zinc into mesoporphyrin, as
described previously.”* For measuring the iron-removal activity of
FECH, a reaction mixture containing 1 mg of horse hemoglobin or
myoglobin, 6 mM ascorbic acid, and 10 mM potassium phosphate buffer
(pH 6.5) in a total volume of 1.0 mL was used in a Thurberg vacuum
tube.”® The dissolved gas was removed in vacuo and replaced by
nitrogen. The reaction was carried out at 30 °C for 24 h. To examine
the conversion of heme to Zn-protoporphyrin, 0.1 mM zinc ion was
added to the reaction mixture."* The conversion from heme in meat to
Zn-protoporphyrin was carried out as described above, except that
hemoproteins were replaced by 1.0—15 g of porcine muscle (meat). Gas
in the reaction tubes was removed as above and replaced with nitrogen.
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Figure 1. Characterization of the iron-removal activity and conversion
reaction of porcine, yeast, and thermophilic bacterial FECH. (A) SDS-
PAGE of purified porcine FECH (42 kDa), T. thermophilus FECH
(33 kDa), and yeast FECH (39 kDa). The recombinant porcine, yeast,
and thermophilic bacterial FECHs were expressed in E. coli and purified.
One microgram of purified enzyme was analyzed by SDS-PAGE and
stained using Coomassie Brilliant Blue. (B) The stability of porcine,
yeast, and thermophilic bacterial FECH. The purified recombinant
enzymes in 20 mM Tris-HCl (pH8.0) containing 0.3 M NaCl were
stored at 18 °C for the indicated period, and the iron-removal reaction
was examined. Data are expressed as means £ SDs of triplicate
experiments.

Oxygen was further absorbed with a packet of AnaeroPack for Cell,
disposable oxygen, and carbon dioxide-generating agent (Mitsubishi Gas
Chemical Co., Tokyo, Japan). The reaction was carried out at 30 °C
for24 h.

Analysis of Metalloporphyrin and Porphyrin Pigments.
Zn-protoporphyrin and protoporphyrin were extracted with acetone/
ethanol (1:1 v/v) and determined by fluorospectrophotometry from 550
to 670 nm (Zn-protoporphyrin) or 600 to 700 nm (protoporphyrin)
with an excitation of 400 nm (Figure S1)."> Heme in the reaction mixture
or porcine muscle was determined by the reduced—oxidized difference
spectrum of pyridine hemochromogen'! after extraction with ethyl
acetate/acetic acid (3:1; v/v).

Photoimage. The extracts of the reaction mixture after incubation
were transferred to quartz cuvettes and exposed to 360 nm UV light in a
dark room at room temperature. A photograph of the emerged color was
taken with focal ration, f/2.5, time of exposure, t = 1 s, and film speed,
1SO = 200.

Statistical Analysis. Results were shown as means = standard
deviations (SDs) and analyzed using unpaired Student's ¢ test. All
statistical analyses were calculated significant at level of p < 0.05 using
GraphPad Prism software version 5.02 (GraphPad Software, Inc., CA).

B RESULTS

Characterization of Yeast FECH in the Conversion of
Hemoproteins to Zn-protoporphyrin. We'"'? previously re-
ported that porcine FECH catalyzes the iron removal from heme
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Figure 2. Kinetic study of yeast FECH. (A) The formation of Zn-
protoporphyrin from hemoproteins. The reaction mixture (1.0 mL)
contained 1 mg/mL myoglobin or 1 mg/mL hemoglobin, 6 mM
ascorbic acid, 0.2 mM zinc acetate, and 0.3 ug of yeast FECH, in
10 mM potassium phosphate buffer, pH 6.5. The reaction was carried
out at 30 °C for 24 h, and the formation of Zn-protoporphyrin was
measured (upper panel). The ethanol/acetone extracts in the cuvettes
were exposed to UV light in a dark room. The fluorescent image after the
reaction was observed (lower panel), and the red color shows the
production of Zn-protoporphyrin. (B) Effect of pH. The reactions were
performed under the conditions as described above, except for the use of
10 mM potassium phosphate buffer with indicated pH. (C) Time course
on the formation of Zn-protoporphyrin from myoglobin. The reactions
were performed as described above, except that the incubation period
was varied. Data are expressed as means == SDs of 2—4 independent
experiments.

as well as the conversion of heme to Zn-protoporphyrin and
suggested that a large amount of Zn-protoporphyrin in Parma
ham may be generated via iron-removal and conversion reactions
of FECH from myoglobin-heme. However, the reaction was not
fully identified, and the porcine enzyme onlg produced a small
amount of Zn-protoporphyrin from hemin.'” Thus, we tried to
improve conditions to obtain a high yield of Zn-protoporphyrin
from myoglobin by FECH. First, we searched for FECH from
other sources because the reverse and conversion activities using
mammalian FECH were not high because of instability of

mammalian FECH. We cloned FECH genes from the bacterium
T. thermophilus and the yeast S. cerevisiae and expressed them in
E. coli. The recombinant enzymes were purified using a nickel
column and analyzed by 10% SDS-PAGE. The molecular masses
of porcine, yeast, and bacterial FECH were 42, 39, and 33 kDa,
respectively (Figure 1A). We then compared the iron removal
(reverse activity) and stability of the enzymes (Figure 1B). When
the enzymes were freshly prepared, the strongest activity was
obtained with yeast enzyme. Porcine enzyme showed two-thirds
of the activity of the yeast enzyme, and the bacterial one showed
the lowest activity. To compare the stability of the three enzymes,
they in 20 mM Tris-HCI (pH 8.0) containing 0.3 M NaCl were
stored at 18 °C for the indicated period, and then, the reverse
activity was examined. Yeast FECH showed 42% of the initial
activity after storage for half a month, corresponding to a half-life
of the activity (fos) of 12 days, whereas porcine FECH was
unstable and showed f, 5 of 12 h. When the yeast enzyme was
stored at 4 °C for a month, virtually no loss of the activity was
observed. The bacterial FECH showed lower activity although it
was more stable than the porcine enzyme. Thus, the yeast FECH
showed strong activity and was suitable to obtain a high yield of
Zn-protoporphyrin. Figure 2A shows the formation of Zn-
protoporphyrin with myoglobin and hemoglobin catalyzed by
yeast FECH. A considerable amount of Zn-protoporphyrin was
formed with 1 mg/mL myoglobin or hemoglobin, whereas no
Zn-protoporphyrin was found in the reactions without FECH.
After Zn-protoporphyrin in the extracts was determined, the
extracts upon exposure to UV light showed strong red fluores-
cence (Figure 2A, lower panel). Thus, yeast FECH catalyzes the
conversion reaction from hemoproteins to Zn-protoporphyrin.
Although the forward reaction of FECH showed an optimum at
pH 7.5—8.0, the reverse one did at pH 5.5 (Figure 2B), which
was consistent with previous observations.”> When the pH
profile of the conversion reaction from hemoglobin to Zn-
protoporphyrin was examined, the highest activity was obtained
at pH 6.5.

Then, we examined the time course of the conversion reaction
using myoglobin as a substrate. To protect the stability of FECH
and hemoproteins, we selected the incubation temperature of
30 °C. The formation of Zn-protoporphyrin gradually increased
with time and reached a plateau by 24 h of incubation
(Figure 2C). Kinetic properties of the conversion reaction from
myoglobin and Zn** were also determined. The enzyme showed
a Vinax value of about 30 ymol of Zn—grotoporphyrin formed/mg
of protein/h, and K, values for Zn"" and myoglobin were 60
(Figure S2A in the Supporting Information) and 12 uM (Figure
$2B in the Supporting Information), respectively.

To remove iron from heme, the reduced heme in myoglobin is
required."’ Thus, we examined the effect of reductants on the
promotion of the reaction. NADH-cytochrome b5 reductase can
maintain the reduced form of myoglobin. The addition of
recombinant NADH-cytochrome b reductase with NADH
caused weak conversion activity. Ascorbic acid (6 mM) and
cysteine (6 mM) as additives showed marked stimulation (Figure S3
in the Supporting Information). Glutathione (6 mM) showed a
weak effect (data not shown). When the concentration of
ascorbic acid was changed, the activity increased dependent on
the concentration up to 6 mM and then decreased (Figure 3A).
Cysteine at a high concentration was effective. It is known that
pig leg is treated with salt powder at the first step of dry-cured
ham processing.’> We thus examined whether NaCl affects the
formation of Zn-protoporphyrin from myoglobin-heme. As
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Figure 3. Formation of Zn-protoporphyrin of recombinant yeast
FECH with myoglobin-heme or hemoglobin-heme. (A) Effect of
reductants with yeast FECH on the conversion of myoglobin-heme to
Zn-protoporphyrin. Yeast FECH was incubated in the reaction mixture
similar to that described in the legend to Figure 2, except that the
concentration of reductants was varied. NADH (2—8 mM) and mouse
NADH-cytochrome bs reductase (10 ug of protein) for replacement of
reductants were also used. (B) Effect of NaCl. The reaction was
performed under the conditions as described above, except for the
addition of the indicated concentration of NaCl. Data were tested the
significant by using Student's ¢ test, 0.05 < *p < 0.1, 0.1 < *p < 0.5, and
***p > 0.5. (C) Change in the proportion of Zn-protoporphyrin and
myoglobin-heme by yeast FECH. The conversion reaction was per-
formed similarly to the conditions as described above, except for the use
of the indicated concentration of myoglobin. Protoporphyrin and Zn-
protoporphyrin were examined by fluorospectrophotometry. Heme was
determined using the reduced-oxidized pyridine hemochromogen. Data
are expressed as means &= SDs of triplicate experiments.

shown in Figure 3B, the addition of NaCl at all concentrations
did not show any significant statistical effect.

We next examined the change in the proportion of Zn-proto-
porphyrin to heme by the enzyme reaction. The amount of Zn-
protoporphyrin increased after the incubation, which was accom-
panied by the decrease of heme (Figure 3C). At all examined
concentrations of myoglobin, Zn-protoporphyrin was produced in
a manner dependent on the initial concentration of myoglobin. It
is evident that the conversion reaction of Zn-protoporphyrin from
myoglobin-heme occurs via the catalysis of FECH.

Effect of Yeast FECH on the Conversion of Heme in
Porcine Muscle (Meat) to Zn-protoporphyrin. We examined
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Figure 4. Conversion of heme in porcine muscle to Zn-protoporphyrin.
(A) The reaction mixture containing porcine muscle (1 g wet weight)
and 10 mM potassium phosphate buffer, pH 6.5, in the presence of
porcine and yeast FECH (0.3 ug) was incubated at 4 or 30 °C for 24 h.
The formation of Zn-protoporphyrin was measured (upper panel). Data
are expressed as means &= SDs of triplicate experiments. The fluores-
cence in the ethanol/acetone extracts was observed (lower panel).
(B) Effect of exogenous zinc ions on the conversion reaction. The
reaction was performed under the conditions as described above, except
for the addition of 0.2 mM zinc acetate. (C) Effect of ascorbic acid
(upper panel). The incubation as above was carried out with or without
6 mM ascorbic acid. The lower panel shows a fluorescent image of the
Zn-protoporphyrin (pink) produced.

the effect of FECH on the formation of Zn-protoporphyrin from
heme in porcine muscle (meat). Meat (1 g) was added to the
reaction mixture containing 6 mM ascorbic acid and porcine
FECH or yeast FECH (0.3 ug). After anaerobic incubation at
4 or 30 °C for 24 h, the reaction mixtures with meat were
homogenized, and porphyrins were extracted with ethanol/
acetone (1:1, v/v). The results in Figure 4A (upper panel)
revealed that the formation of Zn-protoporphyrin without
recombinant FECH occurred at 30 °C. The yield of Zn-proto-
porphyrin with yeast enzyme was much higher than those
without or with exogenous porcine FECH. The pink color
corresponding to Zn-protoporphyrin by UV light was observed
in the case of 30 °C incubation, and the intensity with recombi-
nant FECH was stronger than that without FECH (lower panel).
Using meat as a reaction source, the addition of zinc acetate to

12241 dx.doi.org/10.1021/jf203145p |, Agric. Food Chem. 2011, 59, 12238-12245
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Figure 5. Proportion of metalloporphyrins and protoporphyrin in
porcine muscle by the incubation with yeast FECH. The reaction
mixture containing 1 g of meat (porcine muscle), 6 mM ascorbic acid,
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was incubated at 30 °C for 24 h. The contents of Zn-protoporphyrin,
protoporphyrin, and heme were examined. Data are expressed as means
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Figure 6. Conversion of heme in meat to Zn-protoporphyrin using the
intact piece of porcine muscle. (A) The formation of Zn-protoporphyrin
from heme in tissues of porcine muscle. The solution (1.0 mL) contain-
ing 1 ug of yeast FECH, 6 mM ascorbic acid, and 10 mM potassium
phosphate buffer, pH 6.5, was injected into porcine muscle (15 g). The
meat was incubated anaerobically at 30 °C for 24 h. After incubation, Zn-
protoporphyrin and protoporphyrin were extracted from meat, using
acetone/ethanol (1:1 v/v), and determined fluorophotometrically. Data
are expressed as means == SDs of triplicate experiments. Intact pieces of
porcine muscle after incubation were exposed to white light (B) or UV
light in a dark room (C), and then, the images were observed. The pink
color indicates the production of Zn-protoporphyrin.

the mixture did not change in the formation of Zn-protopor-
phyrin, indicating that zinc jons are present at sufficiently high
levels in meat® for the zinc ion-insertion reaction to proceed
(Figure 4B). When meat as a substrate material was used, a
considerable amount of Zn-protoporphyrin was formed without
ascorbic acid, and the addition of ascorbic acid (6 mM) showed
enhancement on the formation (Figure 4C). Figure S shows the
change in the composition of heme and Zn-protoporphyrin in
meat by the incubation with yeast FECH. At the initial time,
heme was the main component of porcine muscle, but the
amount of Zn-protoporphyrin increased sharply to 73% of the
initial content of heme, whereas heme was decreased to 27%.
These results indicated that the addition of the recombinant
yeast FECH with ascorbic acid effectively enhanced the conver-
sion reaction from heme in meat to Zn-protoporphyrin.

Formation of Zn-protoporphyrin from Heme in the Intact
Piece of Porcine Muscle. The above results demonstrated that
FECH s effective for the formation of Zn-protoporphyrin using a
small amount of meat with the liquid reaction mixture. We finally
examined the conversion using the intact piece of meat (15 g) as
a reaction source. The solution (1 mL) containing yeast FECH
(1 ug) and 6 mM ascorbic acid was injected into muscle, and the
treated meat was then incubated anaerobically. As shown in
Figure 6A, the formation of Zn-protoporphyrin in the muscle was
observed after 24 h of incubation at 30 °C. Zn-protoporphyrin
was formed in samples either with or without ascorbic acid. In
addition, a considerable amount of protoporphyrin in meat was
also formed. The photoimages indicated a bright red color of
meat that emerged upon direct exposure of meat to both visible
and UV light (Figure 6B,C). This proves that yeast FECH acts as
a promoter of the conversion reaction to Zn-protoporphyrin
from heme in meat.

B DISCUSSION

The present study first demonstrated that highly efficient iron
removal and subsequent conversion of heme in meat to Zn-
protoporphyrin occur upon a relatively short period of incuba-
tion, via the catalysis of FECH. The replacement of iron by zinc in
the formation of Zn-protoporphyrin was noted previously.'>~"”
Our previous studies'”"? showed that the formation of Zn-
protoporphyrin can take place via the reverse and conversion
reactions and was catalyzed by FECH. However, the level of
production of Zn-protoporphyrin from heme is low because the
reaction of FECH precisely proceeds to the metal ion-insertion
(forward) reaction. We also found that a considerable concentra-
tion of reducing reagents including ascorbic acid and cysteine
under anaerobic conditions was required for the highly efficient
production of Zn-protoporphyrin. In addition, the use of recom-
binant FECH enhanced the conversion reaction of heme, with
hemin, hemoglobin-heme, and myoglobin-heme as well as heme
in meat strongly suggesting that FECH can catalyze the conver-
sion reaction from any heme in tissues.

The formation of Zn-protoporphyrin without the decrease of
heme was previously noted using exogenous myoglobin or meat
extracts,”’ indicating that the formation could follow the other
pathway independent of FECH catalysis. On the other hand, we
previously'! reported that 67% of pigment of dry-cured ham was
Zn-protoporphyrin, only 10% was heme, and the rest was
protoporphyrin. The present study demonstrated that about
70% of metalloporphyrin in meat was Zn-protoporphyrin, which
was accompanied by the decrease of heme after 24 h of in-
cubation with yeast FECH at 30 °C (Figure S). These results
confirmed that endogenous porcine FECH in meat is responsible
for the formation of Zn-protoporphyrin, and the formation of
Zn-protoporphyrin is dependent upon the initial heme concen-
tration in dry-cured ham including Parma ham.

We previously reported that the iron-removal activity of heme
with mouse FECH upon a short geriod of incubation had an
optimum temperature of 45 °C.**!° Thus, we tried to use FECH
of thermophilic bacteria for the formation of Zn-protoporphyrin
because enzymes in these bacteria are relatively stable at high
temperature. We expressed the recombinant FECH of T. thermo-
philus in E. coli and purified it. When the conversion of heme to
Zn-protoporphyrin with T. thermophilus FECH was examined at
45 °C, the activity was unexpectedly low (data not shown). The
bacterial enzyme activity was about 10% of that of the porcine
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