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The first and the rate-limiting enzyme of heme biosynthesis is d-aminolevulinate synthase (ALAS),
which is localized in mitochondria. There are 2 tissue-specific isoforms of ALAS, erythroid-specific
(ALAS-E) and nonspecific ALAS (ALAS-N). To identify possible mitochondrial factors that modulate
ALAS-E function, we screened a human bone marrow cDNA library, using the mitochondrial form
of human ALAS-E as a bait protein in the yeast 2-hybrid system. Our screening led to the isolation of
the B subunit of human ATP-specific succinyl CoA synthetase (SCS-BA). Using transient expression
and coimmunoprecipitation, we verified that mitochodrially expressed SCS-[BA associates specifi-
cally with ALAS-E and not with ALAS-N. Furthermore, the ALAS-E mutants R411C and M426V asso-
ciated with SCS-BA, but the D190V mutant did not. Because the D190V mutant was identified in a
patient with pyridoxine-refractory X-linked sideroblastic anemia, our findings suggest that appro-
priate association of SCS-BA and ALAS-E promotes efficient use of succinyl CoA by ALAS-E or helps

translocate ALAS-E into mitochondria.

J. Clin. Invest. 105:757-764 (2000).

Introduction
The first and the rate-limiting enzyme of the heme
biosynthetic pathway is d-aminolevulinate synthase
(ALAS). The enzyme requires glycine and succinyl coen-
zyme A (CoA) as substrates, and pyridoxal 5'-phosphate
as a cofactor (1, 2). There are 2 isoforms of ALAS in ver-
tebrates, erythroid-specific (ALAS-E) and nonspecific
ALAS (ALAS-N), which are encoded by separate genes
(3). Human genes encoding ALAS-N (ALASI) and ALAS-
E (ALAS2) have been mapped to chromosomal regions
3p21.1 (4) and Xp11.21 (S, 6), respectively. ALAS-N is
expressed ubiquitously in all tissues, whereas ALAS-E is
expressed exclusively in bone marrow erythroid cells.
ALAS-N undergoes marked induction when hepatic
drug metabolism is enhanced, whereas ALAS-E induc-
tion occurs when uncommitted stem cells are induced
to undergo erythroid cell differentiation (7). Thus ALAS-
N induction is necessary for the synthesis of microsomal
cytochrome P450 in the liver, whereas ALAS-E induction
is required for the synthesis of ALA for hemoglobin for-
mation in erythroid cells (8, 9). It has been shown that
both ALAS isozymes are regulated at several levels,
including transcription (10, 11), translation (12),
translocation into mitochondria (13-15), and the cat-
alytic activity of the enzyme (16). Additionally, each
ALAS isozyme is regulated in a tissue-specific manner
(17), suggesting that there is an exquisitely fine mode of
control for ALAS synthesis in each tissue (18).
Sideroblastic anemia (SA) is a group of heteroge-
neous disorders that are characterized by hypochromic
and microcytic anemia, with a marked increase in iron-

laden erythroblasts (known as ringed sideroblasts) in
the bone marrow (19, 20). Many patients with inherit-
ed SA are male; thus they are termed X-linked SA
(XLSA). It has been demonstrated that patients with
XLSA have decreased ALAS activity in bone marrow
erythroblasts and a mutation in the ALAS2 gene
(21-30), indicating that a mutation in ALAS2 under-
lies this disorder. Many patients with XLSA respond to
pyridoxine treatment, suggesting that ALAS2 muta-
tion may involve the pyridoxal 5'-phosphate-binding
site in ALAS-E, whereas some patients show no
response to pyridoxine treatment. For example, the
D190V mutation identified in a patient with pyridox-
ine-refractory XLSA led to abnormal processing of the
NH,-terminal presequence of ALAS-E, resulting in an
unstable enzyme protein (30). These findings suggest
that aberrant intramitochondrial processing of the
presequence of ALAS-E may be involved in some cases
of pyridoxine-refractory XLSA.

Succinyl CoA, 1 of the 2 substrates for ALAS reaction,
is formed exclusively within mitochondria by succinyl
CoA synthetase (SCS). The enzyme catalyzes phosphory-
lation of GDP and ADP (31). The enzyme also catalyzes a
reverse reaction: the synthesis of succinyl CoA from suc-
cinate and CoA, which is used for ALA synthesis and acti-
vation of ketone bodies (32). There are 2 isoforms of SCS,
the GTP-specific (G-SCS) and ATP-specific isoforms (A-
SCS) (33). Recently, it has been shown that the 2 isoforms
of SCS contain the identical o subunit, although they dif-
fer in their 3 subunits, indicating that the 3 subunit
determines the specificity of nucleotide binding (33, 34).
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Using the yeast 2-hybrid system, we examined possible
association of human ALAS-E with a factor that may
influence the level and activity of ALAS-E in mitochon-
dria. Our findings demonstrated that there is specific
association of human ALAS-E with the human 3 sub-
unit of A-SCS (hSCS-BA). In addition, our findings sug-
gest that this association may be an important process
in normal mitochondria, and its failure may be respon-
sible for some cases of pyridoxine-refractory XLSA.

Methods

Chemicals and enzymes. All chemicals were obtained from
Sigma Chemical Co. (St. Louis, Missouri, USA). Restric-
tion enzymes and modifying enzymes were obtained
from New England Biolabs Inc. (Beverly, Massachusetts,
USA). DNA polymerase for PCR (Advantage 2 cDNA
Polymerase Mix) was obtained from CLONTECH Lab-
oratories Inc. (Palo Alto, California, USA).

Yeast 2-hybrid assay. All vectors and yeast strains that
were used for yeast 2-hybrid assays were available in the
MATCHMAKER Two-Hybrid System 2 (CLONTECH
Laboratories Inc.). This is a complete GAL4-based 2-
hybrid system that provides a transcriptional assay for
detecting specific protein-protein interactions in yeast.
The pAS2-1 vector is used for expressing protein fused
with the GAL4 DNA-binding domain, whereas pACT2
vector is used for expressing protein fused with the
GAL4 DNA-activation domain. Because both pAS2-1
and pACT2 have a nutritional marker for selection
(tryptophan for pAS2-1 and leucine for pACT2), we
used a minimal synthetic dropout medium (SD medi-
um) that lacked tryptophan and leucine for selection
of transformants. Because the association of each pro-
tein activates the HIS3 reporter gene that has been inte-
grated into the genome of the Y190 strain, all yeast 2-
hybrid assays were performed using SD agar plates
devoid of tryptophan, leucine and histidine, but sup-
plemented with 40 mM of 3-amino-1,2 4-triazole (3AT)
(SD/-Trp/-Leu/-His/+3AT).

To construct an expression plasmid that encodes a
bait protein as a fusion protein with GAL4 DNA-bind-
ing domain, human ALAS-E cDNA was digested with
AfIIL, its sticky end was filled using Klenow DNA poly-
merase, and then it was digested with BamHI. Frag-
ments were then isolated and subcloned into pAS2-1
expression vector. This was digested with Ndel, its
sticky end was filled, and it was digested with BamHI.
The junction sequence was confirmed by DNA
sequencing. The resulting vector (pAS-AE) encoded a
fusion protein consisting of GAL4 DNA-binding
domain adjoined to human mature ALAS-E (amino
acids 54-587). For yeast 2-hybrid screening assays, both
PAS-AE and human bone marrow MATCHMAKER
cDNA library (CLONTECH Laboratories Inc.) were
cotransformed into the Y190 yeast host strain using
the lithium acetate method. After initial selection of
positive clones using SD/-Trp/-Leu/-His/+3AT plates,
a secondary screening was performed by colony lifting
followed by B-galactosidase assays.

To confirm specific protein-protein interactions, we
prepared expression vectors for ALAS-E mutant cDNAs
by subcloning amino acids 54-587 of each mutant’s
cDNA into a filled-in Ndel site of the pAS2-1 vector.
These expression vectors were termed pAS-TA, pAS-MO,
and pAS-KK, for the D190V, R411C, and M426V
mutants, respectively. To construct human ALAS-N
expression vector, cDNA for mature human ALAS-N
obtained from human placenta cDNA library (CLON-
TECH Laboratories Inc.) by PCR (using 5' CATATGCA-
GATCAAAGAAACCCCTCCGGCC-3', and 5' GTCGACGC-
TAGCCTGAGCAGATACCAACTTG-3' as primers) was
subcloned into pGEM-T-Easy vector (Promega Corp.,
Madison, Wisconsin, USA). After confirmation of its
sequence by DNA sequencing, cDNA clone was digested
by Ndel. Then cDNA fragment was isolated and sub-
cloned into the Ndel site of pAS2-1 (pAS-AN). Addition-
ally, cDNA fragment was subcloned into the Ndel site of
pGEM-Easy (self-ligated pGEM-T-Easy vector) and
digested with EcoRI. Then cDNA fragment was isolated
and subcloned into the EcoRI site of pACT2 (pACT-AN).
The junction sequence of fusion proteins and the direc-
tion of the insert were confirmed by DNA sequencing
and restriction analysis with appropriate enzymes.

Northern blot analysis for SCS subunit expression. Human
Multiple Tissue Northern Blot and Human Immune
System Multiple Tissue Northern Blot II were purchased
from CLONTECH Laboratories Inc. Human SCS-BA
cDNA had been isolated by yeast 2-hybrid screening.
Human SCS-BG cDNA (GenBank accession number
AF058954) and human SCS-a cDNA (GenBank acces-
sion number AF104921) were obtained from human
placenta cDNA library using PCR. Each cDNA — and
human B-actin cDNA, which was used as control — was
labeled with [*?P]dCTP and used as a probe. Prehy-
bridization, hybridization, and washing of these blots
were performed according to the manufacturer’s proto-
col. The signals were detected by autoradiography.

Isolation of SCS-BA cDNA that encodes the full-length protein.
To obtain cDNA that encodes the full-length SCS-A pro-
tein, Human Heart 5" Stretch Plus cDNA library (CLON-
TECH Laboratories Inc.) was screened using SCS-BA
cDNA, which had been isolated by yeast 2-hybrid screen-
ing. Additionally, we performed a 5’ rapid amplification
of cDNA ends assay (5" RACE), using a SMART PCR
c¢DNA Amplification Kit (CLONTECH Laboratories Inc.)
and human heart cDNA library to obtain sequence infor-
mation upstream of the known end, at the 5’ end of
human SCS-BA mRNA. All procedures were performed
according to the manufacturer’s protocol.

Transient expression and coimmunoprecipitation analysis.
Chinese hamster ovary (CHO) cells were maintained in
culture with DMEM supplemented with 10% FCS
under 5% CO,, at 37°C. To construct eukaryotic expres-
sion vectors for expression of a FLAG epitope tagged
with ALAS-E protein, Sall site was introduced by PCR
into the 3" end of the coding region of ALAS-E. After
nucleotide sequence confirmation, cDNA fragment
that had been obtained by digestion with Xhol and Sall
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was subcloned into the XhoI and Sall sites of pFLAG-
CTS vector (Sigma Chemical Co.). The plasmid was
digested with HindIIl and Xmmnl, its sticky end was filled
using Klenow DNA polymerase, and the cDNA frag-
ment was isolated and subcloned into an EcoRV site of
pGEM-Easy vector. Because this cDNA insert lacks its
5" half, cDNA fragment of ALAS-E digested with Ndel
and Xhol, subcloned into pGEM-Easy vector, was sub-
cloned into the Ndel/Xhol site of the vector pPGEM-AET.
Next, pPGEM-AET cDNA fragment digested with EcoRI
was isolated and subcloned into the EcoRI site of the
pCAG expression vector (35). The resulting plasmid
(pCAG-AET) expressed ALAS-E protein as a FLAG-
tagged protein at its COOH terminus (see Figure 3a). To
construct expression vectors for HSV-6xHis
epitope-tagged hSCS-BA protein, Ndel site was intro-
duced into an expected first ATG (Figure 1, arrow 3) and
into the 3’ end of the coding region of hSCS-BA by PCR.
After confirmation of nucleotide sequences, the cDNA
fragment obtained by digestion with Ndel and Nbel was
subcloned into the Ndel and Nbel sites of pET-25b(+)
vector (Novagen, Madison, Wisconsin, USA). Next, the
plasmid was digested with Xbal and Blp], its sticky end
was filled using Klenow DNA polymerase, and cDNA
fragment was isolated and subcloned into a blunt-
ended EcoRI site of the pCAG expression vector. The
resultant plasmid (pCAG-BAT) expressed hSCS-3A pro-
tein as an HSV-6xHis-tagged protein at its COOH ter-
minus (see Figure 3a).

These vectors were transfected into CHO cells using
GenePORTER transfection reagent (Gene Therapy Sys-
tems Inc., San Diego, California, USA) according to the
manufacturer’s protocol. Briefly, 10 Ig of each plasmid
and 50 YL of GenePORTER reagent was mixed in 5 mL
of serum-free medium. This replaced the medium of
CHO cells cultured on a dish 10-cm in diameter. Five
hours after transfection, S mL of culture medium con-
taining 20% FCS was added to the dish. Twelve hours
later, the culture medium was replaced with fresh
medium containing 10% FCS, and incubation was con-
tinued for another 24 hours. For immunoprecipita-
tion, cells were washed twice with PBS, then harvested
by scraping in PBS using a spatula. After centrifugation
of the cell suspension, mitochondrial fractions were
prepared as described previously (13). Each fraction
was resuspended in cell-lysis buffer (20 mM HEPES at
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
10 pg/mL leupeptin, 10 pg/mL chymostatin, 10 pg/mL
pepstatin A, 10 pg/mL of antipain, 1 mM PMSF, and
1.8 pg/mL aprotinin) and immunoprecipitated with
anti-FLAG M2 monoclonal antibody (Sigma Chemical
Co.) or His-probe (H-15) polyclonal antibody (Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA).
Immunoprecipitates were analyzed by SDS-PAGE, fol-
lowed by immunoblot analysis using anti-FLAG M2
monoclonal antibody, His-probe (H-15), or HSV-Tag
monoclonal antibody (Novagen). Immunocomplexes
were revealed by ECL (Amersham Life Sciences Inc.,
Arlington Heights, Illinois, USA).

Results

Yeast 2-hybrid screening. We screened a human bone mar-
row cDNA library twice using 2 separate yeast 2-hybrid
screening methods. The first screening, of 4 x 10°
colonies by the standard method, yielded 1 positive
clone. The second screening, of 7 X 10° colonies by the
“His3 jump-start” method (the method of choice when
a bait protein only weakly interacts with a partner), iden-
tified 2 positive clones. Sequence analysis of these clones
and homology search using BLAST (36) revealed that all
these clones encoded hSCSBA (pGAD-SCSPBA; Figure 1,
arrow 4). We subcloned the insert of this clone into
pAS2-1 (pAS-SCSPBA) or pACT2 (pACT-SCSBA) for fur-
ther analysis by 2-hybrid assays (Figure 1, arrow 4).

Northern blot analysis for hSCS. Levels of hSCS-BA
mRNA were examined in various human tissues using
Human Multiple Tissue Northern Blot (Figure 2a,
lanes 1-8) and Human Immune System Multiple Tis-
sue Northern Blot System II (Figure 2a, lanes 9-14)
(CLONTECH Laboratories Inc.). The strongest signal
was observed in the heart (lane 1), followed by skeletal
muscle (lane 6), brain (lane 2), and kidney (lane 7, Fig-
ure 2a). This is consistent with the role of A-SCS in ATP
production in these tissues, which are known to be
highly dependent on oxidative metabolism (34). In
hematopoietic systems (Figure 2a), a strong signal was
observed in bone marrow (lane 13) and fetal liver (lane
14), followed by spleen (lane 9); only a weak signal was
detected in peripheral blood leukocytes (lane 12). One
size of mRNA (about 2,200 bases) was detected in all
tissues. These findings suggest that hSCS-BA is
expressed ubiquitously in various tissues, including
those that are active in heme biosynthesis.

In contrast to hSCS-BA, 2 different sizes of SCS-BG
mRNA (2.5 kb and 3.4 kb) were detected in all tissues
examined (Figure 2b), whereas just 1 size of mRNA was
detected for SCS-a (Figure 2b). SCS-BG mRNA (Figure
2b) was strongly expressed in heart (lane 1), liver (lane
5), skeletal muscle (lane 6), kidney (lane 7), pancreas
(lane 8), and fetal liver (lane 14), whereas SCS-0 mRNA
was expressed in heart (lane 1), kidney (lane 7), and fetal
liver (lane 14). Both SCS-00 mRNA and SCS-BG mRNA
levels were relatively low in bone marrow (lane 13).

Screening of beart cDNA library and 5’ RACE experiment.
Because cDNA clones that had been isolated by yeast 2-
hybrid screening were devoid of their 5" ends, we screened
for clones with longer lengths in a human heart cDNA
library that expressed a high level of SCS-BA (Figure 2a,
lane 1). Screening of 2 x 10° plaques yielded approxi-
mately 40 positive clones. A clone with the longest insert
(pTriplEx-SCSPA; Figure 1, arrow 2) was then chosen for
transient expression in CHO cells. Additionally, results of
5" RACE experiments using human heart cDNAs provid-
ed information upstream (5') of the known sequence of
hSCS-BA mRNA (Figure 1, arrow 1). Although we did not
identify the transcription start site of hSCS-PA, transient
transfection followed by immune precipitation analysis
revealed (as discussed below) that pTriplEx-SCSBA had
in fact encoded the full-length hSCS-BA precursor.
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Transient expression followed by coimmunoprecipitation
analysis of ALAS-E and SCS-BA. When pCAG-AET or
PCAG-BAT was introduced into CHO cells, each protein
was detected in mitochondria by immunoprecipitation
with an antibody corresponding to each tagged epitope
(Figure 3b, lanes 2,4, 15, and 16). When pCAG-AET was
expressed in CHO cells, 3 bands were detected in
immune complex of anti-FLAG antibody (Figure 3b,
lanes 2 and 4). A band with the smallest molecular
weight (56 kDa) that was observed in all lanes (Figure
3b, lanes 1-4) represented mouse IgG (anti-FLAG anti-
body) that was used for immunoprecipitation. Esti-
mated molecular sizes of the 2 other bands were 65 kDa
and 60 kDa; these sizes were very similar to the calcu-
lated size of the precursor (65.7 kDa) and the mature
form (60.6 kDa) of FLAG-tagged ALAS-E protein,
respectively. When pCAG-BAT was expressed in CHO
cells, 2 bands were detected in an immune complex pro-
duced by anti-6xHis polyclonal antibody (Figure 3, lanes
15 and 16). Estimated sizes of the 2 bands were 55 kDa
and 50 kDa, slightly larger than the sizes of an expected
precursor (51.9 kDa) and a mature (46.2 kDa) epitope-
tagged SCS-BA protein. Because these bands were
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specifically detected only in pCAG-BAT-transfected
cells, these bands should represent the precursor and
the mature form of epitope-tagged SCS-BA protein.
When both SCS-BA and ALAS-E cDNA were expressed,
both proteins were detected in an immune complex
from CHO cells, using an anti-FLAG antibody (Figure
3b, lanes 4 and 12) or anti-6xHis antibody (Figure 3Db,
lanes 8 and 16). In contrast, SCS-BA was not detected in
an immune complex with anti-FLAG antibody from
cells in which either SCS-BA (Figure 3b, lane 11) or
ALAS-E (Figure 3b, lane 10) was expressed alone. ALAS-
E was also not detectable in an immune complex with
anti-6xHis antibody from cells in which either SCS-BA
(Figure 3b, lane 7) or ALAS-E (Figure 3b, lane 6) was
expressed alone. These findings conclusively indicate
that there is specific binding of ALAS-E to SCS-BA.

Our findings also show that both the precursor and
the mature form of both SCS-BA and ALAS-E were
detectable in the immune complex with anti-FLAG (Fig-
ure 3, lane 12) or anti-6xHis antibody (Figure 3, lane 8).
These findings suggest that ALAS-E associates with
SCS-BA not only in the mitochondria, but also in the
cytoplasm and at the outer membrane of mitochondria.

Additionally, it should be noted that 2 bands were
detected for hSCS-BA in each immune complex with a
corresponding antibody (Figure 3, lanes 12, 15, and 16).
SCS is a nuclear-gene encoded mitochondrial enzyme,
which is translated as a precursor (pre-SCS-f3A) in the
cytoplasm and then translocated into mitochondria.
Similarly to ALAS-E, its presequence (the signal
sequence for targeting into mitochondria) would be
processed to yield a mature enzyme within mitochon-
dria. Because the presequence is present at the NH, ter-
minus of the protein, the 2 detected bands should rep-
resent the precursor and the mature form of SCS-BA.
Thus our findings are consistent with pTriplEx-SCSBA
encoding the full-length precursor protein of hSCS-BA.

Interaction of hSCS-BA with ALAS isoforms. We then
examined complex formation of ALAS isoforms with
SCS-BA, using the yeast 2-hybrid system. Figure 4a
shows the interaction of SCS-BA with ALAS-E (area 1).
SCS-BA did not interact with the mature form of
human ALAS-N (area 3). Similar findings were
observed when expression vectors for fusion proteins
were exchanged (Figure 4a, areas 2 and 4). When the
Y190 yeast strain was transformed with pAS2-1 and
PACT-SCSPBA (Figure 4a, area 5), or pAS-SCSPBA and
PACT?2 (Figure 4a, area 6), protein-protein interaction
was not observed. These findings indicate that interac-
tion of SCS-BA with ALAS is specific for ALAS-E and
does not occur with ALAS-N.

Interaction of hSCS-BA with mutant ALAS-E. We also
examined the interaction of SCS-BA with ALAS-E
mutants that had been identified in patients with
XLSA. Two mutants of ALAS-E, R411C and M426V,

Figure 1

cDNA sequence of human SCS-BA (Accession AB035863). Arrow 1:
5" end of cDNA that has been identified by 5" RACE; arrow 2: 5' end
of the insert of pTriplEx-SCSPBA; arrow 3:expected first ATG; arrow 4:
5" end of cDNA in pGAD-SCSPA, pAS-SCSPBA, and pACT-SCSPA.

which had been identified in patients with pyridoxine-
responsive XLSA (29, 30), were found to show similar
interaction with SCS-BA (Figure 4b, areas 3 and 4), as
did the wild-type ALAS-E (Figure 4b, area 1). However,
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Expression of SCS-BA mRNA in various human tissues, examined by
Northern blot. (a) mRNA levels of hSCS-BA. (b) mRNA levels of hSCS-
BG and hSCS-0. Lane 1: heart; lane 2: brain; lane 3: placenta; lane 4:
lung; lane 5: liver; lane 6: skeletal muscle; lane 7: kidney; lane 8: pan-
creas; lane 9: spleen; lane 10: lymph nodes; lane 11: thymus; lane 12:
peripheral blood leukocytes; lane 13: bone marrow; lane 14: fetal liver.
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a pyridoxine-refractory D190V mutant, which results
in an unstable enzyme, failed to interact with SCS-BA
(Figure 4b, area 2). Interaction of the wild-type and
pyridoxine-responsive mutants of ALAS-E with SCS-
BA, but not with a pyridoxine-refractory mutant, was
also demonstrated when their expression vectors were
exchanged (data not shown). Although the cDNA
insert of SCS-BA used in Figure 4 is shorter than the
one that encoded the mature SCS-BA, identical results
were observed when we used the mature SCS-BA
(amino acids 53-463, Figure 1) as a fusion protein in
the yeast 2-hybrid assay (data not shown).

Discussion

It is well known that expression of ALAS-E is controlled
at several levels, including transcription (37), translation
(38), and importation into mitochondria (14, 15). For
example, the promoter in human ALAS-E is known to
contain several putative erythroid-specific cis-acting ele-
ments, such as GATA-1, CACCC, and CCAAT (7); these
elements work together to promote erythroid-specific
transcription (11). At the translational level, an iron-
responsive element in the 5’ nontranslated region of
ALAS-E mRNA controls its translation in response to
iron concentration in cells (38, 39). Additionally, it is
known that binding of heme to the heme-responsive
motif of ALAS-E protein negatively regulates its impor-
tation into mitochondria (14, 15). Heme synthesized in
mitochondria could potentially inhibit ALAS activity,
though this mechanism appears to play a less signifi-
cant role than other ALAS-inhibiting mechanisms (16).
It is not known, however, whether the function and
activity of ALAS-E can be modulated by other proteins
in mitochondria with which it interacts.

In this study, we examined this question by screening
for a protein that may associate with the mature form
of ALAS-E, thereby influencing its function in mito-
chondria, by using the yeast 2-hybrid system. Our find-
ings unequivocally demonstrate that the mature form
of ALAS-E associates with SCS-BA in mitochondria.
Because both ALAS-E and SCS are thought to be either
loosely associated with the inner membrane or present
in the matrix of mitochondria, SCS may supply suc-
cinyl CoA, 1 of the 2 ALAS-E substrates, in the form of
an enzyme-enzyme complex. Both the precursor forms
of ALAS-E and SCS-BA were detected in the immune
complex with anti-6xHis (Figure 3b, lane 8) and anti-
FLAG (Figure 3b, lane 12) antibodies, respectively.
These findings suggest that these proteins may func-
tion as transporters for each other from cytosol to
mitochondria or within mitochondria.

It has been suggested that A-SCS may participate in
the Krebs cycle, whereas G-SCS may catalyze the reverse
reaction to support heme synthesis (40). This sugges-
tion was made based on changes in the ratio of G-SCS
activity to A-SCS activity during experimentally
induced diabetes mellitus and porphyria. The K,,, of A-
SCS for succinate is also significantly higher than that
of G-SCS (34). However, exact assessment of the ratio
of A-SCS activity to G-SCS activity is difficult, because
the apparent activity may arise from the other form of
SCS and the recycling of endogenous nucleotides by
nucleoside-diphosphate kinase (41). Thus, the precise
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Figure 3

Co-immunoprecipitation of ALAS-E and SCA-BA.(a) Schematic rep-
resentation of FLAG-tagged ALAS-E expression vector and HSV-
6xHis-tagged SCS-BA expression vector. (b) Coimmunoprecipitation
analysis of ALAS-E and SCS-BA. Full-length human ALAS-E and
human SCS-BA were expressed as FLAG epitope-tagged and HSV-
6xHis epitope-tagged proteins, respectively. After immunoprecipita-
tion with anti-FLAG monoclonal antibody (lanes 1-4 and 9-12) or
anti-6xHis polyclonal antibody (lanes 5-8 and 13-16), the immune
complex was examined by Western blot analysis, using as the primary
antibody either anti-FLAG monoclonal antibody (lanes 1-8), anti-
6xHis polyclonal antibody (lanes 9-12), or anti-HSV monoclonal
antibody (lanes 13-16). p, precursor protein; m, mature protein; IP,
antibody used for immunoprecipitation.
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mechanism of utilization of each isoform for specific
metabolic reactions remains unknown. In bone mar-
row, SCS-BA, not SCS-BG, is the predominantly
expressed form, as suggested by RT-PCR (33) and quan-
titatively demonstrated by Northern blot analysis (Fig-
ure 2, lane 13). Although SCS-fA interacts with ALAS-
E, we could not detect interaction of either SCS-BG or
SCS-a with either ALAS-E or ALAS-N in the yeast 2-
hybrid system (data not shown). Therefore, in bone
marrow erythroblasts, it should be A-SCS, rather than
G-SCS, that contributes to heme synthesis, and it may
do so by its specific association with ALAS-E, though
the situation in other tissues remains less clear. It seems

Figure 4

Association of ALAS with SCS-BA. (a) Association of ALAS-E or
ALAS-N with SCS-BA. Y190 yeast strain was transfected by each vec-
tor, and selection was made using an SD/-Trp/-Leu/-His/+3AT
plate. The pVA3-1 and pTD1-1 vectors are positive controls in the
yeast 2-hybrid system. Areas represented by numbers: 1: pAS-AE and
pACT-SCS-BA; 2: pAS-SCS-BA and pACT-AE; 3: pAS-AN and
pACT-SCS-BA; 4: pAS-SCS-BA and pACT-AN; 5: pAS2-1 and
pACT-SCS-BA; 6: pAS-SCS-BA and pACT2; 7: pVA3-1 and pTD1-1.
(b) Association of SCS-BA with ALAS-E mutants from XLSA. Y190
yeast strain was transfected by each vector, and selection was made
using an SD/-Trp/-Leu/-His/+3AT plate. The vectors pVA3-1 and
pTD1-1 were used as positive controls. 1: pAS-AE and pACT-SCS-
BA; 2: pAS-TA and pACT-SCS-BA; 3: pAS-MO and pACT-SCS-BA;
4: pAS-KK and pACT-SCS-BA; 5: pAS2-1 and pACT-SCS-BA; 6:
pAS-SCS-BA and pACT2; 7: pVA3-1 and pTD1-1.

reasonable that A-SCS in erythroblasts may be involved
in the direction of succinyl CoA synthesis through an
SCS-BA/ALAS-E complex, which may allow A-SCS to
overcome its high K, for succinate. Furthermore, asso-
ciation of ALAS-E with SCS-A may also be involved in
erythroid-specific expression of ALAS-E, because
ALAS-N failed to associate with SCS-BA.

It should also be noted that pGAD-SCSPA (the origi-
nal clone that was isolated by yeast 2-hybrid screening)
encoded amino acids 310-463 of SCS-BA (indicated by
arrow 4, Figure 1), and was used for subcloning into
PAS-SCSPBA and pACT-SCSPA, whereas the mature SCS-
BA consists of 411 amino acids (53-463; Figure 1). The
fact that both the shorter and the mature SCS-PA insert
resulted in association with ALAS-E indicates that the
domain for interaction resides in the last 153 amino
acids of SCS-BA, i.e., in the last 3/8 of the mature form,
orin the last 3/9 of the precursor form of SCS-BA.

Appropriate association of SCS-BA with ALAS-E
also has an important implication in the pathogene-
sis of certain pyridoxine-refractory forms of XLSA. We
have previously identified a D190V mutation of
ALAS-E in a patient with pyridoxine-refractory XLSA
that resulted in an unstable ALAS-E protein (30).
Among approximately 23 mutations so far described
in XLSA (42), D190V is the only mutant that has been
shown to result in an unstable protein in vivo in the
patient (30). When this mutant was expressed in vitro,
the protein was of normal size for pre-ALAS-E. On
the other hand, after translocation into mitochon-
dria, the wild-type pre-ALAS-E was processed into a
mature form, whereas the D190V mutant protein
resulted in aberrant products with higher molecular
weights than their normal mature forms. Because
ALAS-E protein was markedly decreased in erythrob-
lasts of the studied patient, this finding indicates that
the aberrant products must have undergone extensive
degradation (30). When we examined association of
SCS-BA with ALAS-E, 2 pyridoxine-responsive
mutants (R411C and M426V) were found to interact
normally with SCS-BA, as did the wild type. The pyri-
doxine-refractory mutant (D190V) completely failed
to associate with SCS-BA (Figure 4b). Because D190V
mutation resulted in an unstable protein in vivo, it is
possible that SCS-BA plays an important role in pro-
tecting ALAS-E from degradation in mitochondria.
Such a failure of ALAS-E mutation to associate with
SCS-BA may also accompany decreased access to suc-
cinyl CoA in bone marrow erythroblasts or reduced
translocation into mitochondria. This possibility may
be an important consideration in the case of pyridox-
ine-refractory XLSA that may result from unstable
ALAS-E. Conversely, a mutation of SCS-BA that may
disrupt its normal association with ALAS-E may lead
to a pyridoxine-refractory SA.

When SCS-PA was expressed in CHO cells as an epi-
tope-tagged protein, we were able to detect 2 bands by
immunoprecipitation followed by Western blot analy-
sis (Figure 3b, lanes 15 and 16). The sizes of the
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expressed epitope-tagged SCS-PA proteins (the precur-
sor and the mature form) were slightly larger than the
calculated molecular mass. Computing analysis of
SCS-BA protein revealed that this protein has 2 sites for
phosphorylation by protein kinase C, 1 site for phos-
phorylation by tyrosine kinase, and 1 site for N-glyco-
sylation. Therefore it is quite possible that these mod-
ifications of the protein may increase the size of
SCS-BA from its estimated molecular mass. SCS-PA is
transcribed from its genomic DNA, synthesized on
cytoplasmic ribosomes, and imported into mitochon-
dria, after which its presequence is processed. Thus, the
detected large and small bands represent the precursor
and the mature form of SCS-BA, respectively. Because
the precursor protein contained the presequence that
permitted the importation of pre-SCS-BA into mito-
chondria, followed by proper processing of its prese-
quence in mitochondria, this clone must encode the
full-length SCS-BA protein. Additionally, ¢cDNA
sequences for the region including the first methionine
of this clone are compatible with the consensus
sequence of the translation start site (43). Although we
did not confirm the transcription start site of SCS-f3A,
these findings are entirely consistent with the fact that
this clone encodes a full-length SCS-BA protein.

In this report, we present novel evidence for the
association of ALAS-E with SCS-BA. Although some
protein complex formation has been previously sug-
gested for enzymes in the heme biosynthetic pathway
(44, 45), it has been difficult to unequivocally demon-
strate a direct protein-protein interaction. In this
respect, our study using yeast 2-hybrid screening is
the first report of bona-fide protein-protein interac-
tion of enzymes in the heme biosynthetic pathway.
Yeast 2-hybrid assay is a powerful tool to use in exam-
ining specific protein-protein interactions and search-
ing for a protein that can associate with the known
protein of interest. Our studies have successfully
demonstrated that this technique is useful for identi-
fying interaction between 2 key proteins that are relat-
ed to heme biosynthesis in mitochondria. Our strate-
gy of using the mature sequence of a mitochondrial
enzyme that is devoid of its presequence as the bait
should be very useful in obtaining critical informa-
tion about specific interaction with new proteins in
mitochondria, and for investigation of the domains
involved in such interactions.
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