
Identification of Alix-type and Non-Alix-type ALG-2-binding
Sites in Human Phospholipid Scramblase 3
DIFFERENTIAL BINDING TO AN ALTERNATIVELY SPLICED ISOFORM AND AMINO
ACID-SUBSTITUTED MUTANTS*□S

Received for publication, January 28, 2008 Published, JBC Papers in Press, February 6, 2008, DOI 10.1074/jbc.M800717200

Hideki Shibata, Hironori Suzuki, Takeshi Kakiuchi, Tatsutoshi Inuzuka, Haruna Yoshida, Takako Mizuno,
and Masatoshi Maki1

From the Department of Applied Molecular Biosciences, Graduate School of Bioagricultural Sciences, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8601, Japan

ALG-2, a prototypic member of the penta-EF-hand protein
family, interacts withAlix at its C-terminal Pro-rich region con-
taining four tandem PXY repeats. Human phospholipid scram-
blase 3 (PLSCR3) has a similar sequence (ABS-1) in its N-termi-
nal region. In the present study, we found that ALG-2 interacts
with PLSCR3 expressed in HEK293 cells in a Ca2�-dependent
manner by co-immunoprecipitation, pulldownwith glutathione
S-transferase (GST) fusedALG-2 and anoverlay assay using bio-
tin-labeled ALG-2. The GST fusion protein of an alternatively
spliced isoform of ALG-2, GST-ALG-2�GF122, pulled down
green fluorescent protein (GFP)-fused PLSCR3 but not GFP
Alix. Deletion of a region containingABS-1was not sufficient to
abrogate the binding. A secondALG-2-binding site (ABS-2) was
essential for interaction with ALG-2�GF122. Real-time interac-
tion analyses with a surface plasmon resonance biosensor using
synthetic oligopeptides and recombinant proteins corroborated
direct Ca2�-dependent binding of ABS-1 to ALG-2 and that of
ABS-2 to ALG-2 as well as to ALG-2�GF122. The sequence of
ABS-2 contains multiple prolines and two phenylalanines,
among which Phe49 was found to be critical, because its substi-
tution with Ala or Tyr caused a loss of binding ability by pull-
down assays using oligopeptide-immobilized beads. ALG-2-in-
teracting proteins were classified into two groups based on
binding ability to ALG-2�GF122: (i) isoform-non-interactive
(ABS-1) types, including Alix, annexin A7, annexin A11, and
TSG101 and (ii) isoform-interactive (ABS-2) types including
PLSCR3, PLSCR4 and Sec31A. GST-pulldown assays using sin-
gle amino acid-substituted ALG-2mutants revealed differences
in binding specificities between the two groups, suggesting
structural flexibility in ALG-2-ligand complex formation.

ALG-2 is a 22-kDa calcium-binding protein possessing five
serially repetitive EF-hand motifs, and it belongs to the penta-

EF-hand (PEF)2 protein family (1, 2). Based ondifferences in the
primary structures of EF1, mammalian PEF proteins are classi-
fied into two groups: group I (ALG-2 and peflin) and group II
(typical calpains, including the small subunit, sorcin and gran-
calcin) (2). Homologs of group I PEF proteins have been found
not only in vertebrates but also widely in eukaryotes, including
lower animals, plants, fungi, and protists (3).On the other hand,
group II PEF proteins are restricted to the animal kingdom and
are thought to have diverged during the evolution of animals
(4). ALG-2 forms a homodimer or a heterodimer with peflin
through their EF5 regions (5, 6). Despite the original report of a
pro-apoptotic function of ALG-2 in T cell hybridomas (7),
ALG-2-deficient mice develop normally with no obvious
abnormalities in the immune system (8). Nonetheless, potential
physiological roles of ALG-2 in regulation of ER-stress-induced
apoptosis (9), neuronal cell death during development (10), and
cancer (11, 12) have been reported. Alix (also named AIP1) was
the first protein identified as an ALG-2-interacting protein
(13, 14). This cytoplasmic 95-kDa protein is now recognized
as a multifunctional protein involved in various cellular
functions, including endosomal sorting, retrovirus budding,
actin cytoskeleton assembly, signal transduction, and apo-
ptosis (see Refs. 15–18 for reviews).
We and others previously identified an ALG-2-binding site

in the C-terminal proline-rich region in Alix (19, 20). Results of
analyses of amino acid-substituted mutants and deletion
mutants of Alix suggested that a potential polyproline II-helix
containing four tandem PXY repeats is an ALG-2-interacting
core motif (801-PPYPTYPGYPGY-812), in which Ala substitu-
tions of either all four Pro or Tyr residues and Phe substitutions
of all four Tyr residues abolished the binding ability (19). Gen-
erally, Pro-rich regions often serve as domains for either spe-
cific protein-protein interaction or rapid but nonspecific inter-
action via their sticky arms extending out from the rest of the
protein molecules (21, 22). Both sorcin and ALG-2 bind to the
presumably extended or disordered N-terminal Pro-rich
regions of annexins A7 and A11 (23–25). While exact binding
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sites for ALG-2 have not been determined yet, the N-terminal
�30 residues that are rich in Pro, Gly and Tyr but have no
charged residues in annexin A11 are sufficient for binding to
sorcin (23). Neither annexin A7 nor annexin A11, however,
possesses the four tandem PXY repeats found in Alix. Instead,
both annexins have GYPP repeats in sorcin-binding regions.
One conspicuous difference between sorcin and ALG-2 for
annexin A7 binding is the requirement of N-terminal non-PEF
regions: the N-terminal domain of sorcin is essential (26), but
that ofALG-2 is dispensable (25). ALG-2 bindingmotifs remain
to be clarified.
In this study, we found that phospholipid scramblase 3

(PLSCR3) is a novel ALG-2-interacting protein, and we identi-
fied two binding sites, designated ABS (ALG-2-binding site)-1
and ABS-2, in its N-terminal Pro-rich region. Although ABS-1
resembles the Alix PXY-repeat motif, ABS-2 does not conform
to the canonical sequence and does not contain Tyr. ABS-2
possesses a unique binding property: it interacts with an alter-
natively spliced ALG-2 isoform, ALG-2�GF122, and other single
amino acid-substituted ALG-2mutants, with which ABS-1 and
Alix do not interact. An ABS-2-oligopeptide-immobilized col-
umn has been proved to be useful for rapid one-step affinity
purification of untagged recombinant ALG-2 proteins, includ-
ing ALG-2�GF122. Furthermore, we demonstrated that ALG-2-
interacting proteins can be classified into two groups based on
the binding ability to ALG-2�GF122. Differences in binding
specificities to other ALG-2mutants suggest structural flexibil-
ity in ALG-2-ligand complex formation.

EXPERIMENTAL PROCEDURES

Materials—Untagged, biotin-tagged, and phosphorylated
synthetic oligopeptides were obtained from Biosynthesis (Lewis-
ville, TX). Rabbit anti-GFP polyclonal antibody (pAb) and anti-
apoptosis inducing factor pAb were purchased from Abcam
(#ab1998, Cambridge, UK). Mouse monoclonal antibodies
(mAbs) of anti-GFP (B2) and anti-annexin VII (A-1) and goat
anti-annexin XI pAb (N-17) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse mAbs of anti-�-tubu-
lin (clone DM1A), anti-glyceraldehyde-3-phosphate dehydro-
genase, and anti-Lamp-1 were from Sigma, Chemicon, and
Pharmingen, respectively. Anti-TSG101 mAb (4A10) and anti-
Sec31AmAb (clone 32)were fromGeneTex (SanAntonio, TX)
and BD Transduction Laboratories (San Diego, CA), respec-
tively. Streptavidin-peroxidase was obtained from Rockland
Immunochemicals (Philadelphia, PA). Preparations of rabbit
anti-ALG-2 pAb and anti-Alix pAb were described previously
(27, 28). Anti-PLSCR3 antiserum was raised in rabbits using
GST-fused PLSCR3N-terminal Pro-rich region protein as anti-
gen. Sulfosuccinimidyl N-(d-biotinyl)-6-aminohexanoate was
purchased from Dojin (Kumamoto, Japan).
Plasmid Constructions—Human cDNAs for PLSCR1,

PLSCR3, and PLSCR4were cloned from a human skeletal mus-
cle cDNA library (Clontech) (for PLSCR3) or a Human Fetus
Marathon-ReadyTM cDNA library (Clontech) (for PLSCR1 and
PLSCR4) by the PCR method using a proofreading thermo-
stable PfuTurbo DNA polymerase (Stratagene) (see supple-
mental materials). pGFP-Alix was described previously (29).
Alanine-substituted mutants of GST-fused human ALG-2 at

various amino acid residues were created by the PCR-based
mutagenesis method (see supplemental materials). Construc-
tion of an Escherichia coli expression plasmid of N-terminally
truncated ALG-2 that lacks the hydrophobic and Pro/Gly-rich
region, pET3d-des3-23ALG-2 (previous name: pET3d-ALG-
2�N23), was described previously (25), and the produced pro-
tein was re-named des3-23ALG-2 in this study. Construction
of a plasmid for GST-fused protein of an alternatively spliced
ALG-2 isoform that lacks Gly121-Phe122 (designated GST-
ALG-2�GF122) was described previously (30). Other constructs
are described in the supplemental materials.
Establishment of PLSCR3-expressing Cell Line—A PLSCR3

cDNA fragment was inserted into the BamHI site of pIRES1neo
(Clontech), and the resultant expression vector was used for
transfection of HEK293 subcloned cells designated YS14 (28).
G418-resistant cells were isolated by cylinder cloning and fur-
ther screened for constant expression of PLSCR3 by Western
blotting using anti-PLSCR3 antibody. Subcellular fractionation
by differential centrifugation was performed essentially as
described previously (28).
GST-ALG-2 Pulldown, Bio-ALG-2 Overlay, and Co-immuno-

precipitation—Pulldown assays using GST-ALG-2 and its
mutant proteins were performed as described previously (28,
30) using the cleared lysate of HEK293 cells untransfected or
transfected with respective expression vectors of GFP-fused
proteins. An overlay assay using bio-ALG-2 was carried out as
described previously (30) using the immunoprecipitates of anti-
GFP pAb from the cleared lysate of HEK293 cells that had been
transfected with pGFP-PLSCR3 or an empty pEGFP vector.
Alternatively, immunoprecipitationwas performed in the pres-
ence or absence of Ca2�, and immunoprecipitates were sub-
jected to Western blotting with anti-ALG-2 pAb essentially as
described previously (19). Specific conditions for incubation
with antibodies are described in the supplemental materials.
Pulldown Assay of des3-23ALG-2 withMutant Oligopeptide-

immobilized Sepharose Beads—Each synthetic oligopeptide
(0.2 mg) dissolved in 0.1 ml of the coupling buffer (0.2 M
NaHCO3, pH 8.3, 0.5 M NaCl) was immobilized to a 0.2-ml bed
volume of NHS-activated Sepharose 4 Fast Flow beads (GE
Healthcare/AmershamBiosciences) according to themanufac-
turer’s instructions. A binding assay was performed by incubat-
ing 10�l of beads in a total volume of 50�l in binding buffer (20
mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM 2-mercaptoethanol,
0.5 mM CaCl2, 0.5% Triton X-100) containing 10 �g each of
des3-23ALG-2, bovine serum albumin (BSA), ovalbumin, and
�-lactalbumin bymixing withMicroMixer E-36 (Taitec, Japan)
at room temperature for 30 min. Then the mixture was centri-
fuged at 3000 rpm for 3 min, and pelleted beads were washed
with 0.4ml of binding buffer three times. The unbound fraction
(first supernatant) and bound fraction (beads) were subjected
to SDS-PAGE. After electrophoresis, gels were stained with
Coomassie Brilliant Blue R-250 (CBB) and relative amounts of
proteins were estimated by densitometric analysis using the
free imaging software (Scion Image Beta 4.02) available from
Scion.
Affinity Purification of Recombinant ALG-2 Proteins—Lys-

tagged ABS-2 oligopeptide (k-ABS-2: kQVPAPAPGFALFP-
SPGPVA; k, extraneous Lys for facilitating cross-linking) was
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immobilized to a HiTrap NHS-activated HP column (GE
Healthcare/Amersham Biosciences). Affinity purification of
recombinant ALG-2 proteins from E. coli was carried out by a
method similar to that used for purification of recombinant
PEF domain proteins of the calpain subunits (31, 32) with some
modifications (supplemental materials).
Surface Plasmon Resonance Measurements—Real-time in-

teraction analysis was performed at 25 °C using an SPR bio-
sensor, BIAcore2000 system (BIAcore, Uppsala, Sweden).
N-terminally biotin-labeled oligopeptides of ABS-1 (bio-
ABS-1: bio-qGYAPSPPPPYPVTPGYPEPA; q, extraneous Gln
for adjusting N-terminal residue with bio-ABS-2) and ABS-2
(bio-ABS-2: bio-QVPAPAPGFALFPSPGPVA) that had been
dissolved in water (10 mg/ml) were diluted to 0.1 mg/ml with
HBS-EP (10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20), and each peptide was captured
on flow cell no. 2 (Fc2) and no. 3 (Fc3) of a streptavidin (SA)-
immobilized sensor chip, respectively, by running over the
respective flow cell at the flow rate of 10 �l/min for 120 s. Flow
cell no. 1 (Fc1) was used as a reference. For interaction analysis,
the flow rate wasmaintained at 50�l/min. A solution of analyte
(full-length or truncated ALG-2 protein of either wild-type or
�GF122 isoform) was diluted with HBS-CP (10 mM HEPES-
NaOH, pH 7.4, 150 mMNaCl, 0.1 mM CaCl2, 0.005% surfactant
P20) to 100 nM and injected. After keeping the flow over the
immobilized sensor surface for 180 s, the sensor surface was
washed with the running buffer for 180 s. To regenerate the
sensor surfaces after each measuring cycle, analytes were com-
pletely dissociated from the immobilized ligand by injecting 50
�l of HBS-EP supplemented with EDTA to 10mM. For analysis
of Ca2� concentration dependence, HBS-P (10 mM HEPES-
NaOH, pH 7.4, 150 mM NaCl, 0.005% surfactant P20) was used
as a running buffer. Analytes, diluted with HBS-P, were
adjusted to varying concentrations of CaCl2. COINJECTmode
was used to avoid transient wash of the sensor surface with
HBS-P after the end of analyte injection.
Plate Assay of ALG-2-binding to Phosphorylated ABS-1

Oligopeptide—Varying amounts (11–183 pmol) of ABS-1
(KGYAPSPPPPYPVTPGYPEPA) and Thr21-phosphorylated
ABS-1 (KGYAPSPPPPYPV-pT-PGYPEPA, ABS-1-pT) oli-
gopeptides were dissolved in 0.1 ml of 100 mM Na2CO3 buffer
(pH 9.6) and immobilized to a 96-well Nunc ImmobilizerTM
Amino plate (Nunc A/S, Denmark) according to the provided
instructionmanual for 1 h at room temperature. The unreacted
surface was inactivated with 10 mM ethanolamine (pH 8.3) for
1 h, followed by washing with TBS (10 mM Tris-HCl, pH 7.5,
0.15 M NaCl) and blocking with TBS containing 3% BSA. Puri-
fied recombinant ALG-2 was labeled with biotin in vitro using
sulfosuccinimidyl N-(d-biotinyl)-6-aminohexanoate (Biotin-
AC5 Sulfo-OSu) as described previously (33). A solution (0.1
ml) of 120 nM biotin-labeled ALG-2 (bio-ALG-2) in binding
buffer TBS-C (10 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 0.1 mM
CaCl2) containing 0.1% Tween 20 and 0.1% BSA was added to
the wells, and the mixture was incubated at room temperature
for 1 h. After the wells had been washed with 0.3 ml of TBS-C
containing 0.1% Tween 20, bound bio-ALG-2 was reacted with
SA-peroxidase for 1 h. Thewells were washed oncewith TBS-C
containing 0.1% Tween 20 and three times with TBS-C. Color-

imetric peroxidase reaction was carried out using 0.4 mg/ml
o-phenylenediamine and 0.003% H2O2 in 0.1 ml of 50 mM
sodium citrate-100 mM sodium phosphate buffer (pH 5.0),
and the reaction products were measured with a plate reader
(BiotrakII reader, GE Healthcare/Amersham Biosciences) at
492 nm.

RESULTS

PXY Repeat Sequence in the Pro-rich Region of PLSCR3—The
ALG-2-binding sequence in Alix (Alix-ABS) contains four tan-
dem repeats of PXY (Fig. 1). To identify novel ALG-2-binding
proteins, we searched a human protein data base (SwissProt)
with the BLAST program “Search for Short, Nearly Exact
Matches” on the Internet (www.ncbi.nlm.nih.gov/BLAST/)
using PPYPTYPGYPGY (an essential sequence in Alix for effi-
cient ALG-2 binding) as a query sequence. The top ten high
score sequences were derived from the following proteins
(scores and SwissProt accession numbers indicated in paren-
theses): PDCD6-interacting protein (Alix/AIP1/Hp95) (45.2,
Q8WUM4), transmembrane BAX inhibitor motif-containing
protein 1 (RECS1 protein homolog) (30.3, Q969X1), annexin
A11 (27.4, P50995), PLSCR3 (27.4,Q9NRY6), annexinA7 (25.7,

FIGURE 1. Sequence alignment of the proline-rich regions in Alix and
PLSCR3. A, sequences of the proline-rich regions in Alix and PLSCR3. Sche-
matic diagrams of Alix and PLSCR3 are represented at the top and the bottom,
respectively. The numbers denote amino acid positions. Bro1 and V indicate a
Bro1-homology and V-shape domain, respectively, according to the three-
dimensional structures determined for the first two domains (59, 60). The
sequences of Alix Pro-rich regions in Alix and PLSCR3 are shown in the middle.
Proline residues are in bold. The underlined regions in Alix contain consensus
sequences for the following binding proteins: TSG101 (717-PSAP) (61), CIN85
(740-PTPAPR) (62), Src (752-PQPPAR) (63), and endophilin A1 (754-PPARPPPP)
(64). The sequence of the ABS in Alix (Alix ABS) and that of the N-terminal ABS
in PLSCR3 (PLSCR3 ABS-1) are boxed and shaded. The sequence of the second
ABS in PLSCR3 (PLSCR3 ABS-2), which is required for ALG-2�GF122 binding (see
Fig. 3), is represented by outline characters on a black background. B, align-
ment of PLSCR3 sequences similar to PXY repeats in Alix. Conserved proline
and aromatic residues are marked as follows: shaded, identical or similar (Tyr
or Phe) at least in two sequences; closed circles, identical in all three sequenc-
es; open circle, similar (Tyr or Phe) in all three sequences.
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P20073), homeobox protein Nkx-2.5 (25.7, P52952), NFATc4
(25.2, Q14934), EYA2 (25.2, O00167), TSG101 (24.8, Q99816),
and SCAMP4 (24.8, Q969E2). In this study, we selected
PLSCR3 as the most possible candidate protein for in vitro

ALG-2 binding analyses because of
the absence of a gap in the aligned
PXY-repeat sequence (Fig. 1B).
Analyses of Interaction between

ALG-2 and PLSCR3—We per-
formed a co-immunoprecipitation
assay by overexpressing GFP-fused
PLSCR3, GFP-Alix (positive con-
trol), and GFP (negative control),
respectively, in HEK293 cells. The
expressed proteins were immuno-
precipitated with anti-GFP pAb. As
shown in Fig. 2A, specific bands cor-
responding to ALG-2 were detected
with anti-ALG-2 pAb in the immu-
noprecipitates of GFP-Alix and
GFP-PLSCR3 in the presence of 10
�MCa2� but not in the presence of a
Ca2�-chelator, EGTA (2 mM). No
ALG-2 bands were detected in the
immunoprecipitates of GFP in
either condition. In a separate
experiment, we performed an
overlay assay using biotin-labeled
ALG-2 (bio-ALG-2) as a probe. As
shown in Fig. 2B, the immunopre-
cipitate of GFP-PLSCR3, but not
that of GFP, presented a specific
band, suggesting a direct physical
interaction between ALG-2 and
PLSCR3.
To investigate whether ALG-2

associates with endogenous PLSCR3,
human lymphoma cell lines such as
Raji and Jurkat and rat fat cells were
first analyzed for expression of
PLSCR3. Endogenous PLSCR3 pro-
tein, however, was not detectedwith
our rabbit anti-PLSCR3 antiserum.
Then, we established a PLSCR3-ex-
pressingHEK293 cell line (HEK293/
Scr3) as shown in Fig. 2C. Using this
stable cell line as an alternative
source of endogenous PLSCR3, we
performed subcellular fractionation
by the differential centrifugation
method to obtain PLSCR3-enriched
fraction. Fig. 2D shows a represent-
ative result of the fractionation in
the presence of 10 �M CaCl2 under
incomplete cell disruption condi-
tion as indicated by the presence
of anti-apoptosis inducing factor
(mitochondrial inter-membrane

space protein), Lamp-1 (late endosome/lysosome protein), and
glyceraldehyde-3-phosphate dehydrogenase (cytosolic protein)
in the 600 � g pellets (P0.6) in addition to their expected frac-
tions of either 10,000 � g pellets (P10) or 100,000 � g superna-

FIGURE 2. Ca2�-dependent interaction of ALG-2 with PLSCR3. A, co-immunoprecipitation assay.
HEK293 cells transiently transfected with respective expression vectors of GFP-fused proteins were lysed
in the presence of 10 �M Ca2� (Ca) or 2 mM EGTA (EG). After centrifugation, cleared lysates (input) were
immunoprecipitated with anti-GFP pAb. The lysates and immunoprecipitates (IP) were analyzed by West-
ern blotting (WB) with anti-ALG-2 pAb or with anti-GFP mAb. B, overlay assay with biotin-labeled ALG-2.
HEK293 cells transiently transfected with expression vectors of GFP-PLSCR3 or GFP were lysed and immu-
noprecipitated with anti-GFP pAb. The immunoprecipitates were subjected to SDS-PAGE and transferred
to polyvinylidene difluoride membranes. The membrane was then probed either with bio-ALG-2 in the
presence of 100 �M Ca2� (right panel) or with anti-GFP mAb (left panel). An asterisk indicates nonspecific
binding of bio-ALG-2 to rabbit immunoglobulin heavy chains. C, establishment of a PLSCR3-expressing
cell line. Parental HEK293 subclone YS14 cells were transfected with untagged PLSCR3-expressing vector
(pIRES1neo-PLSCR3), and G418-resistant clones were selected. Total cell lysates were subjected to West-
ern blotting using anti-PLSCR3 pAb, anti-ALG-2 pAb, and anti-�-tubulin mAb. Arrow, PLSCR3; asterisk,
nonspecific bands. D, subcellular fractionation of PLSCR3. HEK293/Scr3 cells were lysed in the lysis buffer
(10 mM HEPES-NaOH, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 5 mM 2-mercaptoethanol containing 10 �M Ca2�

and protease inhibitors) fractionated by differential successive centrifugations at 4 °C. Pellets of 600 � g
(P0.6), 10,000 � g (P10), 100,000 � g (P100), and the final supernatant of 100,000 � g (S100) were subjected
to Western blotting with antiserum against PLSCR3, and with purified antibodies against ALG-2, apoptosis
inducing factor (AIF), Lamp-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively.
E, co-immunoprecipitation assay. PLSCR3 was extracted from the P10 fraction by brief sonication with the
lysis buffer without 2-mercaptoethanol but supplemented with 142.5 mM KCl, detergent (0.2% Nonidet
P-40) and either 100 �M CaCl2 or 2 mM EGTA. After centrifugation at 10,000 � g for 10 min at 4 °C, the
supernatant was subjected to immunoprecipitation with anti-ALG-2 pAb or control rabbit IgG, and the
immunoprecipitates were analyzed by Western blotting using antiserum against PLSCR3 and anti-ALG-2
pAb.
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tant (S100). In agreement with previous studies (5, 28), ALG-2
was recovered mostly in the P0.6 fraction when the lysis buffer
containing Ca2� was used, but faint bands corresponding to
ALG-2were detected in the P10 and P100 fractions. PLSCR3was
detected more in the P10 fraction than in the P0.6 fraction.
PLSCR3 was extracted from the P10 fraction with the buffer-
containing detergent (0.2% Nonidet P-40) and either 100 �M
CaCl2 or 2 mM EGTA, and then the supernatant was subjected
to a co-immunoprecipitation assay using anti-ALG-2 pAb for
immunoprecipitation and anti-PLSCR3 pAb for Western blot-
ting. As shown in Fig. 2E, PLSCR3 was detected in the immu-
noprecipitates by anti-ALG-2 pAb (�-ALG-2) but not by con-
trol IgG.
Two ALG-2-binding Sites in the Pro-rich Region of PLSCR3—

To further analyze the interaction between human ALG-2 and
PLSCR3, GST-pulldown assays were performed using GST-
fused ALG-2 of wild-type and previously constructed mutants.
ALG-2E47A/114A is a calcium-binding defective mutant (34),
which was shown to bind neither Alix (19) nor TSG101 (30). In
Western blot analysis using anti-GFP mAb, a GFP-PLSCR3
band was not detected in the pelleted bead fraction (pulldown
products) of GST-ALG-2E47A/114A in the presence or absence
of Ca2� in the binding buffer (Fig. 3A). ALG-2�GF122 corre-
sponds to a naturally occurring alternatively spliced isoform of
humanALG-2 lackingGly121Phe122, whichwas first reported in
mice (35). Consistent with the previous report that the isoform
did not interact with Alix by the yeast two-hybrid assay (35),
GST-ALG-2�GF122 did not pull down GFP-Alix, but, surpris-
ingly, it pulled down GFP-PLSCR3 (Fig. 3B). Because the ini-
tially predictedABS in the Pro-rich region of PLSCR3has a PXY
repeat and resembles theAlix-ABS, we speculated that PLSCR3
contains an additional ABS that is capable of binding to ALG-
2�GF122. To corroborate this hypothesis, we constructed a dele-
tionmutant of GFP-PLSCR3 lacking residues 12–27 in the Pro-
rich region (designated GFP-PLSCR3�ABS-1) and performed
the pulldown assay. Not only GST-ALG-2 but also GST-ALG-
2�GF122 efficiently pulled downGFP-PLSCR3�ABS-1 (Fig. 3C).
Next, a mutant lacking residues 43–58 (designated GFP-
PLSCR3�ABS-2) was constructed because of the notable pres-
ence of two phenylalanine residues surrounded by proline res-
idues. GFP-PLSCR3�ABS-2 was pulled down by GST-ALG-2
but not by GST-ALG-2�GF122. When both ABS-1 and ABS-2
were deleted, the mutant (designated GFP-PLSCR3�ABS-1/2)
was not essentially pulled down anymore.
Affinity Purification of ALG-2 Proteins with an ABS-2 Oli-

gopeptide-immobilized Column—The nature of Ca2�-depend-
ent specific interaction of PEF proteins with target peptide
sequences has been utilized for affinity purification of recom-
binant PEF domain proteins of the calpain large subunit and the
small subunit (previous name: calmodulin-like domain) using
calpastatin subdomain oligopeptides that were immobilized to
Sepharose beads (31, 32). A similar approach was taken to
purify untagged recombinant ALG-2 proteins expressed in
E. coli. A Lys-tagged synthetic oligopeptide of ABS-2 (k-ABS-2:
kQVPAPAPGFALFPSPGPVA) (Table 1) was immobilized to
NHS-activated Sepharose beads. The bacterial cleared lysate,
prepared in the presence of non-ionic detergent Triton X-100
(final concentration of 0.1%), was applied to the column in the

presence of 0.1 mM free Ca2�. Inclusion of Triton X-100 was
necessary to avoid Ca2�-dependent precipitation of ALG-2
(27). After extensive washing with buffer in the presence of
Ca2� but absence of Triton X-100, the ALG-2 proteins
adsorbed to the column were eluted with the buffer containing
EGTA. Fig. 4 shows a representative result of purification of the
human ALG-2 PEF domain protein (des3-23ALG-2). The
eluted ALG-2 proteins were sufficiently pure for further inter-
action analyses in vitro. Because of the high protein concentra-
tions of eluted ALG-2 proteins (up to 3 mg/ml), inclusion of a
higher concentration of a Ca2� chelator (5 mM EGTA) was
found to be better to avoid appearance of turbidity of the
ALG-2 solution, particularly in the case of full-length ALG-2
(data not shown). The oligopeptide-immobilized affinity col-
umn chromatography was also an effective method to purify
ALG-2�GF122 and des3-23ALG-2�GF122 (Fig. 4C).
Real-time Interaction Analysis with an SPR Biosensor—Puri-

fied ALG-2 proteins were used for SPR real-time analyses of
interactions with N-terminally biotinylated PLSCR3 oligopep-
tides of ABS-1 (bio-ABS-1) and ABS-2 (bio-ABS-2) that were
captured by each flow cell on an SA-immobilized sensor chip.

FIGURE 3. Identification of two independent ALG-2-binding sites (ABS-1
and ABS-2) by GST-ALG-2 pulldown assays. HEK293 cells transiently trans-
fected with respective expression vectors of GFP-fused proteins were lysed.
After centrifugation, cleared lysates (input) were adjusted to 100 �M Ca2� (Ca)
or 1 mM EGTA (EG) and incubated with glutathione-Sepharose beads that
carried GST, GST-fused wild-type ALG-2 (WT), or its mutants as indicated. After
the beads had been pelleted by centrifugation and washed, bead-bound
proteins (pulldown products) were analyzed by Western blotting with anti-
GFP mAb. A, requirement of Ca2�-binding avidity of ALG-2 for the interaction
with PLSCR3. ALG-2E47A/E114A is a Ca2�-binding-defective mutant. The pull-
down products were analyzed by Western blotting (WB, upper panel) or visu-
alized by staining with Coomassie Brilliant Blue R-250 (CBB, lower panel) to
confirm recovery of GST or GST fusion proteins bound to the beads. An aster-
isk indicates degraded GST fusion proteins. B, interaction of GST-ALG-2�GF122

with GFP-PLSCR3 but not with GFP-Alix. ALG-2�GF122 is an alternatively
spliced isoform of ALG-2 that lacks two amino acid residues, Gly121 and
Phe122, compared with a longer form of ALG-2. C, two independent ALG-2-
binding sites in PLSCR3 Pro-rich region. Schematic structures of GFP-fused
PLSCR3 and its deletion constructs of ABS-1 and ABS-2 (see Fig. 1) in Pro-rich
region are represented on the left. PLSCR3�ABS-1/2 has deletion of both
ABS-1 and ABS-2.
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As shown in the overlaid sensorgrams (Fig. 5, A and B), both
full-length ALG-2 and des3-23ALG-2 interacted with bio-
ABS-1 and bio-ABS-2 in a similar pattern of association (ana-
lyte injection phase) and dissociation (buffer washing phase)
but with 1.5–2-fold higher resonance signals for full-length
ALG-2. In contrast, resonance signals of the binding of ALG-
2�GF122 and des3-23ALG-2�GF122 (dotted lines) to bio-ABS-1
were extremely low (Fig. 5A), whereas significant binding of
these proteins to bio-ABS-2 was observed (Fig. 5B).
Ca2� concentration dependence was investigated using the

SPR biosensor (Fig. 5, C and D). The Ca2� concentrations that
gave 50% maximal binding, [Ca2�]1⁄2, were estimated from the
respective hyperbolic curves for binding to bio-ABS-1
([Ca2�]1⁄2: ALG-2, 5.1 �M; des3-23ALG-2, 6.7 �M) and to bio-
ABS-2 ([Ca2�]1⁄2: ALG-2, 3.7 �M; des3-23ALG-2, 4.7 �M; ALG-
2�GF122, 9.4 �M; des3-23ALG-2�GF122, 13 �M). Zinc ions are
known to bind some EF-hand proteins such as S100 family
members (36). Dependence of ALG-2 binding to bio-ABS-1
and -2 on other divalent metal ions was investigated using the
biosensor (supplemental Fig. S1). Although Mg2� was essen-
tially non-effective for binding to both bio-ABS-1 and -2, Zn2�

was found to be effective. Because concentrations of Zn2� one
to two orders of magnitude higher than those of Ca2� are
required, there may be no biological significance of Zn2�-de-
pendent binding of ALG-2 to target peptides in vivo. Knowl-
edge of the formation of an ALG-2/Zn2� complex, however,
may be useful for future physicochemical analyses of ALG-2 in
vitro. The kinetic parameters (association rate, kass; dissociation
rate, kdiss; dissociation constant, KD) of des3-23ALG-2 binding
in the presence of 50 �M Ca2� were estimated by the global
fitting curves for ABS-1, kass � 1.4 � 106 M�1 s�1, kdiss � 5.7 �

10�2 s�1, andKD � 4.0� 10�8 M and by those for ABS-2, kass �
2.3� 106 M�1 s�1, kdiss � 5.7� 10�2 s�1, andKD � 2.5� 10�8

M, respectively (supplemental Fig. S2).
Critical Residues in ABS-2 for ALG-2 Binding—We investi-

gated whether an analogous hypothesis of the polyproline II-
helix-based PXY-repeat motif in Alix-ABS is also applicable to
PLSCR3 ABS-2 with a modified motif containing Phe. Lys-
tagged synthetic oligopeptides with various amino acid substi-
tutions (Table 1) were immobilized to NHS-activated Sepha-
rose beads, which were used for pulldown assay of the
recombinant human ALG-2 PEF domain protein (des3-
23ALG-2) from the mixture containing standard proteins
(BSA; OVA, ovalbumin; and �-LA, �-lactalbumin) in the pres-
ence of Ca2�. As shown in Fig. 6, �70% of the input des3-
23ALG-2 protein was recovered in the bound fraction (panel A,
lanes B; panel B, closed bars) of wild-type (WT) k-ABS-2-im-
mobilized beads, whereas standard proteins remained in the
supernatant (panel A,U). The amount of des3-23ALG-2 recov-
ered in the bead fraction in the presence of 5 mM EGTA was
�3% (data not shown). As expected, double substitutions of
Phe49 and Phe52 with Ala (k-ABS-2-f2a2) abolished the binding
capacity. Pro47 and Pro53, positioned proximal to both Phe res-
idues, are conserved among Alix-ABS, PLSCR3 ABS-1, and
PLSCR3 ABS-2 (Fig. 1B). Unexpectedly, however, double sub-

FIGURE 4. Affinity purification of recombinant ALG-2 proteins using an
ABS-2 oligopeptide-immobilized column. A, lysine-tagged synthetic oli-
gopeptide of ABS-2 (k-ABS-2) was immobilized to NHS-activated Sepharose
beads. The recombinant PEF domain of ALG-2 (des3-23ALG-2) was expressed
in E. coli. The bacterial cleared lysate, prepared in the presence of non-ionic
detergent Triton X-100 (final concentration of 0.1%), was applied to the col-
umn in the presence of 0.1 mM free Ca2� at the flow rate of 0.27 ml/min. After
extensive washing with a buffer in the presence of Ca2� but absence of Triton
X-100 at the flow rate of 0.54 ml/min, the des3-23ALG-2 protein adsorbed to
the column was eluted with a buffer containing 1 mM EGTA. A, each fraction
was monitored by absorbance at 280 nm. Fraction volume: flow-through and
wash, 1 ml; elution, 0.5 ml. B, proteins were analyzed by SDS-PAGE using a
12.5% gel, which was stained with CBB after electrophoresis. Total, total cell
lysate; Ppt, pellet fraction after centrifugation of the bacterial lysate; Sup,
cleared lysate. C, SDS-PAGE analysis of purified recombinant ALG-2 proteins.
ALG-2 wild-type and N-terminal deletion mutant proteins were affinity-puri-
fied and subjected SDS-PAGE followed by CBB staining. M, molecular mass
marker proteins; lane 1, ALG-2; lane 2, ALG-2�GF122; lane 3, des3-23ALG-2; and
lane 4, des3-23ALG-2�GF122.

TABLE 1
Sequences of the synthetic ABS-2 oligopeptides used for preparation
of immobilized Sepharose beads
The lowercase letter k denotes a lysine tag to facilitate immobilization efficiency.
Closed and open circles indicate conserved proline and aromatic residues, respec-
tively, shown in Fig. 1. The asterisk indicates the critical phenylalanine identified in
this study. Boldface letters indicate substituted residues.
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stitutions of these Pro residueswithAla (k-ABS-2-p2a2) did not
affect the binding capacity. Trimming two and three residues
from the N terminus (leaving Lys and Gln as a linker for immo-
bilization) and from the C terminus, respectively, did not sig-
nificantly influence the binding (k-ABS-2-5del). Using the
trimmed sequence, a mutant with substitutions of all four Pro
residues with Ala (k-ABS-2-5del-p4a4) was found to signifi-
cantly reduce the binding capacity. Although substitution of
either Leu51 or Phe52 with Ala (k-ABS-2-5del-L51A, -F52A)
barely affected the binding capacity, substitution of Phe49 with
Ala, Tyr, or Leu (k-ABS-2-5del-F49A, -F49Y, and -F49L) abol-
ished or significantly reduced the binding capacity. On the
other hand, substitution of Phe49 with Trp (k-ABS-2-5del-
F49W) did not affect the binding capacity.
Binding of ALG-2 to Other PLSCR Isoforms—There are four

phospholipid scramblase isoforms encoded by different genes
in the human genome. Each phospholipid scramblase (PLSCR1
to -4) has a Pro-rich region (70–110 amino acids) at its N ter-
minus except for PLSCR2, which is expressed specifically in the
testis (37). Although there is no obvious tandem PXY repeat-

like sequence in PLSCR1 and
PLSCR4, their Pro-rich regions
contain multiple Tyr residues.
Western blotting of the GST-
ALG-2 pulldown products re-
vealed barely detectable bands for
GFP-PLSCR1 (Fig. 7A). On the
other hand, clear bands were
detected for GFP-PLSCR4 by pull-
down assay with GST-ALG-2 as
well as GST-ALG-2�GF122.
Different Binding Specificities to

ALG-2 Mutants—Binding of Ca2�

to ALG-2 induces conformational
changes and exposure of hydropho-
bic surfaces (27, 34, 35, 38). We
investigated whether hydrophobic
interactions with specific residues
in ALG-2 are equally used among
various ALG-2-interacting pro-
teins. Various GFP-fused PLSCR
constructs (Fig. 7A) and endoge-
nous ALG-2-interacting proteins
(Fig. 7B) were subjected to GST-
pulldown assays using ALG-2
mutants whose aromatic residues
were substituted with Ala. The
mutants of amino acid residues
positioned in the region fromEF3 to
EF5 (Y91A, W95A, and Y180A) lost
binding abilities to Alix, annexin
A7, annexin A11, and GFP-
PLSCR3�ABS-2 but not to GFP-
PLSCR3, GFP-PLSCR3�ABS-1,
GFP-PLSCR4, and Sec31A. TSG101
exhibited reduced binding efficien-
cies against mutants of W95A and
Y180A, among which the W95A

mutant had a more profound effect. Mutants in the EF1-EF2
linker region (W57A and F60A) showed different results:
W57A, no or little effect on the tested proteins except GFP-
PLSCR3�ABS-1 and annexin A7 with a significant reduction
in binding; F60A, complete loss of binding to GFP-
PLSCR3�ABS-1, GFP-PLSCR3�ABS-2, Alix, annexin A7,
annexin A11, and Sec31A.
Reduced Binding of ALG-2 to Thr21-phosphorylated ABS-1—

PLSCR3 is phosphorylated by protein kinaseC-�, and phospho-
rylation at Thr21 in ABS-1 correlates with AD198 (protein
kinase C-� activator)-induced apoptosis (39). Although substi-
tution of Thr21 to Ala reduced AD198-induced apoptosis, the
phosphomimetic mutant PLSCR3(T21D) induced apoptosis
without the protein kinase C-� activator (40). We investigated
whether phosphorylation of ABS-1 at Thr21 influences ALG-2
binding. First, we attempted pulldown assays by immobilizing
an ABS-1 oligopeptide (KGYAPSPPPPYPVTPGYPEPA) to
NHS-activated Sepharose beads, but the ALG-2-binding effi-
ciency was poor. Instead, we employed an enzyme-linked
immunosorbent assay-like method using commercially avail-

FIGURE 5. Real-time interaction analyses of ALG-2 binding to ABS-1 and ABS-2 using an SPR biosensor.
Overlaid sensorgrams represent specific binding of ALG-2 (solid line), ALG-2�GF122 (dotted line), des3-23ALG-2
(solid line), or des3-23ALG-2�GF122 (dotted line) to immobilized bio-ABS-1 oligopeptide (A) in flow cell 2 (Fc2) and
bio-ABS-2 (B) in flow cell 3 (Fc3) using the running buffer HBS-CP (10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 0.1
mM CaCl2, 0.005% surfactant P20). The non-immobilized surface in flow cell 1 (Fc1) was used as a reference
surface to subtract effects of the buffer and salts used for dissolving solutes on resonance signals recorded for
Fc2 and Fc3. Each protein sample (analyte, 100 nM) was injected at 150 s and kept flowing over the sensor chip
surface for 180 s, and then washed with the running buffer. Sensor chip surfaces were regenerated by washing
with the buffer containing 10 mM EDTA. Ca2� concentration dependence of ALG-2 proteins to bio-ABS-1 (C)
and bio-ABS-2 (D) was analyzed with the SPR biosensor using the running buffer HBS-P (10 mM HEPES-NaOH,
pH 7.4, 150 mM NaCl, 0.005% surfactant P20) containing varying concentrations of CaCl2. Resonance signals
expressed in resonance unit (RU) values were measured at the end of analyte injection and used for a saturation
plot of Ca2� concentration versus RUs. Symbols indicate percentages of RU values at each Ca2� concentration
(closed circles, ALG-2; open circles, des3-23ALG-2; closed triangles, ALG-2�GF122; open triangles, des3-23ALG-
2�GF122). The maximum binding value (Bmax) of each hyperbolic curve was determined by a Lineweaver-Burk
plot and then used as 100% maximal binding activity. Based on these Bmax values, the original data were
transformed, expressed as a percentage of maximal binding activity, and re-plotted as shown.
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able covalent-coupling 96-well plates. After varying amounts of
the ABS-1 oligopeptide and its Thr21-phosphorylated oli-
gopeptide (ABS-1-pT)were immobilized to theplates, binding to
bio-ALG-2 was measured by reactivity of SA-peroxidase. Meas-
uredvaluesofbinding tobio-ALG-2 increased inproportion to the
amounts of the respective oligopeptides used for immobilization
but reached a plateau (Fig. 8). The phosphorylated ABS-1 oli-
gopeptide exhibited �70% reduction in bio-ALG-2 binding in
comparison with the unphosphorylated oligopeptide.

DISCUSSION

ALG-2 is present both in the cytosol and nuclear fraction (5,
41), and it translocates to membranous fractions including
endosomes and endoplasmic reticulum exit sites in a Ca2�-de-
pendent manner (5, 28, 30, 42, 43). This Ca2�-dependent
behavior ofALG-2 as aCa2� sensor is dependent on interaction
with various intracellular proteins. In the present study, we
found that phospholipid scramblase 3 (PLSCR3) is a novel
ALG-2-interacting protein. PLSCR3 has a Pro-rich region at its
N terminus, clustered cysteine residues for potential fatty acid
linkage, one unit of EF-hand, and a putative transmembrane
region at the C terminus (37). By analyses of PLSCR3 deletion
mutants (Fig. 3) and in vitro binding analyses using recombi-
nant ALG-2 proteins as well as synthetic oligopeptides (Figs. 5,
6, and 8), we identified two ALG-2-binding sites: ABS-1 and
ABS-2 (Fig. 1). ABS-1 has interrupted PXY repeats, and a sim-
ilar sequence is present between Alix and PLSCR3 (PPYPXXP-
GYP). On the other hand, ABS-2 does not conform to the

canonical sequence but contains six Pro and two Phe residues.
Although Phe49 is essential and cannot be substituted with Tyr
or Ala, Phe51 is substitutable with Ala (Fig. 6). Because Trp can
replace Phe49, a large non-polar side chain seems to be required
for the strong interaction.ABS-2 possesses a unique property in
that it binds the alternatively spliced ALG-2 isoform (lacking
the two residues Gly121-Phe122, designated ALG-2�GF122) in
contrast to the lack of binding ability of ABS-1 to this isoform
(Figs. 3 and 5). The results of our GST-pulldown assays using
GST-ALG-2�GF122 (Fig. 7) agree with results of previous stud-
ies showing that Alix does not associate efficiently either with
the alternatively splicedALG-2 isoform (35) orwith the Phe122-
deletion mutant (38). In addition to our previous finding that
GST-ALG-2�GF122 does not bind TSG101 (30), we have found
that it has no capacity of binding to annexin A7 and annexin
A11 (Fig. 7). Interestingly, the W95A mutant also does not
interact with PLSCR3ABS-1, Alix, annexin A7, or annexin A11
or interacts barely with TSG101. There is a good correlation
between ALG-2�GF122 and W95A for loss of binding to these
proteins. Alix-type ABS (ABS-1) should have a commonmotif,
composed of Pro/Gly andTyr for ALG-2 binding. Futuremuta-
tional analyses in combination with three-dimensional struc-
tural analyses of ALG-2-oligopeptide complexes will clarify the

FIGURE 6. Pulldown assay of des3-23ALG-2 with mutant oligopeptide-
immobilized beads. A, after Sepharose beads carrying ABS-2 or various
mutant oligopeptides (Table 1) had been incubated with des3-23ALG-2 in the
presence of CaCl2 as described under “Experimental Procedures,” the pel-
leted beads were washed with binding buffer three times. The unbound frac-
tion (supernatant, U) and bound fraction (beads, B) were subjected to SDS-
PAGE, followed by staining with CBB. B, relative amounts of proteins
compared with input des3-23ALG-2 (100%) were estimated by densitometric
analyses of the stained gels.

FIGURE 7. Effects of point mutations of ALG-2 on the binding to GFP-
PLSCRs and other interacting proteins. GST, GST-ALG-2, GST-ALG2�GF122,
and indicated amino acid-substituted mutant proteins were used for pull-
down assays of GFP-fused constructs of PLSCR3 and its ABS deletion mutants
as well as GFP-PLSCR1 and -PLSCR4 as described in the legend to Fig. 3 using
plasmid-transfected HEK293 cells (A). For analyses of endogenous proteins
(B), untransfected HEK293 cells were used. Pulldown products were analyzed
by Western blotting (WB) using anti-GFP mAb (A) and using specific antibod-
ies as indicated (B). The volumes of analyzed cleared lysates (input) corre-
spond to 11% (A) or 13% (B) of the lysate volumes used for pulldown product
analyses by Western blotting.
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exact binding motif of ABS-1 type. Interestingly, Sec31A binds
GST-ALG-2�GF122 (28) (Fig. 7), suggesting the presence of
ABS-2 type. The Pro-rich region of Sec31A, however, contains
multiple Tyr residues in addition to Pro, Gly, and Phe. There-
fore, we cannot exclude the possibility that Sec31A has both
types of ABS as in the case of PLSCR3.
The adverse effect of phosphorylation at Thr21 in ABS-1 on

ALG-2 binding (Fig. 8) suggests that the physical association
betweenALG-2 andABS-1 is dependent on hydrophobic interac-
tions. Jia et al. elucidated the three-dimensional structure of des1-
20ALG-2 (elastase-treatedALG-2) inaCa2�-loaded formbyx-ray
crystallography (44). Unexpectedly, the N-terminal clipped Gly/
Pro-rich peptide (8-PGPGGGPGPA-17) was retained in a hydro-
phobicpocket formedby residuespositioned fromEF3 toEF5, and
thepeptidewas estimated to formapolyproline II helix.We inves-
tigated the possibility of binding of PLSCR3, Alix, and other
ALG-2- interacting proteins to this hydrophobic pocket by GST-
pulldown assays using various ALG-2 mutants whose aromatic
residues were substituted with Ala (Fig. 7). Loss or significant
reduction of binding abilities in thesemutants (Y91A,W95A, and
Y180A) suggests thatAlix, annexinA7, annexinA11, andPLSCR3
ABS-1 bind to the same hydrophobic pocket in which the N-ter-
minal peptideofALG-2 is held regardless of noapparent sequence
similarity between these sequences and the N-terminal peptide
except for the presence of multiple Pro residues. On the other
hand, these point mutations did not affect the binding to
ABS-2, indicating that ABS-1 binds to a hydrophobic pocket
different from the one for ABS-2. Interestingly, the mutants of
F60A and Y91A retain significant binding abilities to TSG101,
suggesting that TSG101 contacts with ALG-2 at a surface shar-
ing with other isoform-non-interactive (ABS-1) type proteins,
but the contact surface is not exactly the same.
Among the four PLSCRs, only PLSCR1 and PLSCR3 are well

characterized. PLSCR1was originally implicated in remodeling

of the trans-bilayer distribution of plasmamembrane phospho-
lipids (45, 46). Although its role in membrane phospholipid
scrambling is controversial, increasing evidence shows that
PLSCR1 has biological significance in cell signaling, matura-
tion, and apoptosis by interacting with various proteins (Ref. 47
and references therein), and it also functions as a DNA-binding
transcription factor (48). Expression of PLSCR3 is required for
normal adipocyte and/or macrophage maturation or function
(49). PLSCR3 transports cardiolipin from the inner to the outer
mitochondrial membrane (50), and it facilitates mitochondrial
targeting of N-terminally truncated Bid, which interacts with
cardiolipin and dissociates from the N-terminal cleaved pep-
tide (51). The results of the GST-pulldown assays suggest that
ALG-2 interacts also with PLSCR4 but barely with PLSCR1
(Fig. 7). Binding specificities to the ALG-2 isoform ALG-
2�GF122 andmutants are similar between PLSCR3 and PLCSR4
except for significant reduction in binding of PLSCR3 to F60A.
Because no PLSCR3 ABS-2-like sequence is found in the Pro-
rich region of PLSCR4, presence of a different type of non-Alix-
type ABS is suggested in this region.
Flexibility of binding motifs is well characterized in calmod-

ulin (CaM), which interacts with a large number of proteins to
regulate their biological functions in response to calcium stim-
uli. CaM-binding sites are grouped into several classes and sub-
classes based on structural and sequence information such as
the IQ motif in myosin V, basic 1-8-14 motif in skeletal muscle
myosin light chain kinase and basic 1-5-10 motifs in CaMK1
and CaMKII (52). Some IQ class proteins do not require Ca2�

for CaM binding (53). As demonstrated in the present study
(Fig. 7), theAlix-type (ABS-1) andnon-Alix-type (ABS-2)ALG-
2-binding sites in PLSCR3 displayed differences in binding to
the alternatively splicedALG-2 isoform andmutants. Similarly,
Alix, annexin A7, annexin A11, TSG101, and Sec31A exhibited
different binding specificities to ALG-2 mutants. Other
ALG-2- interacting proteins such as RNA-binding protein
RBM22 (41) andHD-PTP (54) do not have sequences similar to
either ABS-1 or ABS-2 in their Pro-rich regions. As in the case
of PLSCR4, these proteins may have a non-Alix-type ABS that
interacts with ALG-2�GF122. On the other hand, ASK-1 (55)
and Raf-1 (56) are also known to associate withALG-2, but they
do not possess conspicuous Pro-rich regions (57). Thus, ALG-2
may present flexible binding surfaces to various proteins with
broad specificities and different affinities. More systematic
analyses using, for example, an array of mutant ALG-2 protein
chips, will be required to categorize ABS of all known and
unknownALG-2-interacting proteins inmore detail. Although
the biological significance of the Ca2�-dependent interaction
between ALG-2 and PLSCR3 remains to be clarified, our find-
ing of a non-Alix-type ALG-2-binding site has broadened the
structural view of ALG-2-interacting proteins and the recogni-
tionmechanisms.WeobservedZn2�-dependentaswellasCa2�-
dependent association of ALG-2 to the PLSCR3 peptides (sup-
plemental Fig. S1). While this report was in preparation,
Vernarecci et al. also reported that the yeast homolog of
ALG-2, Pef1p, binds bothCa2� andZn2� and that themetal ion
induces conformational change of the protein (58). Although
the biological significance of Zn2� binding to the PEF proteins
remains unknown, the heavymetal ionmay be useful for future

FIGURE 8. Effects of phosphorylation of Thr21 in ABS-1 on ALG-2 binding.
Varying amounts (11–183 pmol) of ABS-1 (KGYAPSPPPPYPVTPGYPEPA) and
Thr21-phosphorylated ABS-1 (KGYAPSPPPPYPV-pT-PGYPEPA, ABS-1-pT) oli-
gopeptides were immobilized to a 96-well plate. The immobilized oligopep-
tides were probed with 12 pmol of bio-ALG-2 as described under “Experimen-
tal Procedures.” The relative amounts of bound bio-ALG-2 were estimated by
the colorimetric method using SA-peroxidase, and the reaction products
were measured with a plate reader at 492 nm. Values are expressed as
means 	 S.D. (n � 4). Closed circles, ABS-1; open circles, ABS-1-pT. Streptavi-
din-peroxidase reactions without bio-ALG-2 were carried out to estimate
background measurements of the plate assay. Closed square, no oligopep-
tide; closed triangle, ABS-1; open triangle, ABS-1-pT.
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x-ray crystal structure analyses as an alternative condition
when crystallization of ALG-2-target peptide complex in the
presence of Ca2� results in failure.

Acknowledgments—We thank Y. Nakano and Y. Sano for earlier
works related to this study andDr. K. Hitomi for valuable suggestions.
We also thank Dr. P. J. Sims for valuable suggestions and providing
antibody that was used at the early stage in our study.

REFERENCES
1. Maki,M., Narayana, S. V., andHitomi, K. (1997)Biochem. J. 328, 718–720
2. Maki, M., Kitaura, Y., Satoh, H., Ohkouchi, S., and Shibata, H. (2002)

Biochim. Biophys. Acta 1600, 51–60
3. Ohkouchi, S., Nishio, K., Maeda, M., Hitomi, K., Adachi, H., andMaki, M.

(2001) J. Biochem. 130, 207–215
4. Jekely, G., and Friedrich, P. (1999) J. Mol. Evol. 49, 272–281
5. Kitaura, Y., Matsumoto, S., Satoh, H., Hitomi, K., and Maki, M. (2001)

J. Biol. Chem. 276, 14053–14058
6. Kitaura, Y., Satoh, H., Takahashi, H., Shibata, H., and Maki, M. (2002)

Arch. Biochem. Biophys. 399, 12–18
7. Vito, P., Lacana, E., and D’Adamio, L. (1996) Science 271, 521–525
8. Jang, I. K., Hu, R., Lacana, E., D’Adamio, L., and Gu, H. (2002) Mol. Cell.

Biol. 22, 4094–4100
9. Rao, R. V., Poksay, K. S., Castro-Obregon, S., Schilling, B., Row, R. H., del

Rio, G., Gibson, B. W., Ellerby, H. M., and Bredesen, D. E. (2004) J. Biol.
Chem. 279, 177–187

10. Mahul-Mellier, A. L., Hemming, F. J., Blot, B., Fraboulet, S., and Sadoul, R.
(2006) J. Neurosci. 26, 542–549

11. la Cour, J. M., Mollerup, J., Winding, P., Tarabykina, S., Sehested, M., and
Berchtold, M. W. (2003) Am. J. Pathol. 163, 81–89

12. Subramanian, L., and Polans, A. S. (1999)Biochem. Biophys. Res. Commun.
322, 1153–1165

13. Missotten, M., Nichols, A., Rieger, K., and Sadoul, R. (1999) Cell Death
Differ. 6, 124–129

14. Vito, P., Pellegrini, L., Guiet, C., and D’Adamio, L. (1999) J. Biol. Chem.
274, 1533–1540

15. Dikic, I. (2004) BioEssays 26, 604–607
16. Morita, E., and Sundquist, W. I. (2004) Annu. Rev. Cell Dev. Biol. 20,

395–425
17. Odorizzi, G. (2006) J. Cell Sci. 119, 3025–3032
18. Sadoul, R. (2006) Biol. Cell 98, 69–77
19. Shibata, H., Yamada, K., Mizuno, T., Yorikawa, C., Takahashi, H., Satoh,

H., Kitaura, Y., and Maki, M. (2004) J. Biochem. 135, 117–128
20. Trioulier, Y., Torch, S., Blot, B., Cristina, N., Chatellard-Causse, C., Verna,

J. M., and Sadoul, R. (2004) J. Biol. Chem. 279, 2046–2052
21. Williamson, M. P. (1994) Biochem. J. 297, 249–260
22. Kay, B. K., Williamson, M. P., and Sudol, M. (2000) FASEB J. 14, 231–241
23. Brownawell, A. M., and Creutz, C. E. (1997) J. Biol. Chem. 272,

22182–22190
24. Satoh, H., Shibata, H., Nakano, Y., Kitaura, Y., and Maki, M. (2002) Bio-

chem. Biophys. Res. Commun. 291, 1166–1172
25. Satoh, H., Nakano, Y., Shibata, H., and Maki, M. (2002) Biochim. Biophys.

Acta 1600, 61–67
26. Verzili, D., Zamparelli, C., Mattei, B., Noegel, A. A., and Chiancone, E.

(2000) FEBS Lett. 471, 197–200
27. Maki, M., Yamaguchi, K., Kitaura, Y., Satoh, H., and Hitomi, K. (1998)

J. Biochem. 124, 1170–1177
28. Shibata, H., Suzuki, H., Yoshida, H., and Maki, M. (2007) Biochem. Bio-

phys. Res. Commun. 353, 756–763
29. Katoh, K., Shibata, H., Suzuki, H., Nara, A., Ishidoh, K., Kominami, E.,

Yoshimori, T., and Maki, M. (2003) J. Biol. Chem. 278, 39104–39113
30. Katoh, K., Suzuki, H., Terasawa, Y.,Mizuno, T., Yasuda, J., Shibata, H., and

Maki, M. (2005) Biochem. J. 391, 677–685
31. Yang, H. Q.,Ma, H., Takano, E., Hatanaka,M., andMaki,M. (1994) J. Biol.

Chem. 269, 18977–18984
32. Takano, E., Ma, H., Yang, H. Q., Maki, M., and Hatanaka, M. (1995) FEBS

Lett. 362, 93–97
33. Wormmeester, J., Stiekema, F., and Groot, C. (1990) Methods Enzymol.

184, 314–319
34. Lo, K. W., Zhang, Q., Li, M., and Zhang, M. (1999) Biochemistry 38,

7498–7508
35. Tarabykina, S., Moller, A. L., Durussel, I., Cox, J., and Berchtold, M. W.

(2000) J. Biol. Chem. 275, 10514–10518
36. Heizmann, C. W., and Cox, J. A. (1998) Biometals 11, 383–397
37. Wiedmer, T., Zhou, Q., Kwoh, D. Y., and Sims, P. J. (2000) Biochim. Bio-

phys. Acta 1467, 244–253
38. Subramanian, L., Crabb, J. W., Cox, J., Durussel, I., Walker, T. M., van

Ginkel, P. R., Bhattacharya, S., Dellaria, J. M., Palczewski, K., and Polans,
A. S. (2004) Biochemistry 43, 11175–11186

39. He, Y., Liu, J., Durrant, D., Yang, H. S., Sweatman, T., Lothstein, L., and
Lee, R. M. (2005) Cancer Res. 65, 10016–10023

40. He, Y., Liu, J., Grossman, D., Durrant, D., Sweatman, T., Lothstein, L.,
Epand, R. F., Epand, R. M., and Lee, R. M. (2007) J. Cell. Biochem. 101,
1210–1221

41. Montaville, P., Dai, Y., Cheung, C. Y., Giller, K., Becker, S., Michalak, M.,
Webb, S. E.,Miller, A. L., andKrebs, J. (2006)Biochim. Biophys. Acta 1763,
1335–1343

42. Yamasaki, A., Tani, K., Yamamoto, A., Kitamura, N., and Komada, M.
(2006)Mol. Biol. Cell 17, 4876–4887

43. la Cour, J.M.,Mollerup, J., and Berchtold,M.W. (2007)Biochem. Biophys.
Res. Commun. 353, 1063–1067

44. Jia, J., Tarabykina, S., Hansen, C., Berchtold, M., and Cygler, M. (2001)
Structure 9, 267–275

45. Zhou, Q., Zhao, J., Stout, J. G., Luhm, R. A., Wiedmer, T., and Sims, P. J.
(1997) J. Biol. Chem. 272, 18240–18244
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