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In eukaryotic cells, heme production is tightly controlled by
heme itself through negative feedback-mediated regulation of
nonspecific 5-aminolevulinate synthase (ALAS1), which is a
rate-limiting enzyme for heme biosynthesis. However, the
mechanism driving the heme-dependent degradation of the
ALAS]1 protein in mitochondria is largely unknown. In the cur-
rent study, we provide evidence that the mitochondrial ATP-de-
pendent protease ClpXP, which is a heteromultimer of CLPX
and CLPP, is involved in the heme-dependent degradation of
ALAS]1 in mitochondria. We found that ALAS1 forms a com-
plex with CIpXP in a heme-dependent manner and that
siRNA-mediated suppression of either CLPX or CLPP expres-
sioninduced ALAS1 accumulation in the HepG2 human hepatic
cell line. We also found that a specific heme-binding motif on
ALASI, located at the N-terminal end of the mature protein, is
required for the heme-dependent formation of this protein
complex. Moreover, hemin-mediated oxidative modification of
ALASI1 resulted in the recruitment of LONP1, another ATP-de-
pendent protease in the mitochondrial matrix, into the ALAS1
protein complex. Notably, the heme-binding site in the N-ter-
minal region of the mature ALASI1 protein is also necessary for
the heme-dependent oxidation of ALAS1. These results suggest
that ALAS1 undergoes a conformational change following the
association of heme to the heme-binding motif on this protein.
This change in the structure of ALAS1 may enhance the for-
mation of complexes between ALAS1 and ATP-dependent
proteases in the mitochondria, thereby accelerating the degra-
dation of ALASI protein to maintain appropriate intracellular
heme levels.

Heme is an essential molecule to almost all organisms. Heme
functions as a prosthetic group on several types of proteins,
including cytochromes, catalases, hemoglobin, and myoglobin.
Moreover, it has been reported that heme is also involved in
numerous regulatory systems in mammals (1), including those
that govern transcription (2), translation (3), microRNA pro-
cessing (4), and the circadian rhythm (5). Excess quantities of
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heme or heme precursors result in the generation of reactive
oxygen species, causing oxidative stress in cells (6). Thus, the
production of heme and heme precursors must be tightly reg-
ulated. This regulation occurs through the precise control of
the intracellular expression of nonspecific 5-aminolevulinatye
synthases (ALAS-N or ALAS1). ALAS] is the first and the rate-
limiting enzyme of the heme biosynthetic pathway in mamma-
lian cells, except for in erythroid cells, in which erythroid-spe-
cific 5-aminolevulinate synthase (ALAS-E or ALAS2) regulates
the first step of heme biosynthesis (7). Although ALAS2 expres-
sion increases during erythroid differentiation, ALAS1 expres-
sion is suppressed by heme at the transcriptional, translational,
and post-translational levels (8). ALAS1 and ALAS2 are encoded
by independent genes (9); however, they both contain a con-
served amino acid sequence called the heme regulatory motif
(HRM),? which is involved in heme-dependent inhibition of
ALAS1 and ALAS2 translocation into the mitochondrial
matrix (10). The HRM has also been referred to as the “CP
motif” because it includes a core dipeptide motif composed of
cysteine and proline residues (2). In humans, three CP motifs
have been identified within the ALAS1 precursor protein. Two
of these motifs (CP1 and CP2) are located within the prese-
quence for mitochondrial translocation, and the remaining
motif (CP3) is located within a region close to the N-terminal
end of the mature ALAS]1 protein (10). Interestingly, in addition
to CP1 and CP2, CP3 has been reported to be involved in heme-
dependent inhibition of the mitochondrial import of the
ALASI protein, although CP3 is not located within the mito-
chonderial translocation presequence on the protein. Following
mitochondrial import, this presequence is proteolytically
removed, after which the mature ALAS1 protein catalyzes the
condensation of glycine and succinyl-CoA to produce 5-amin-
olevulinic acid in the mitochondrial matrix (11). Although the
mature ALASI protein has been suggested to retain CP3 within
its N-terminal region (10), how CP3 affects the mature ALAS1
within the mitochondrial matrix remains unknown.

Several proteases and peptidases have been reported to play
important roles in protein quality control within the mitochon-
drial matrix (12, 13). To date, two proteases, LONP1 (14) and
ClpXP (15), have been reported to function as ATP-dependent
proteases in the mitochondrial matrix of human cells. The

2The abbreviations used are: HRM, heme regulatory motif; SA, succinylac-
etone; CHX, cycloheximide.
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human LONPI protein acts as a homo-oligomeric hexamer
(16), whereas ClpXP is a heteromultimer of two different pro-
teins, CLPX and CLPP. CLPP consists of double heptameric
rings, whereas CLPX is composed of two hexametric rings
bound on each side of the CLPP ring (15). It has been suggested
that CLPX recognizes and unfolds the tertiary structures of
target proteins, after which CLPP degrades the unfolded target
proteins (17). In fact, mammalian ClpXP has been reported to
exhibit protease activity against model substrates of ClpXP,
such as casein (15, 18); however, a specific substrate for mam-
malian ClpXP has not been identified. Moreover, Kardon et al.
(18) recently reported that mammalian CLPX can associate
with and activate ALAS by facilitating the insertion of pyridoxal
5-phosphate, a cofactor for ALAS, into the catalytic site of
ALAS, whereas human CLPX does not act as a component of
the ClpXP protease for ALAS. Conversely, it has been reported
that LONP1 recognizes several different proteins, including
mitochondrial aconitase (19) and COX4-1 (20). Moreover,
Tian et al. (21) presented evidence that LONP1 was involved
in heme-mediated proteolysis of ALAS1 in mitochondria,
although the precise mechanism underlying the heme-depen-
dent degradation of ALAS1 remains unclear.

In the present study, we aimed to identify proteins that asso-
ciate with and regulate intracellular ALAS1 protein. Using
immunoprecipitation followed by mass spectrometry analysis,
we successfully identified several proteins. Interestingly, we
found that ClpXP can form a protein complex with ALASI.
Additional experiments revealed that the formation of a com-
plex between ALAS1 and ClpXP was inhibited by the suppres-
sion of endogenous heme biosynthesis and enhanced by the
addition of hemin. Thus, we further examined the role of ClpXP
in the regulation of heme biosynthesis in human cells.

Results

Several Different Proteins Co-immunoprecipitated with Human
ALASI—To identify proteins involved in the post-translational
regulation of ALAS1, human ALASI was expressed as a FLAG-
tagged protein in FT293 cells, designated FT2934-45'F The
tagged protein, which was designated ALAS1F, was immuno-
precipitated using anti-DDDDK-agarose (Medical and Biolog-
ical Laboratories, Nagoya, Japan). Then components of the
immunoprecipitated proteins were identified using nanoflow
LC-MS as described under “Experimental Procedures.” FLAG-
tagged firefly luciferase protein (designated LucF) was used as a
control to determine what nonspecific proteins were pulled
down during the immunoprecipitation. The proteins identified
from the LucF immunoprecipitates were excluded as back-
ground from the list of proteins identified from the ALAS1F
immunoprecipitates. As a result, we identified ~60 different
proteins capable of forming complexes with the ALAS1F pro-
tein specifically (Table 1). In addition to seven mitochondrial
proteins (in boldface type in Table 1), several non-mitochon-
drial proteins, including cytosolic proteins, cytoskeletal pro-
teins, the translation initiation protein complex, and RNA-
binding proteins, were identified. To the best of our knowledge,
the involvement of these proteins in the regulation of ALAS1
has not been reported previously. As such, the roles of these
proteins in regulating ALAS1 remain unknown. Although we
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aim to elucidate the roles of all of the identified proteins in the
regulation of ALASI in the near future, in the current work, we
focused on the isolated mitochondrial matrix proteins because
the increased number of total peptide spectrum matches iden-
tified by nanoflow LC-MS suggested a high correlation between
mitochondrial matrix proteins and ALAS1 protein. Of the
seven identified mitochondrial proteins, we chose to further
analyze CLPX and CLPP, both of which function as ATP-de-
pendent ClpXP proteases within the mitochondrial matrix, for
their potential involvement in the degradation of the ALAS1
protein in the mitochondrial matrix.

The ALAS1 Protein Forms a Complex with ClpXP in a Heme-
dependent Manner in the Mitochondria—We first confirmed
that a complex forms between ALASIF and ClpXP using
immunoprecipitation followed by Western blotting analysis.
As shown in Fig. 14, the co-immunoprecipitation of ALASIF
and ClpXP was reproducible (lane 2), whereas ClpXP did not co-
immunoprecipitate with LucF (lane I). Interestingly, ClpXP was
not detected in the immunoprecipitates of the presequence-de-
leted ALASIF protein (lane 3), which lacks a signal sequence for
mitochondrial translocation. This result suggests that the forma-
tion of the ALAS1F-ClpXP complex occurs within mitochondria.
The mitochondrial localization of ALASIF, but not of LucF or
ALAS1F(Apreseq), was also verified by immunofluorescence (Fig.
1B).

To determine the role of intracellular heme in the formation
of a complex between ALASIF and ClpXP, LucF- or ALAS1E-
expressing cells were treated with succinylacetone (SA), which
specifically inhibits heme biosynthesis, for 24 h. The cells were
then further incubated with or without hemin for 30 min before
being harvested. As shown in Fig. 1C, ALAS1F formed protein
complexes with ClpXP (lane 4), whereas the suppression of
endogenous heme synthesis by SA treatment prevented the
ClpXP-ALASIF complex formation (lane 5). Importantly,
additional treatment with hemin restored the formation of
ClpXP-ALASIF complexes within 30 min (/ane 6). Co-immu-
noprecipitation of LucF and ClpXP was not observed after SA
or hemin treatment (lanes 1-3), although the expression levels
of CLPX and CLPP in cell lysates were similar to those in cells
expressing LucF (lanes 7-9) or ALASIF (lanes 10-12). These
results suggest that ALASIF specifically forms complexes with
ClpXP within the mitochondrial matrix in a heme-dependent
manner. The immunofluorescence study revealed that the FLAG-
tagged ALASI still localized in the mitochondria after treatment
with SA and/or hemin, although SA treatment of these cells
resulted in the enlargement of some mitochondria due to exten-
sive accumulation of FLAG-tagged ALASI (Fig. 1D).

A Specific Heme-binding Motif on the ALASI Protein Is
Involved in the Heme-dependent Association between ALASI
and ClpXP—It has been reported that heme binds to ALAS] via
a conserved amino acid sequence, termed the HRM (10). This
motif contains a cysteine-proline dipeptide motif (CP motif) as
a core sequence (2). Human ALAS1 and ALAS2 proteins each
contain three independent CP motifs, which are involved in
regulating the mitochondrial translocation of ALAS1 and
ALAS2 (10, 22). Two of these CP motifs (CP1 and CP2) are
located within the presequences found on ALAS proteins,
whereas the final CP motif (CP3) is located within the N-termi-
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TABLE 1

Proteins that co-immunoprecipitated with FLAG-tagged ALAS1 protein
Coverage, percentage of the protein covered; Unique peptides, number of distinct peptides; PSMs, number of total peptide spectrum matches.

Accession Unique

no. Protein name Gene name Coverage peptides PSMs

%

P62857 40S ribosomal protein S28 RPS28 23.19 1 58
P08865 40S ribosomal protein SA RPSA 3.39 1 17
P13196 5-Aminolevulinate synthase, nonspecific, mitochondrial ALAS1 39.06 28 7612
P18124 60S ribosomal protein L7 RPL7 20.16 5 144
P62424 60S ribosomal protein L7a RPL7A 9.77 2 334
015143 Actin-related protein 2/3 complex subunit 1B ARPCIB 8.60 2 93
P61158 Actin-related protein 3 ACTR3 4.07 1 25
P68032 Actin, a cardiac muscle 1 ACTCI 19.89 1 1360
P63261 Actin, cytoplasmic 2 ACTGI 28.80 1 1861
Q53FZ2 Acyl-coenzyme A synthetase ACSM3, mitochondrial ACSM3 1.71 1 414
P01011 a-1-Antichymotrypsin SERPINA3 8.75 2 227
P35609 a-Actinin-2 ACTN2 6.04 1 29
076031 ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial CLPX 28.12 18 2808
Q16740 ATP-dependent Clp protease proteolytic subunit, mitochondria CLPP 18.77 5 260
Q562R1 B-Actin-like protein 2 ACTBL2 9.04 1 368
P80723 Brain acid-soluble protein 1 BASPI 22.03 3 211
043852 Calumenin CALU 21.27 5 263
P31944 Caspase-14 CASP14 4.55 1 176
P23528 Cofilin-1 CFLI 33.13 2 360
Q9Y281 Cofilin-2 CFL2 41.57 3 303
QI9Y6H1 Coiled-coil-helix-coiled-coil-helix domain-containing protein 2, mitochondrial CHCHD2 15.23 2 116
Q9ULV4 Coronin-1C COROIC 8.44 5 194
P01040 Cystatin-A CSTA 30.61 2 192
095793 Double-stranded RNA-binding protein Staufen homolog 1 STAUI 6.93 3 135
Q16643 Drebrin DBN1 2.47 1 100
P24534 Elongation factor 1-3 EEF1B2 24.00 3 402
P26641 Elongation factor 1-y EEFIG 2.06 1 25
094905 Erlin-2 ERLIN2 7.96 2 84
043324 Eukaryotic translation elongation factor 1 e-1 EEFIEI 6.32 1 10
P05198 Eukaryotic translation initiation factor 2 subunit 1 EIF2S1 6.67 2 116
015371 Eukaryotic translation initiation factor 3 subunit D EIF3D 5.11 2 33
075821 Eukaryotic translation initiation factor 3 subunit G EIF3G 4.06 1 138
Q9Y262 Eukaryotic translation initiation factor 3 subunit L EIF3L 8.87 3 162
P21333 Filamin-A FLNA 3.25 6 383
Q86SX6 Glutaredoxin-related protein 5, mitochondrial GLRXS 35.03 10 1501
P28799 Granulins GRN 2.70 1 130
P22626 Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 8.78 3 136
060814 Histone H2B type 1-K HIST1H2BK 7.14 1 13
AOM8BQ6 Ig A-7 chain C region IGLC7 14.15 1 125
Q14974 Importin subunit -1 KPNBI 171 1 48
Q9Y6Y0 Influenza virus NS1A-binding protein IVNS1IABP 3.58 2 139
QINZI8 Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 8.32 3 45
Q9UHB6 LIM domain and actin-binding protein 1 LIMA1 6.72 4 171
P49006 MARCKS-related protein MARCKSLI 9.23 1 63
000264 Membrane-associated progesterone receptor component 1 PGRMC1 14.87 2 65
Q99453 Paired mesoderm homeobox protein 2B PHOX2B 4.46 1 20
P30044 Peroxiredoxin-5, mitochondrial PRDXS5 5.14 1 1
Q13310 Polyadenylate-binding protein 4 PABPC4 8.85 3 251
Q9Y2S7 Polymerase 8-interacting protein 2 POLDIP2 18.48 6 980
Q92841 Probable ATP-dependent RNA helicase DDX17 DDX17 1.78 1 58
Q15185 Prostaglandin E synthase 3 PTGES3 7.50 1 69
Q9P258 Protein RCC2 RCC2 2.87 1 51
Q14257 Reticulocalbin-2 RCN2 5.99 2 55
P49458 Signal recognition particle 9-kDa protein SRP9 17.44 1 29
060749 Sorting nexin-2 SNX2 2.12 1 14
QI9NYL9 Tropomodulin-3 TMOD3 30.97 9 1193
Q13509 Tubulin B-3 chain TBB3 6.67 2 274
Q8NFAO0 Ubiquitin carboxyl-terminal hydrolase 32 usr32 0.69 1 2
P62987 Ubiquitin-60S ribosomal protein L40 UBAS52 33.59 2 116
P16989 Y-box-binding protein 3 YBX3 13.44 2 152
015231 Zinc finger protein 185 ZNF185 2.32 1 6

nal regions of mature ALAS proteins (Fig. 24). Interestingly, it
has been suggested that CP3, along with CP1 and CP2, is also
involved in regulating the mitochondrial translocation of
ALAS1 (22). However, the role of CP3 with respect to mature
ALASI proteins present in the mitochondria remains unclear.
To determine the independent roles of CP1, CP2, and CP3 in
the formation of the ALAS1-ClpXP complex, site-directed
mutagenesis was utilized to substitute each cysteine residue
within each CP motif to alanine, which inhibits the binding of
heme to the motif (2). The resultant constructs expressed
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ALASITF proteins in which both CP1 and CP2, only CP3, or all
CP motifs were mutated; these constructs were designated
ALAS1FACP1-2, ALASIFACP3, and ALAS1FACP1-3, respec-
tively. As shown in the left panel of Fig. 2B, CLPX and CLPP
were detectable in the ALASIF immunoprecipitates (lane 1),
whereas incubation with SA led to the disappearance of CLPX
and CLPP from the ALASIF immunoprecipitate (lane 2). It
should be noted that additional treatment with hemin restored
the formation of complexes between ALASIF and ClpXP
within 30 min (lane 3). Similar results were observed when
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FIGURE 1. The formation of a complex between FLAG-tagged wild-type ALAS1 and endogenous CIpXP and the intracellular distribution of the
FLAG-tagged protein. A, Western blotting analysis of immunoprecipitated FLAG-tagged ALAS1 protein. Luciferase (Luc), wild-type ALAST (ALAST), or prese-
quence-deleted ALAS1 (Apreseq) was expressed in FT293 cells as FLAG-tagged protein and immunoprecipitated using anti-DDDDK-agarose. FLAG-tagged
proteins, CLPX, and CLPP in the immunoprecipitates (left lanes, FLAG-IP) and in total cell lysates (right lanes) were detected by Western blotting analysis using
specific antibodies. GAPDH was detected as an internal control. M, molecular size marker. B, immunofluorescence analysis of FT293 cells expressing FLAG-
tagged proteins. Nucleus, mitochondria, and FLAG-tagged proteins were stained with DAPI (blue), anti-Tom20 (red), and anti-FLAG (green), respectively. C,
intracellular heme levels are influenced by the formation of ALAS1 protein complexes. Shown is expression of FLAG-tagged luciferase (LucF) or ALAS1 (ALASTF)
proteins in FT293 cells following incubation with or without 1 mm SA for 24 h. The SA-treated cells were subsequently incubated with or without hemin for 30
min before harvest. In A and C, the loading volumes of the immunoprecipitates were adjusted according to the intensities of the FLAG-tagged proteins;
therefore, each sample contains a similar quantity of FLAG-tagged protein. For the total cell lysate, 10 g of protein was loaded into each lane. p or m, precursor
or mature FLAG-tagged ALAS1 protein, respectively. D,immunofluorescence analysis of FT293 cells expressing FLAG-tagged ALAS1 protein after hemin and/or
SA treatment. Nucleus, mitochondria, and FLAG-tagged ALAS1 protein were stained with DAPI (blue), anti-Tom20 (red), and anti-FLAG (green), respectively.

ALAS1FACP1-2 was immunoprecipitated (lanes 4—6). How- human hepatic cell line, we first prepared the mitochondria-
ever, CLPX and CLPP proteins were barely detectable in the rich fraction and confirmed the purity of the fraction. As shown
immunoprecipitates of the mutant ALAS1 proteins in which  in Fig. 3A, mitochondrial proteins (ALAS1, CLPX, and
only CP3 (ALAS1FACP3; lanes 7-9) or all CP motifs COXIV), cytosolic protein (GAPDH), and cytoskeletal protein
(ALAS1FACP1-3; lanes 10-12) were mutated, whereas (B-actin)were abundantly expressed in the total lysate, whereas
CLPX and CLPP expressed similarly in cells (lanes 1-12 in the =~ GAPDH and B-actin proteins were marginally detected in the
right panel of Fig. 2B). These results strongly suggest that the mitochondria-rich fraction, suggesting that the mitochondria
CP3 motif on ALASI is involved in the formation of complexes  were concentrated in this mitochondria-rich fraction. Thus, to
between ALAS1 and ClpXP proteins. identify proteins that associate with endogenous ALAS1 in the

Endogenous ALAS1 and ClpXP Form a Complex in Mito- mitochondria, mitochondria-rich fraction prepared from
chondria in HepG2 Cells—To confirm that endogenous ALAS1  HepG2 cells was subjected to immunoprecipitation of endoge-
and ClpXP form a complex in mitochondria in the HepG2 nous ALASI protein. Using an anti-human ALAS1 mouse
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FIGURE 2. The CP3 motif in the mature ALAS1 protein is involved in the formation of complexes between ALAS1 and ClpXP. A, schematic presentation
of the location of the CP motifs in the ALAS1 protein. The precursor of human ALAS1 consists of 640 amino acids. The presequence of ALAS1, which is located
at the N-terminal end of the precursor protein (amino acids 1-56), contains two independent CP motifs (CPT and CP2). A third CP motif (CP3) is located within
the N-terminal region of the mature ALAS1 protein, which is the active form of ALAS1 in mitochondria. The amino acid sequences of each CP motif are shown,
and cysteine and proline dipeptides are underlined. The numbers below each amino acid indicate the amino acid positions of the cysteine residues within each
CP motif in the human ALAS1 precursor protein (GenBank™ number CAA39794). B, CIpXP protein quantities decreased in CP3-mutated ALAST immunopre-
cipitates. Wild-type ALAS1 (WT), CP1-and CP2-mutated ALAS1 (ACP1-2), CP3-mutated ALAS1 (ACP3),and ALAST with all CPs mutated (ACP7-3) were expressed
in FT293 cells as FLAG-tagged proteins. The cells were treated with SA and/or hemin. Each FLAG-tagged protein was immunoprecipitated using anti-DDDDK-
agarose. For the immunoprecipitated samples, the loading volume was adjusted according to the intensity of each FLAG-tagged protein; therefore, each
sample contains a similar amount of FLAG-tagged protein. For the cell lysate, 10 ng of protein was loaded into each lane. p or m, precursor or mature

FLAG-tagged ALAS1 protein, respectively.

monoclonal antibody for immunoprecipitation led to detecta-
ble levels of CLPX and CLPP proteins in ALAS1 immunopre-
cipitates (Fig. 3B, lane I). However, treating the cells with SA
decreased the quantity of CLPX and CLPP proteins in the
immunoprecipitates (lane 2). Conversely, incubating the cells
with hemin for 30 min resulted in increased quantities of CLPX
and CLPP proteins in the immunoprecipitates (lane 3). Treat-
ment of the cells with hemin increased the quantities of immu-
noprecipitated CLPX and CLPP proteins even after treatment
with SA (lane 4). These results strongly suggest that ClpXP
forms complexes with ALAS1 in mitochondria in HepG2 cells
in a heme-dependent manner. Another ATP-dependent mito-
chondrial protease, LONPI, has been reported to be involved in
the heme-dependent degradation of ALAS1 (21). We therefore
also examined whether the immunoprecipitates of ALAS1 pro-
tein included LONP1. As shown in Fig. 3B, LONP1 was
detected in the immunoprecipitates of ALAS1 without (lane I)
or with hemin treatment (/ane 3) but was hardly detected after
treatment with SA (lane 2). Interestingly, LONP1 was not
clearly recovered in the immunoprecipitates after treatment
with hemin for 30 min (lane 4), suggesting that the mode of
complex formation between ALAS1 and LONPI is different
from that between ALAS1 and ClpXP.

Next, we used siRNA to suppress CLPX or CLPP expression
to examine the roles of these proteins in regulating ALAS1

20520 JOURNAL OF BIOLOGICAL CHEMISTRY

expression. As shown in Fig. 3C, the introduction of siCLPX-1
(lanes 7-9) and siCLPX-2 (lanes 10—12), both of which effec-
tively suppressed CLPX expression, increased ALAS1 expres-
sion in HepG2 cells. Conversely, the introduction of the siN-
egative control (lanes 1-3) or siGAPDH (lanes 4 - 6), a positive
control for siRNA transfection, did not influence ALAS1
expression. Surprisingly, transient suppression of CLPP using
siCLPP1 (lanes 13—-15) or siCLPP2 (lanes 16—18) had only a
marginal effect on ALAS]1 expression at 48 h after transfection.
Therefore, we prolonged the suppression of CLPP expression
by performing sequential transfection of siRNA 4 days after the
initial transfection. Ten days after the initial transfection of
siCLPP to suppress CLPP expression, endogenous ALAS1
expression was found to increase in HepG2 cells (Fig. 3D, lanes
5 and 6) compared with that found in cells transfected with the
siNegative control (Fig. 3D, lane 2). The prolonged suppression
of CLPX more effectively induced the accumulation of ALAS1
protein in HepG2 cells (lanes 3 and 4). These results suggest
that a complex forms between ClpXP and ALAS]1 proteins in
HepG2 cells and that ClpXP is involved in the degradation of
ALASI protein in these cells.

CLPX Is Essential for Heme-dependent Degradation of Endog-
enous ALASI Protein in FT293 Cells—To determine which pro-
tein, CLPX or CLPP, is closely associated with ALASI, we
immunoprecipitated FLAG-tagged ALAS1 (ALASIF) after the
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FIGURE 3. Endogenous ALAS1 forms a complex with CIpXP in a heme-dependent manner in mitochondria, and the specific suppression of CLPX or
CLPP results in the accumulation of ALAS1 proteins within HepG2 cells. A, the purity of the mitochondria in the mitochondria-rich fraction was determined
by detecting mitochondria-specific proteins (ALAS1, CLPX, and COXIV), cytosolic protein (GAPDH), or cytoskeleton protein (B-actin) using Western blotting
analysis. B, HepG2 cells were incubated with (lanes 2, 4, 6, and 8) or without (lanes 1, 3, 5, and 7) SA for 24 h. Some cell samples were subsequently treated with
hemin for 30 min (lanes 3,4, 7,and 8). Endogenous ALAS1 protein was immunoprecipitated using an anti-ALAS1 monoclonal antibody, and the loading volume
of each eluate was adjusted according to the intensity of each immunoprecipitated ALAS1 protein; therefore, each sample contained a similar amount of
ALAST1 protein (lanes 1-4). For total cell lysate, 10 g of protein was loaded into each lane (lanes 5-8). C, specific siRNA-mediated reduction in CLPX expression
causes accumulation of ALAS1 proteins in HepG2 cells. The transfected siRNAs and their concentrations are indicated at the top of the panel. Total cell lysate
was prepared for each cell sample, and 10 g of protein was loaded into each lane. D, prolonged suppression of CLPP or CLPX induced the accumulation of
endogenous ALAS1 protein in HepG2 cells. The cells were harvested 10 days after the initial transfection of each siRNA. The details of this procedure are
described under “Experimental Procedures.” A total of 10 ug of protein was loaded into each lane.

introduction of siRNA against CLPX or CLPP in FT2934"451F
cells. As shown in Fig. 44, CLPX-specific or CLPP-specific
siRNA successfully decreased the expression of CLPX and
CLPP, respectively (lanes 7 and 8), in FT293*45'F cells. Both
CLPX and CLPP were detected in the immunoprecipitates of
ALASIF from FT2934AS1F cells treated without (lane 1) or
with siNC (lane 2). CLPX was also detected in the immunopre-
cipitates from siCLPP-treated FT2934“45'F cells (lane 4),
whereas CLPP was not detectable in the immunoprecipitates
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from siCLPX-treated FT293AM451F cells (lane 3). These results
suggest that CLPP requires CLPX to form a complex with
ALAS1, whereas CLPX can associate with ALAS1 without
CLPP. We next further examined the involvement of CLPX in
the regulation of ALAS1. We established CLPX knock-out
FT293 cells using the CRSPR/Cas9 system (designated
FT293%“*"X), Then a CLPX expression vector (pcDNAS5/
FRT/TO-CLPX) was introduced as described previously to
establish CLPX™/FT293%“*"X, in which the expression of
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FIGURE 4. CLPX is essential for heme-dependent degradation of ALAS1. A, along with the induction of ALAS1F, siNegative control (siNC), siCLPX-1 (siCLPX),
or siCLPP-1 (siCLPP) RNA or no siRNA (cont.) was introduced into FT293"*5'F cells. Then ALAS1F protein was immunoprecipitated as described under “Exper-
imental Procedures.” After immunoprecipitation, equal volumes of immunoprecipitates (FLAG-IP) or equal amounts of total cell lysate (10 ng/lane; cell lysate)
were loaded for the detection of each protein using SDS-PAGE followed by immunoblotting analysis. FLAG-tagged ALAS1 protein, CLPX, or CLPP was detected
inimmunoprecipitates and cell lysate. GAPDH was also detected in the total cell lysate as a loading control. B, target sequence of Cas9 in the human CLPX gene
and the DNA sequence of the flanking region of the CLPX gene in FT2932t"X, The red underline and open red box of the reference sequence (WT) indicate the
target sequence of Cas9 and protospacer adjacent motif (PAM), respectively. C, expression of CLPX and ALAST after incubation with or without doxycycline.
GAPDH was detected as a loading control. D, effect of CLPX expression on the decrease in ALAS1 after hemin treatment. The influence of hemin treatment was
determined in FT293 cells (lanes 1 and 2) or CLPX™"¢/FT2934tPX without (lanes 3 and 4) or with (lanes 5 and 6) induction of CLPX expression by doxycycline. p

or m, precursor or mature FLAG-tagged ALAS1 protein, respectively.

CLPX is inducible in a doxycycline-dependent manner. Fig. 4B
presents the target sequence for Cas9 nuclease and the geno-
type of the FT293*““"X cells we established. As shown in Fig.
4C, CLPX was not detected in FT293*““"X in the absence or
presence of doxycycline (lane 3 or 4, respectively). Although
CLPX was highly expressed after incubation with doxycycline
(lane 6), it was marginally detected in CLPX™™!/FT293<-"X
cells even in the absence of doxycycline (lane 5). Although the
reason for the basal expression of CLPX in CLPX™"Y/
FT2934¢EPX cells is unclear, it is possible that the FBS used to
culture CLPX™™/FT293*“*"X cells contained tetracycline, as
indicated in the manual for the Flp-In T-Rex system (Invitro-
gen). Using these cells, we examined the expression level of
endogenous ALASI protein in the presence or absence of
CLPX. As shown in Fig. 4C, deletion of CLPX resulted in an
increase in the expression of the ALAS1 protein (lanes 3 and 4)
compared with that in FT293 cells (lanes 1 and 2). ALAS1
expression in CLPX™¥/FT2934““X cells was also increased
without doxycycline (lane 5), whereas it was decreased after the
induction of CLPX protein expression (lane 6). Using these
cells, we have further examined the effect of hemin treatment
on the expression level of ALASI (Fig. 4D). Interestingly, hemin
treatment resulted in a decrease in ALAS]1 protein in FT293
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cells (lane 2, compared with lane 1) or CLPX-induced CLPX™™/
FT293%PX cells (lane 6, compared with lane 5); ALAS1 pro-
tein levels were unchanged after treatment with hemin in unin-
duced CLPX!"¥/FT2932“LPX cells (lanes 3 and 4). These results
strongly suggested that the expression of CLPX is essential for
heme-dependent degradation of ALASI protein.

Mutation of the CP3 Motif on the ALASI Protein Extends the
ALAS1 Protein Half-life in Mitochondria—Because specific
knockdown of CLPX or CLPP expression resulted in the accu-
mulation of ALAS1 protein in HepG2 cells, we hypothesized
that CIpXP is involved in the degradation of ALAS1 proteins
within mitochondria. To test this hypothesis, we investigated
the turnover rates of ALASIF proteins in which the prese-
quence (Apreseq), CP1 and CP2 (CP1-2) motifs, or all three CP
motifs (CP1-3) were mutated, and we compared these rates
with that of WT ALASIF protein. Each expression vector was
introduced into FT293 cells, which allowed transcription to be
induced by the addition of doxycycline. At 24 h after inducing
the expression of each protein, translation was inhibited using
cycloheximide (CHX). ALASIF protein expression was exam-
ined 1.5, 3, and 6 h after the addition of CHX. A representative
result is shown in Fig. 5A. The intensity produced by the mature
protein in each lane was measured for statistical analysis. The
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FIGURE 5. Determination of ALAS1 protein turnover. A, FLAG-tagged proteins, including luciferase (LucF), wild-type ALAS1 (WT), presequence-deleted
ALAS1 (Apreseq), ALAST protein with mutations in its presequence CP motifs (ACP7-2), and ALAS1 protein with mutations in all of its CP motifs (ACP1-3), were
expressed in FT293 cells. Total cell lysates were prepared at 1.5, 3, and 6 h after the addition of cycloheximide into the culture medium. The intensities of the
signals produced by the FLAG-tagged proteins were normalized against that produced by GAPDH. All signals were measured using ImageQuant TL software,
and expression levels relative to that of cells not treated with cycloheximide were calculated. Each experiments was repeated at least three times, and
one representative result is shown per panel. A total of 10 ug of protein was loaded into each lane. Band C, expression levels of FLAG-tagged proteins at each
time point relative to those at 0 h were used to determine the half-life of each protein. In C, cells were treated with succinylacetone for 24 h before and during
incubation with cycloheximide. The average of three independent experiments was used to prepare the graph, and the error bars indicate S.D. p or m, precursor

or mature FLAG-tagged ALAS1 protein, respectively.

means and S.D. of three independent experiments are shown
in Fig. 5, B (without SA) and C (with SA). As shown in Fig. 5B,
the relative expression levels of ALASIFACP1-2 at 3 and 6 h
after the addition of CHX are significantly lower than those of
the other proteins (**, p < 0.05). The relative expression levels
of WT ALASI and ALASIFACP1-3 at 6 h after the initiation
of CHX treatment were lower than those of luciferase or
ALAS1(Apreseq) (*, p < 0.05). As shown in Fig. 5B, the
expected half-lives of WT ALAS1 and ALASIFACP1-3 ALAS1
are each ~6 h, whereas the half-life of ALASIFACP1-2 is ~2 h.
These results suggest that the presence of CP3 in the mature
ALASI protein is related to the shorter half-life of mature
ALASI1. Although we expected WT ALASI to have a similar
half-life to that of ALASIFACP1-2, the half-life was actually
longer than that of ALASIFACP1-2. This discrepancy might
be caused by the accumulation of precursor WT proteins in the
cells, which might partially compensate for degraded mature
proteins by translocating into mitochondria. Indeed, the accu-
mulation of precursor wild-type ALAS1 protein was detected in
cells not treated with SA (Fig. 54, top, SA (—)), whereas there was
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virtually no accumulation of ALAS1FACP1-2 or ALAS1FACP1-3,
both of which contain mutated CP motifs within their prese-
quences. Thus, to determine the functional role of the CP3
motif on ALASIF with respect to the half-life of the mature
protein in mitochondria, it might be suitable to compare the
half-life of ALASIFACP1-2 with that of ALAS1FACP1-3.
Conversely, following treatment with SA, WT ALAS],
ALASIFACP1-2, and ALASIFACP1-3 ALASIF all became
very stable, and no differences were found in the relative
expression levels within each sample at any time point (Fig. 5C).
These results suggest that the presence of the CP3 motif on
ALASI correlates to the short half-life of this protein in mito-
chondria, although this effect is masked when endogenous
heme biosynthesis is suppressed by treatment with SA.

The CP3 Motif Is Involved in the Oxidation of ALAS1 Protein
and the Recruitment of LONPI into the ALAS1 Protein
Complex—Because it has been reported that the binding of free
heme to the CP motif on iron regulatory protein 2 (IRP2) leads
to the oxidation of the IRP2 protein (23), we attempted to deter-
mine whether the CP3 motif on ALASI is involved in heme-
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FIGURE 6. Hemin treatment induced oxidation of the ALAS1 protein. A, cells expressing FLAG-tagged ALAS1 (ALASTF) or ALASTACP3 (ALASTFACP3) were
treated with succinylacetone for 24 h. Following this, the cells were treated with hemin for the indicated times before immunoprecipitation. The loading
volume for each immunoprecipitated sample was adjusted according to the intensity of the FLAG-tagged protein so that similar quantities of FLAG-tagged
protein were loaded into each lane. One membrane was used to detect carbonylated protein (top), and another membrane was used to detect co-immuno-
precipitated proteins (ALASTF, CLPX, CLPP, LONP1, and GLRX5; bottom five panels) because treating the membrane with dinitrophenylhydrazine (DNPH) to
detect carbonylated proteins modified the reactivity of some proteins toward their specific antibodies (data not shown). B, untreated (cont.), SA-treated and
hemin-treated (6 h) samples ofimmunoprecipitated FLAG-tagged Luciferase (LucF), wild-type ALAST (ALASTF), and CP3-mutated ALAS1 (ACP3) were selected
for comparison. p or m, precursor or mature FLAG-tagged ALAS1 protein, respectively.

mediated oxidation of ALASI. To accomplish this, we incu- bonylation is the most common oxidative modification of a
bated ALAS1F-expressing cells in which endogenous heme protein. As shown in Fig. 6A (top left), the immunoprecipitated
production was suppressed by SA with hemin for several hours ~ALASIF proteins contained carbonylation, and their molecular
before immunoprecipitation. Following this, we examined the sizes correspond to precursor and mature ALAS1F proteins
carbonylation of immunoprecipitated ALAS1 because car- (lane I). Furthermore, treating the cells with SA slightly inhib-
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ited the oxidation of the protein (lane 2), whereas incubating
the cells with hemin after the SA treatment enhanced the accu-
mulation of carbonylated proteins, the molecular size of which
corresponded to mature ALAS1 protein. This effect lasted for
up to 6 h (lanes 3—6). We also attempted to determine whether
immunoprecipitated ALASIFACP3 proteins showed an accu-
mulation of carbonylated proteins because the CP3 motif is
present in the mature ALASIF protein. We found that carbony-
lated proteins were only faintly detectable in ALASIFACP3
immunoprecipitates, even after a 6-h incubation with hemin
(Fig. 6A, top right, lanes 7—12). These results suggest that the
presence of the CP3 motif on ALAS1 and the longer exposure of
cells to hemin are both related to the oxidation of the ALAS1
protein. Interestingly, CLPX and CLPP proteins were barely
detectable in ALASIFACP3 immunoprecipitates, even after a
6-h-long hemin treatment (Fig. 6A, middle panels, lane 12).
These results suggest that the CP3 motif on ALAS1 is involved
in the heme-dependent oxidative modification of the ALAS1
protein and in the formation of a complex between ClpXP and
ALASI1. However, it is unclear whether ClpXP is involved in the
degradation of oxidized ALAS1 because the quantities of CLPX
and CLPP proteins in the ALASTF immunoprecipitates did not
change during the incubation with hemin (Fig. 6A, middle pan-
els, lanes 3—6). Previously, it was reported that another ATP-
dependent mitochondrial matrix protease, LONPI, is involved
in the heme-dependent degradation of ALASI (21) and in the
removal of oxidized mitochondrial proteins (19, 24). We thus
examined whether ALASIF immunoprecipitates contained
LONPI, although LC-MS analysis of immunoprecipitated
ALASIF proteins did not identify LONP1 protein. As shown in
the second panels from the bottom in Fig. 6A, LONP1 protein
was detected in WT ALAS1 immunoprecipitates (lane I). Fur-
thermore, the quantity of LONP1 protein in ALAS1F immuno-
precipitates increased after the cells were incubated with hemin
(lanes 3—6). It should be noted that the presence of LONP1 in
the ALAS1F immunoprecipitates is also related to the presence
of the CP3 motif on ALAS1 because LONP1 was barely detect-
able in ALAS1FACP3 immunoprecipitates, even after incuba-
tion with hemin (lanes 7-12). We also assessed whether
ALASIF immunoprecipitates contained GLRX5, which was
identified in these immunoprecipitates via LC-MS analysis. As
shown in the bottom panels of Fig. 6A, GLRX5 was detected in
ALASIF and ALASIFACP3 immunoprecipitates, and treat-
ment of cells with SA and/or hemin did not influence the for-
mation of complexes between these proteins. These results sug-
gest that intracellular heme levels and the presence of the CP3
motif on ALAS1 do not affect the formation of complexes
between GLRX5 and ALAS1 (lanes 1-12). Several of the above
samples as well as immunoprecipitates of LucF were selected
and loaded onto the same acrylamide gel for comparison
against each other (Fig. 6B). The results clearly demonstrated
differences between ALASIF (lanes 4—6) and ALAS1FACP3
(lanes 7-9) with respect to heme-dependent oxidative modifi-
cations and the formation of complexes with CLPX, CLPP, and
LONPIL. In contrast, no heme-dependent carbonylation or
complex formation was detected in the LucF immunoprecipi-
tates (lanes 1-3). Again, only GLRX5 was similarly detected in
the immunoprecipitates of ALAS1F and ALASIFACP3 (bot-
SASBMB
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tom). This finding was true regardless of whether the cells were
treated with SA or hemin before immunoprecipitation (Fig. 6B,
bottom, lanes 4-9).

Discussion

In the present study, using immunoprecipitation followed by
MS analysis, we identified several proteins capable of forming
complexes with ALAS1. The presence of CLPX, CLPP, or
GLRX5 proteins in the immunoprecipitates of FLAG-tagged
ALASI proteins was also confirmed using Western blotting
analysis. We further demonstrated that hemin treatment stim-
ulates the formation of complexes between ALAS1 and ClpXP
in human hepatic cells. Moreover, siRNA-mediated suppres-
sion of CLPX or CLPP resulted in the accumulation of ALAS1
proteins in mitochondria, suggesting that ClpXP is involved in
the degradation of the ALASI protein within mitochondria.
Furthermore, using CLPX'™¥/FT293%““"X cells, we successfully
demonstrated that the presence of CLPX is essential for heme-
mediated degradation of endogenous ALASI protein. Interest-
ingly, the HRM on the mature ALAS1 protein (CP3), which has
previously been reported to be involved in heme-dependent
suppression of the mitochondrial translocation of the ALAS1
precursor protein, was found to play a crucial role in the forma-
tion of complexes between ALAS1 and ClpXP and in the heme-
dependent degradation of ALASI. Taken together, our results
demonstrate that ClpXP is involved in negative feedback-
mediated regulation of heme biosynthesis via the heme-depen-
dent degradation of ALASI1.

Recently, Kardon ez al. (18) reported that Mcx1, a yeast ho-
molog of CLPX, stimulates heme biosynthesis in yeast by
enhancing the insertion of co-enzymes into the Hem1 protein.
These authors also demonstrated that human CLPX can acti-
vate ALAS2 both in vitro and in vivo, whereas recombinant
ClpXP, which degrades the typical ClpXP substrate, is unable to
digest recombinant human apoALAS2 proteins in vitro. The
referenced work indicates a novel function for mammalian
CLPX as an activator of ALAS2 enzymatic activity in verte-
brates. However, it is also important to note that recombinant
ClpXP, which consists of mouse CLPX and human CLPP, is
able to digest the general ClpXP substrate “casein,” confirming
that mammalian ClpXP is an active protease. Indeed, other
groups have previously reported on the proteolytic ability of
human ClpXP using casein as a substrate (15, 25), although the
specific substrate used by human ClpXP remains unclear. Thus,
based on our results, we hypothesize that ClpXP can recognize
and modify ALAS] for degradation under special conditions,
such as in the presence of heme, as in our assay conditions. It is
still unclear whether ClpXP directly digests ALAS1, which can
be determined in vitro using a combination of recombinant
CLPX, CLPP, and ALAS1 proteins. Such experiments are ongo-
ing projects in our laboratory, and we are actively attempting to
express and purify these recombinant proteins to create an in
vitro assay system. Although a procedure for purifying recom-
binant active human ClpXP protein has already been reported
(25), a method for purifying recombinant human ALASI pro-
tein has not yet been established. Indeed, human ALAS1 could
not be purified using the same methods that we used to purify
recombinant ALAS2 (26, 27) because the recombinant ALAS1
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protein degraded during purification (data not shown). Thus,
we are currently attempting to modify our method for the puri-
fication of recombinant ALAS] for the purpose of creating an in
vitro assay system.

In our initial experiment using LC/MS, we did not identify
LONP1 in ALASIF immunoprecipitates (Table 1), although
Tian et al. (21) reported that heme-mediated breakdown of
ALASI protein is dependent on the presence of LONP1. How-
ever, our Western blotting analysis revealed the presence of
LONPI in ALASI precipitates from HepG2 cells (Fig. 3B) and
in ALAS1F immunoprecipitates from FT293 cells (Fig. 6A4), and
LONP1 levels were enhanced following hemin treatment (Fig.
6A). Thus, it is possible that LONP1 and ClpXP cooperatively
regulate ALAS]1 degradation within the mitochondria of mam-
malian cells. Interestingly, the sequential exposure of cells to SA
and hemin restored the formation of complexes between
ClpXP and ALASIF within 30 min after the initiation of the
hemin treatment. LONP1 became evident in these immuno-
precipitates several hours after the initiation of the hemin treat-
ment (Fig. 6A). Furthermore, increases in LONP1 quantities in
the ALAS1F immunoprecipitates appeared to be related to the
accumulation of oxidized ALAS]1 in the immunoprecipitates,
suggesting that heme-dependent oxidation of ALAS1 might
be required for LONP1-dependent degradation. Conversely,
ClpXP recognizes heme-bound ALAS] as an earlier response to
intracellular increases in free heme, mediating the modification
of ALAS] for degradation by LONP1. It should be noted that
the CP3 motif on mature ALAS1 plays an important role in the
formation of complexes between ALAS1 and ClpXP and in the
oxidation of the ALAS1 protein. These results suggest that
the binding of heme to the CP3 motif triggers the recognition of
ALAS1 by ClpXP and the oxidative modification of ALASI.

Our study revealed that both of the examined ATP-depen-
dent proteases might be involved in the heme-dependent deg-
radation of the ALAS1 protein within the mitochondrial
matrix. This degradation occurs as a part of a negative feedback
mechanism for heme biosynthesis and might be initiated by the
direct binding of heme to the CP3 motif on ALAS]1. In addition
to the above-discussed proteins, several other proteins were
identified as possible candidates for the formation of complexes
with ALAS1. However, it is still unclear whether these proteins
form complexes independently or form one large complex
together. The answer to this question should be better eluci-
dated in future work performed by our group, in which we
intend to separate immunoprecipitates using isoelectric focus-
ing or glycerol gradient centrifugation before LC/MS analysis.

Experimental Procedures

Reagents—Unless otherwise noted, all chemicals were pur-
chased from Sigma-Aldrich, Wako Pure Chemical Industries
(Osaka, Japan), or Nacalai Tesque (Kyoto, Japan). Complete
EDTA-free protease inhibitor tablets were purchased from
Roche Diagnostics GmbH (Mannheim, Germany). Anti-
DDDDXK-agarose and DDDDK peptides for the purification of
FLAG-tagged proteins were purchased from Medical and Bio-
logical Laboratories Co., Ltd. (Nagoya, Japan).

¢DNA Cloning and Site-directed Mutagenesis—Human
ALAS1 cDNA (GenBank™ number NM_000688) encoding an
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ALAS1 precursor protein (GenBank™ number CAA39794)
was amplified by PCR with the following primers: 5'-CTC-
AGCGCAGTCTTTCCACAGG-3' and 5'-GTCGACGCT-
AGCCTGAGCAGATACCAACTTG-3'. The amplified prod-
ucts were cloned into a pGEM-T Easy Vector (Promega Corp.,
Madison, WI). The resultant plasmid was digested with the Sall
restriction enzyme to isolate ALAS1 ¢cDNA, and the isolated
fragment was then used to replace ALAS2 ¢cDNA in a pGEM-
AET vector (28). The resultant pGEM-ALASIF vector contained
ALAS1 cDNA that encoded an ALAS1 precursor protein with a
FLAG tag at its C-terminal end. Using a PrimerStar Max site-di-
rected mutagenesis kit (Takara Bio, Shiga, Japan), the mutations
c.22 23TG>GC, ¢.97_98TG>GC, and ¢.322_323TG>GC were
introduced into the pGEM-ALASIF plasmid, respectively,
resulting in p.C8A, p.C33A, and p.C108A amino acid substitu-
tions within the ALAS] protein (Takara Bio). Because p.Cys-8,
p-Cys-33, and p.Cys-108 correspond to conserved cysteine res-
idues within CP1, CP2, and CP3, respectively, each mutation
was expected to inhibit heme binding to these CP motifs within
the HRM (10). To prepare cDNA encoding the mature ALAS1
protein, which lacks a mitochondrial targeting signal, the
pGEM-ALASIF plasmid was subjected to amplification by PCR
using the following primers: 5'-GCGGCCGCGATGGAACA-
GATCAAAGAAACCCCTC-3" and 5'-GTCGACGCTAGC-
CTGAGCAGATACCAACTTG-3'. Amplified products were
cloned into a pGEM-T Easy Vector, the plasmid was digested
with Notl and Sall, and the isolated fragments were used to
replace ALAS2 cDNA within a pGEM-AET plasmid. The
resultant plasmid, pGEM-ApreseqALAS1F, contained cDNA
encoding the mature ALAS1 protein with a FLAG tag at its
C-terminal end. The above-described plasmids were digested
with Notl, and each ¢cDNA construct was cloned into the
Notl site of a pcDNA5/FRT/TO vector (Invitrogen). The
resultant plasmids pFRT-ALAS1F, pFRT-ALAS1Apreseq,
pFRT-ALAS1ACP1-2, pFRT-ALAS1ACP3, and pFRT-ALASI1-
ACP1-3 were used to express FLAG-tagged, wild-type, prese-
quence-deleted ALASI proteins containing mutations in both
HRM1 and HRM2, in HRM3 alone, and in all three HRMs,
respectively. Each plasmid was then co-transfected with a
pOG44 vector in Flp-In T-REx 293 cells (FT293 cells, Invitro-
gen) to establish stable transformants. These transformants
individually expressed each FLAG-tagged ALAS] protein con-
struct (ALASIF) in a tetracycline/doxycycline-inducible man-
ner. The conditions used to select the transformants and the
establishment of cells expressing FLAG-tagged luciferase
(LucF) were performed as described previously (27).

Cell Culture—The culture conditions used to grow the
FT293 cells were as described previously (27). HepG2 cells were
purchased from the European Collection of Cell Cultures
(ECACC), a public cell culture collection maintained in the
United Kingdom. The cells were maintained in Eagle’s mini-
mum essential medium supplemented with 10% FBS, 2 mm glu-
tamine, 1% non-essential amino acids, 50 units/ml penicillin,
and 50 pg/ml streptomycin.

Immunoprecipitation and Western Blotting Analysis—Unless
otherwise noted, the preparation, incubation, and centrifuga-
tion of the collected samples were performed at 4 °C. The cells
were lysed in lysis buffer (20 mm HEPES, pH 7.5, 150 mm NaCl,
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1% Triton X-100, 10% glycerol, complete EDTA-free protease
inhibitor mix, 1 mm EDTA, 1 mm NaF, and 0.4 mm Na;VO,) by
pipetting vigorously. The samples were then incubated on ice
for 10 min and centrifuged at 21,000 X g for 15 min. Superna-
tant protein concentrations were determined using Pierce
660nm protein assay reagent (Thermo Fisher Scientific) with
bovine serum albumin as a standard. An aliquot of total cell
lysate was subjected to Western blotting analysis. The majority
of the samples were incubated with anti-DDDDK-agarose
beads in tubes appropriately sized for immunoprecipitation,
which was performed by rotating the tubes for 90 min at 4 °C.
Then the beads were washed once with lysis buffer, followed by
three sequential washes with wash buffer (20 mm HEPES, pH
7.5, 150 mm NaCl, 0.1% Triton X-100, and 10% glycerol).
FLAG-tagged proteins were eluted with elution buffer (0.1
mg/ml DDDDK peptides in wash buffer). For immunoprecipi-
tation of endogenous ALASI protein, cell lysates were incu-
bated with a mouse monoclonal anti-Alas1 antibody (ab54758,
Abcam, Cambridge, UK) overnight at 4 °C, and the proteins
were then purified using uMACS Protein G MicroBeads and a
MMACS column (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. For
immunoprecipitation of endogenous ALAS1 in HepG2
cells, the mitochondria-rich fraction was prepared using the
Qproteome mitochondria purification kit (Qiagen GmbH Germany)
before immunoprecipitation. For Western blotting analysis,
samples were mixed with 6X SDS-PAGE sample buffer with
reducing reagent (Nacalai Tesque) and were boiled for 10 min
before being loaded onto a TGX acrylamide gel (Bio-Rad). The
samples were electrophoresed according to the manufacturer’s
instructions and then electrically transferred onto PVDF mem-
branes. For the detection of specific proteins, these membranes
were blocked with 5% skim milk in Tris-buffered saline con-
taining 0.05% Tween 20 (TBS-T) for 1 h. The blocked mem-
branes were incubated with diluted primary antibody for 1 h at
room temperature and then washed with TBS-T three times for
5 min each. The membranes were then incubated with an HRP-
conjugated secondary antibody for 1 h at room temperature
and washed with TBS-T three times for 10 min each at room
temperature. Signals were detected using Clarity ECL Western
substrate (Bio-Rad) or Immobilon Western chemiluminescent
HRP substrate (Millipore Corp., Billerica, MA) and visualized
using an ImageQuant LAS500 image analyzer (GE Healthcare,
Uppsala, Sweden). For the detection of FLAG-tagged proteins
and GAPDH protein, an HRP-conjugated primary antibody
was used. Signal intensity was measured using ImageQuant TL
software (GE Healthcare). A protein carbonyl Western blot
detection kit (Shima Laboratories, Tokyo, Japan) was used for
the detection of oxidized proteins according to the manufa-
cturer’s instructions. An anti-FLAG, HRP-conjugated M2
monoclonal antibody (A8592); anti-GAPDH, HRP-conju-
gated monoclonal antibody (G9295); anti-LONP1 antibody
(HPA002192); and anti-GLRX5 (HPA042465) antibody were
purchased from Sigma-Aldrich. Anti-CLPX (ab168338), anti-
CLPP (ab124822), and anti-ALAS1 (ab54758, ab154860) anti-
bodies were purchased from Abcam.
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Nano-HPLC/MS/MS Analysis and Protein Sequence Data-
base Searching—Immunoprecipitated FLAG-tagged ALASI1
protein was digested with trypsin and dried as described previ-
ously (29). The dried peptide extract (20 ug) was dissolved in 80
wl of sample solution (5% acetonitrile and 0.1% TFA). Each
sample (1.25 ug/5 ul) was injected into an EasynLC-1000 sys-
tem (Thermo Fisher Scientific), which was connected to an
EASY-Spray column (25-cm length X C18 ODS 75 um,
Thermo Fisher Scientific). Peptides were eluted with a 180-min
gradient of 4-25% solvent B (0.1% formic acid in acetonitrile,
v/v) in solvent A (0.1% formic acid in water, v/v) at a flow rate of
300-400 nl/min. Peptides were then ionized and analyzed
using a Fusion mass spectrometer (Thermo Fisher Scientific)
coupled to a nanospray source. High-resolution full scan MS
spectra (from m/z 380 to 1800) were acquired in the Orbitrap
with a resolution of 140,000 at #2/z 400 and lock mass enabled
(m/z at 445.12003 and 391.28429), followed by MS/MS frag-
mentation of the 10 most intense ions in the linear ion trap with
collisionally activated dissociation energy of 35%. The exclu-
sion duration for the data-dependent scan was 0 s, and the
isolation window was set at 10.0 m/z.

The MS/MS data were analyzed by sequence alignment with
variable and static modifications using Mascot and Sequest
algorithms. We utilized the UniProt protein database to search
each tryptic peptide sequence. The specific parameters used to
search the protein sequence database included oxidation of
methionine, deamination of asparagine or glutamine, acetyla-
tion of N-terminal of peptide, and pyroglutamation as variable
modifications and carbamidomethylation as a static modifica-
tion. Other parameters used in our data analysis included two
allowed missing cleavages, a mass error of 10 ppm for precursor
ions, and 0.02 Da for fragment ions. Charge states of +2 to +4
were considered for parent ions. If more than one spectrum was
assigned to a peptide, only the spectrum with the highest Mas-
cot score was selected for manual analysis. All peptides with
Mascot scores >20 were manually examined using rules
described previously (30).

Immunofluorescence—Cells grown on coverslips were fixed
with 4% formaldehyde in PBS for 10 min at room temperature
and permeabilized in blocking solution (2% skim milk, 0.2%
BSA, and 0.2% Triton X-100 in PBS) for 10 min. The fixed cells
were incubated with an anti-FLAG M2 mouse monoclonal
antibody (1 pg/ml; F3165, Sigma-Aldrich) and an anti-Tom?20
rabbit polyclonal antibody (1:250; sc-11415, Santa Cruz Bio-
technology, Inc., Dallas, TX) in 2% BSA/PBS for 30 min at 37 °C,
followed by incubation with Alexa Fluor 488-conjugated anti-
mouse IgG and Alexa Fluor 588-conjugated anti-rabbit IgG
antibodies (1:1000 each; Thermo Fisher Scientific), respec-
tively. The coverslips were washed with PBS and sealed with
ProLong Gold antifade reagent with DAPI (Thermo Fisher Sci-
entific). The slides were imaged using a fluorescence micro-
scope fitted with a X 60 objective lens (BZ-9000, Keyence Corp.,
Osaka, Japan).

Knockdown of Endogenous Proteins—Gene-specific siRNAs
(Silencer Select validated siRNA) were purchased from Thermo
Fisher Scientific. Silencer Select GAPDH siRNA was used as a
positive control for knockdown, and Silencer Select negative
control no. 1 siRNA was used as a negative control. Each siRNA
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was introduced into HepG2 cells using Lipofectamine
RNAiMax reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Forty-eight hours after transfec-
tion, the cells were harvested and lysed, and the total cell lysates
were subjected to Western blotting analysis. For prolonged
suppression of the CLPX or CLPP protein, a second siRNA
transfection was performed 4 days after the initial transfection,
and the cells were cultured for an additional 7 days before har-
vest. The culture medium for the siRNA-transfected cells was
replaced with fresh medium at least every 4 days. Total cell
lysate was prepared using lysis buffer as described above.

Establishment of CLPX-knock-out FT293 Cells and Doxycy-
cline-inducible Expression of CLPX—The pSpCas9(BB)-2A-
Puro(PX459) expression vector was a gift from Feng Zhang (Add-
gene plasmid 48139), and the knock-out of the CLPX gene was
constructed as described with slight modifications (31). The
sequences of the oligonucleotides, which included a guiding
RNA sequence, were 5'-CACCGCGGTGCTTGTACTTGCG-
GCG-3" and AAACCGCCGCAAGTACAAGCACCGC-3'. After
annealing, these oligonucleotides were inserted into the Bbsl
site of pSpCas9(BB)-2A-Puro(PX459). The resultant plasmid,
PX459-CLPX, was used to transfect FT293 cells using Lipo-
fectamine 2000 (Invitrogen). After cloning transfected cells,
several clones were analyzed for the CLPX gene mutation using
the Guide-it mutation detection kit (Clontech, Mountain View,
CA). Positive clones were further subjected to Western blotting
analysis to detect the CLPX protein. The selected CLPX nega-
tive clone was designated FT293*““*X, The CLPX locus tar-
geted by Cas9 in FT293%““" cells was amplified by PCR and
subcloned into T-Vector pMD20 (Takara Bio) for sequencing.
To construct the human wild-type CLPX protein expression
vector, the CLPX cDNA carrying a silent mutation at Alal1 was
inserted into the BamHI and Notl restriction sites of the
pcDNAS5/FRT/TO vector. The resulting expression vector,
pcDNAS5/FRT/TO-CLPX, was co-transfected with the pOG44
vector into FT293*““** cells to obtain stable transformants.
After cloning the transformants as described (27), each clone
was examined for the doxycycline-inducible expression of
CLPX and zeocin sensitivity. The resultant clone was desig-
nated CLPX™™4/FT293*““*X, For the induction of CLPX, cells
were treated with 1 ug/ml doxycycline for 8 days and then fur-
ther incubated with hemin for 6 h before harvesting cells.
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