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Protein turnover, which occurs at various rates, is critical for the homeostasis of
cellular protein levels. However, the proteolysis systems that determine the turnover
rate of mitochondrial proteins are largely unknown. Delta-aminolevulinic acid
synthase (ALAS) 1, a rate-limiting enzyme in the haeme biosynthesis, is one of the
mitochondrial proteins that have a very short lifetime. In this study, to reveal the
regulatory mechanisms for ALAS1 degradation, we examined the turnover rates of
ALAS1 in rat liver under several conditions. In primary rat hepatocytes, the
degradation of ALAS1 was stimulated by haeme, and suppressed by inhibition of
haeme biosynthesis. Furthermore, the haeme-stimulated degradation of ALAS1 was
observed in the isolated mitochondria. These results suggested that, in mitochondria,
there exists an ALAS1 degradation system that is regulated by cellular haeme level
and plays a crucial role in the regulation of haeme biosynthesis.
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protein degradation.

Abbreviations: ALAS, d-aminolevulinic acid synthase; Bt2cAMP, dibutyryladenosine 30,50-cyclic monopho-
sphate; CHI, cycloheximide; DDC, 3,5-dicarbethoxy-1,4-dihydrocollidine; MSH, mannitol–sucrose–Hepes;
PB, phenobarbital; SA, succinylacetone; TOM40, translocase of outer membrane.

Recent advances in the study of intracellular proteolysis
brought about the various findings including the cell
cycle, apoptosis, protein quality control, antigen presen-
tation and so on (1). In spite of these advances,
degradation of mitochondrial proteins is not well under-
stood. It is widely recognized that mitochondrial proteins
could be degraded by an autophagic process (2).
However, since this process digests whole mitochondrion,
the difference in half-lives among various mitochondrial
proteins cannot be explained. Thus, the proteolytic
system in which proteins are degraded individually is
assumed to exist in mitochondria.

Some proteases have been found in mitochondria; for
example, mitochondrial processing peptidase, mitochon-
drial intermediate peptidase and inner membrane pepti-
dase remove the amino-terminal extra peptides from
precursor proteins (3, 4); Lon protease, AAA proteases
and Clp protease digest mis-folded and non-assembled
polypeptides in mitochondria, functioning in protein
quality control system (5). These known functions,
however, are unable to explain the differences in
lifetimes of mitochondrial proteins.

Delta-aminolevulinic acid synthase 1 (ALAS1), which
is expressed ubiquitously (6), catalyses the first step of
haeme biosynthesis in mitochondrial matrix. ALAS1
protein has been reported to be degraded with a short

half-life under certain conditions (7), although most of
mitochondrial proteins have longer lifetime (from several
hours to several days) (8–12). Therefore, mitochondria
are supposed to have a proteolytic system that controls
lifetime of ALAS1. To elucidate the molecular mecha-
nisms underlying the determination of the lifetimes of
mitochondrial proteins, we studied focusing on the
degradation of ALAS1.

Since haeme biosynthesis is strictly regulated, defection
of the enzymes involved in the haeme biosynthetic pathway
leads to porphyria; the disease causes neurological mani-
festation and skin problems by accumulating porhyrins
and their precursors (13). ALAS1 is the rate-limiting
enzyme of haeme biosynthesis (6) and regulated by the
final product, haeme. It is reported that the ALAS1 protein
is regulated by intracellular free haeme, which inhibits the
import of the precursor of ALAS1 in cytoplasm by attaching
to the cysteine residue in the pre-sequence (14, 15).

Here we report that the biosynthesis of haeme and its
inhibitors affect the rate of degradation of ALAS1 in rat
liver. The degradation was stimulated by hemin, and
conversely, an inhibitor of haeme biosynthesis sup-
pressed the degradation. Thus, haeme biosynthesis is
regulated by the final product through the modulation of
the degradation of the rate-limiting enzyme.

MATERIALS AND METHODS

Reagents—Williams’ medium E, succinylacetone (SA),
sodium selenite, zinc sulfate, amphotericin B, bovine
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serum albumin were purchased from Sigma.
Dexamethasone was purchased from Wako (Osaka,
Japan). Insulin was purchased from Seikagaku Kogyo
Co. (Tokyo). Phenobarbital (PB) was purchased
from Tokyo Kasei Co. (Tokyo), and 3, 5-dicarbethoxy-1,
4-dihydrocollidine (DDC) was purchased from Acros
Organics. Bt2cAMP, ampicillin, streptomycin, cyclohex-
imide (CHI) and other general reagents were
purchased from Nacalai Tesque (Kyoto, Japan).
Collagenase was purchased from Nitta gelatin Co.
(Osaka, Japan). Collagen was prepared from tendon
of rat tails. Anti-CYP 2B was a gift from Prof.
Omura (16).
Antibody Production—Synthetic peptide

(CKETPPANEKEKTAKAAVQQA) corresponding to
amino terminal region of rat ALAS1 with the amino
terminal cysteine added for coupling, was conjugated
with keyhole limpet haemocyanin and used to immunize
rabbit. The antiserum was fractionated with (NH4)2SO4,
and the IgG fraction was obtained. The IgG fraction was
passed through the synthetic peptide immobilized resin,
and the specific antibody was eluted with glycine–HCl
(10 mM, pH 2.8). The eluate was quickly neutralized with
Tris–HCl (1 M, pH 8.0). Specificity of the antibody
was confirmed by immunoblotting of ALAS1-expressed
cell lysate (15).
Immunoblotting—Samples were separated by SDS–

PAGE and transferred to a polyvinylidene difluoride
membrane by electroblotting. After blocking with a Tris-
buffered saline (25 mM Tris–HCl, pH 7.4, 0.15 M NaCl,
0.1% Tween-20) containing 0.5% bovine serum albumin,
the membrane was incubated with the anti-ALAS1
IgG in the same buffer for 1 h. After washing for three
times, the membrane was further incubated with anti-
rabbit IgG conjugated to a horseradish peroxidase.
Immunoreactive bands were visualized by chemilumines-
cence using Western Lighting (PerkinElmer Life
Sciences) and quantified by Cool Saver (ATTO Co.,
Tokyo).
Isolation and Culture of Primary Rat Hepatocytes—

Male Sprague-Dawley rats of 5- to 6-week-old were
obtained from Kyudo Co. (Kumamoto, Japan). The rats
were fed with a commercial diet and water ad libitum.
The hepatocytes were isolated by a modification of the
two-step collagenase perfusion in situ (17). Briefly,
the liver was perfused with a calcium-free balanced salt
solution containing glucose (5 mM) and EGTA (0.5 mM)
for 12 min at a flow rate of 40–50 ml/min and then
with Williams’ medium E containing collagenase
(0.2 mg/ml) for 10 min at a flow rate of 25–30 ml/min.
The hepatocytes were dispersed in Williams’ medium
E supplemented with fetal bovine serum (10%),
insulin (12.5 mg/l), dexamethasone (0.1 mM), ampicillin
(100 mg/l), streptomycin (100 mg/l), amphotericin B
(2.5 mg/l), sodium selenite (72 nM) and zinc sulfate
(13 mM). The dispersed hepatocytes were filtered succes-
sively through 150 and 70 mm meshes, and then the cells
were washed for three times by low-speed centrifugation
(50 g, 1 min). The viability was estimated by a trypan
blue dye exclusion test to be >85%. The isolated
primary hepatocytes were cultured in Williams’ medium
E in collagen-coated 100 mm dishes. In the case of

a serum-free condition, the medium was changed to
Williams’ medium E with serum-free and low concentra-
tion of insulin (0.625 mg/l) on the second day of the
culture.
Induction and Degradation of ALAS1 in Primary Rat

Hepatocytes—ALAS1 in the hepatocytes was induced
with Bt2cAMP (200 mM), SA (500 mM), PB (200 mM) or
the combination of SA and PB on the third day of the
culture under the serum-free condition. The incubations
with Bt2cAMP or the combination of SA and PB were
also carried out either in the serum-free or serum-
containing medium. The degradation of ALAS1 was
observed after the incubation of the hepatocytes, which
had been maintained in Bt2cAMP (200 mM) or SA (500 mM)
for 16 h, in the medium containing CHI (10 mg/ml). For the
evaluation of the effects of hemin in the degradation, hemin
(20 mM) was added to the medium containing CHI or CHI
and SA. The ALAS1 protein was detected by SDS–PAGE
and immunoblotting.
Induction of ALAS1 in Rat Liver—Three male

Sprague-Dawley rats were intraperitoneally injected
with DDC (300 mg/kg/day) for 3 days. DDC was
suspended in corn oil. After about 4–6 h from the final
injection, the rats were anaesthetized with sodium
pentobarbital. The livers were removed and perfused
with an ice-cold saline. The perfused livers were homog-
enized in an ice-cold MSH buffer (0.21 M mannitol,
0.07 M sucrose, 10 mM Hepes–NaOH pH 7.4) using a
Potter–Elvehjem homogenizer. The homogenates were
centrifuged at 600g for 10 min, and the supernatants
were further centrifuged at 6,000 g for 10 min. The
precipitates were collected as the mitochondrial fractions
and suspended in the MSH buffer. The contents of
ALAS1 protein in mitochondrial fractions were analysed
by SDS–PAGE and immunoblotting.
ALAS1 Degradation and its Stimulation by Hemin in

Isolated Mitochondria—Primary rat hepatocytes were
cultured with SA (500 mM) and PB (100 mM) for 18.5 h
and incubated with or without hemin (10mM) for 20 min
before harvesting. The mitochondrial fractions were
isolated by aforementioned method, diluted to the protein
concentration of 2 mg/ml, and incubated at 308C.
Hemin was added to the mitochondria prepared from
the SA-treated hepatocytes to evaluate its effect on the
mitochondrial degrading system, and the degradation
was observed at 308C. Mitochondria from the animal
liver were also examined for the effects of hemin on
the degradation. Sprague-Dawley rats had been intra-
peritoneally injected with DDC (300 mg/kg) and 18–24 h
after the first injection, DDC was injected at the
same dosage. The livers were collected at about 5 h
after the final injection. The mitochondrial fractions
prepared as described above were diluted with 15-fold
volumes of Hepes–NaOH (10 mM, pH 7.4) buffer
and left on ice for 15 min. The hypotonic-treated
mitochondrial fractions were centrifuged at 10,000g
for 15 min. The precipitates were again treated
with the hypotonic solution and centrifuged. The pellets
were collected and suspended in MSH buffer.
These fractions were incubated with or without hemin
(10 mM) at 308C.
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RESULTS

Induction of ALAS1 Protein in Primary Rat
Hepatocytes—At steady state, the amount of ALAS1
protein was too small to be detected by immunoblotting
(Fig. 1A). Primary rat hepatocytes were cultured with
Bt2cAMP, SA, PB or the combination of SA and PB for
the induction of ALAS1 protein. Bt2cAMP is believed to
induce the ALAS1 protein by simple enhancement of the
transcription (18). SA inhibits d-aminolevulinic acid
dehydratase (19, 20), which is the second enzyme of the
haeme biosynthetic pathway. SA treatment leads to the
decrease of intracellular haeme (21). PB is the inducer of
some species of cytochrome P450 (CYP) that are major
haeme proteins in hepatic microsomes (22). PB induces
mainly the expression of CYP 2B subfamily in hepato-
cytes (22), and we also confirmed the induction in this
study (data not shown). Since cytochrome has a haeme
moiety as a cofactor, the augmentation of CYP protein is
expected to consume the intracellular free haeme.
Therefore, SA and PB are expected to reduce the
concentration of free haeme and release the negative
feedback regulation of ALAS1, and accordingly induce
the amount of ALAS1 protein. The content of ALAS1
protein was consequently increased when the hepato-
cytes were incubated with Bt2cAMP. SA or the

combination of SA and PB was also effective in increas-
ing the amount of ALAS1 protein. Sole addition of
PB was, however, ineffective in a significant increase of
the amount of ALAS1 protein (Fig. 1A). Some repressive
constituents would be included in the serum, since
the induction of ALAS1 was not observed in the serum-
containing medium (Fig. 1A). There are several explana-
tions for the negative regulation of ALAS1 by haeme.
For example, haeme destabilizes ALAS1 mRNA (23, 24)
or attaches to the pre-peptide of pre-ALAS1 preventing
the precursor to translocate into mitochondria (14, 15).
When the hepatocytes were incubated with hemin,
effects of Bt2cAMP or the combination of SA and PB
on the induction of ALAS1 were abolished (Fig. 1B).
This result suggests that the ALAS1 protein level in
primary rat hepatocytes is controlled by the haeme.
Effects of Hemin and Inhibitor of Haeme Biosynthesis

on Degradation of ALAS1 Protein in Primary
Hepatocytes—In order to examine whether ALAS1
protein was degraded in the primary hepatocytes or
not, we added CHI to the medium and observed the
change of ALAS1, which had been induced with Bt2cAMP
or SA. ALAS1 is known as a short-lived mitochondrial
protein (7). When ALAS1 had been induced with
Bt2cAMP, it started to decrease with a half-life of 4–6 h
under CHI-containing medium. The ALAS1 protein,
which had been induced with SA, however, was stable
(Fig. 2A). The difference in the stability of ALAS1 protein
could be due to different modes of the induction.
Bt2cAMP induces ALAS1 protein in the transcriptional
level (18), whereas SA reduces the intracellular free
haeme (19–21) probably without changing the transcrip-
tional level. ALAS1 was induced with Bt2cAMP, and then
the cells were incubated with hemin or SA in the
presence of CHI. The ALAS1 protein was degraded
with a half-life of 1–2 h (Fig. 2B and C) when the cells
were incubated with hemin. In contrast, it was stable
when cells were incubated with SA (half-life >8 h, Fig. 2B
and C). The half-life of ALAS1 incubated only with CHI
was intermediate between those values. Furthermore,
the stability of ALAS1 protein in the presence of SA was
eliminated when hemin was introduced into the culture
medium (Fig. 2B and C). These results suggest that the
ALAS1 reduction is regulated by the intracellular haeme
level in primary rat hepatocytes.
Degradation of ALAS1 Protein and its Activation by

Hemin in Mitochondrial Particles Prepared from Primary
Rat Hepatocytes—In spite of numerous studies on ALAS1
enzyme, information on the degradation of ALAS1
protein is very limited. To reveal the molecular basis
for the short life of the protein, we attempted to
determine the intracellular localization of the ALAS1-
degrading activity. The hepatocytes were first incubated
with SA and PB for 19 h for the induction of ALAS1
protein, and then incubated with hemin for 20 min before
harvest. ALAS1 was degraded in the mitochondria from
the hemin-treated hepatocytes, while it was stable in the
absence of hemin (Fig. 3A). This result indicates that
ALAS1 was degraded in mitochondria and that the
degradation required presence of haeme in the cells.

Next, we tried to determine the site where the
degradation was activated. First, hepatocytes were

Fig. 1. Induction of ALAS1 protein in primary rat
hepatocytes. (A) Primary hepatocytes were incubated with
Bt2cAMP (200 mM), PB (100 mM), SA (500 mM) and the combina-
tion of SA and PB for indicated times. The samples were
analysed by immunoblotting using anti-ALAS1 antibody.
Asterisk indicates non-specific bands. (B) The hepatocytes
were incubated in SA/PB- or Bt2cAMP-containing medium for
27 h with or without hemin (10mM).
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incubated with SA and PB for 19 h, and the mitochondria
were prepared. The isolated mitochondria were
incubated with or without hemin for 3 h at 308C. The
amount of ALAS1 protein in the mitochondria with
hemin was decreased to a trace level, whereas that in
the control mitochondria did not show a significant
decrease, more than 80% of the starting molecules
remaining (Fig. 3B). These results suggest that hemin
acts on mitochondria and provokes degradation of ALAS1
protein therein.

ALAS1 Degradation in Rat Liver Mitochondria—
ALAS1 degradation and its stimulation were also
analysed in rat liver mitochondria.

The level of ALAS1 protein in rat liver mitochondria
was too low to be detected by immunoblotting (Fig. 4A),
as well as in the primary hepatocytes. Thus, we
attempted to increase the amount by injection of DDC.
DDC is known as the inhibitor of ferrochelatase, and its
administration promotes accumulation of ALAS1 protein
(25–27). In the mitochondria from DDC-treated rats, the
content of ALAS1 protein was increased drastically,
although the degree varied from rats to rats.

As shown in the hepatocytes, significant degradation
was not observed in the mitochondria from DDC-treated
rats. Again, addition of hemin to the incubation buffer
facilitated the degradation (Fig. 4B). The effect of hemin
indicates that DDC depleted haeme and that the
reduction of haeme concentration stabilized ALAS1.

Since we prepared the mitochondria by a different
centrifugation method, the fraction contained a signifi-
cant amount of lysosomes. Actually, a high activity of
cathepsin B was detected in the fraction. To eliminate
the influence of the lysosomal proteases on the degrada-
tion, the mitochondrial fraction was swollen by dilution

Fig. 2. ALAS1 degradation in primary rat hepatocytes.
(A) The hepatocytes were incubated with Bt2cAMP (200 mM) or
SA (500 mM) for 16 h, and then CHI (10 mg/ml) was added to the
medium. The samples were analysed by immunoblotting using
anti-ALAS1 antibody. (B) Hemin (20 mM) and SA were added to
the medium after the incubation with Bt2cAMP for 15 h.
The samples were analysed by immunoblotting using anti-
ALAS1 and anti-MDH antibodies. (C) The bands of ALAS1
protein were quantified and normalized by the amounts
of protein contained in the samples. Relative amounts of
ALAS1 protein in the hepatocytes incubated with CHI/SA
(Solid lines connecting filled square), CHI (Dashed lines
connecting open squares), CHI/SA/hemin (Solid lines connecting
filled circle) and CHI/hemin (Dashed lines connecting open
circle) are shown. The data shown are the average of three
independent experiments. Error bars indicate S.D.

Fig. 3. Activation of ALAS1 degradation by hemin.
Primary hepatocytes were incubated with SA (500 mM) and PB
(100 mM) for 18.5 h, and then the hepatocytes were treated
with or without hemin (10 mM) for 20 min before harvest. (A) The
mitochondria were incubated at 308C for indicated times, and
then the samples were analysed by immunoblotting using anti-
ALAS1 antibody. Anti-MDH antibody was used as internal
standard. Since fragment generated from ALAS1 cannot be
detected in this report, the pictures after Fig. 3A show the
region of interest. (B) The mitochondria were isolated from the
hepatocytes without hemin treatment before harvest, and then
incubated with or without hemin at 308C for indicated times.
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with a hypotonic buffer, and more than 90% of the
contaminated cathepsin B was removed. Degradation of
ALAS1 stimulated by hemin was reproduced in the
mitoplast fraction. This result shows that ALAS1 protein
is degraded in mitochondria from a rat liver, and the
activation of the degradation by hemin is unaffected by
the hypotonic treatment.

DISCUSSION

In this study, we attempted to unveil the mitochondrial
proteolysis through the degradation of ALAS1 protein.
ALAS1 is a representative short-lived mitochondrial
protein and localized at mitochondrial matrix. This
enzyme plays a key role in the control of haeme
biosynthesis and is regulated by the concentration of
intracellular haeme as a negative feedback (6).

Some studies have so far proposed the mechanisms
of the negative feedback regulation of ALAS1 by haeme.
The intracellular free haeme binds to the cysteine
residue of the pre-peptide of pre-ALAS1 in cytoplasm
and prevents the precursor from translocating to mito-
chondria (14, 15). It also possibly reduces the stability
of mRNA for ALAS1 (23, 24). The amount of ALAS1
protein in mitochondrial matrix could be regulated by
both mechanisms. In this study, we did not verify
these mechanisms for induction of ALAS1 protein
although we did not detect the precursor form in
cytoplasm from the cultured hepatocytes that had been
incubated with the combination of SA and PB together
with hemin (Fig. 1B). Here we present that haeme
accelerates degradation of ALAS1 protein and that its
depletion leads to accumulation of ALAS1 protein. We
suppose that Bt2cAMP increases the transcription of
ALAS1 mRNA (18) and that the reduction of intracel-
lular free haeme as the result of SA or DCC treatment
leads to suppression of the degradation of ALAS1
protein. How haeme acts in ALAS1-degrading system?
Though haeme is reported to degrade proteins by
generating reactive oxygen species (28), MDH, a matrix
enzyme, was stable when the cultured hepatocytes or
isolated mitochondria were incubated with hemin
(Fig. 3A and B). Haeme is known to act as a modulator
on proteins such as transcription factor Bach1 (29).
Bach1 is a basic leucine zipper protein and forms
heterodimers with small Maf proteins to repress a gene
expression in a manner dependent on a Maf recognition
element. Haeme binds to the haeme regulatory motif of
Bach1, and the haeme-Bach1 complex is released from
the Maf recognition element. As the result, gene
repression is cancelled (29). Haeme could act as an
activator for an ALAS1-sepecific protease or a modulator
for ALAS1 itself. Haeme regulatory motif has a Cys–Pro
dipeptide sequence whose cysteine residue is required
for haeme binding. In the acceleration of ALAS1
degradation, haeme is assumed to act on the ALAS1-
degrading enzyme or the associated proteins. ALAS1 has
several Cys–Pro sequences not only in the pre-sequence
but also the mature protein. The cysteine residue in the
pre-sequence are believed to be involved in retarding the
translocation of the precursor form. When haeme bound
to the mature protein, the haeme–ALAS1 complex could
change the conformation to a form that is susceptible to
specific or general proteases.

In conclusion, ALAS1 protein is physiologically
degraded by the final products, haeme, and the amount
is increased as the result of inactivation of the proteo-
lysis, which is caused by haeme depletion. We demon-
strated that the rate of ALAS1 degradation was altered
in response to haeme in rat liver mitochondria. This
finding supports the novel mechanism of regulation of
haeme biosynthesis via the degradation of rate-limiting
enzyme.

We thank Prof. Kenji Yamamoto and Prof. Hideyuki
Yamada for valuable advice, and Prof. Katsuyoshi Mihara
for providing anti-TOM40 antibody. This work was sup-
ported by Research Fellowships of the Japan Society for the
Promotion of Science for Young Scientists.

Fig. 4. ALAS1 degradation in mitochondria and
mitoplast from rat liver. (A) Three rats were injected with
DDC (300 mg/kg/day) for 3 days. After 4–6 h from the final
injection, the rat was killed and the liver was removed.
The mitochondria were isolated from the liver, and then
confirmed the content of ALAS1 protein by immunoblotting
using anti-ALAS1 antibody. Anti-TOM40 antibody was used as
internal standard. (B) The mitochondria from DDC-treated rat
liver were incubated with or without hemin (10 mM) at 308C for
indicated times. (C) The mitochondria were diluted with
hypotonic buffer and incubated on-ice for 15 min, and then the
dilute was centrifuged at 10,000g for 15 min. The precipitate
was treated with hypotonic buffer again and centrifuged,
and then the precipitate was collected as a mitoplast fraction.
The mitoplast was incubated with or without hemin (10 mM) at
308C for indicated times. The incubated mitochondria and
mitoplast were analysed by immunoblotting using anti-ALAS1
antibody.
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