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ALG-2 is a Ca2+-binding protein that belongs to the penta-EF-hand protein family and
associates with several proteins, including annexin VII, annexin XI, and Alix/AIP1, in
a Ca2+-dependent manner. The yeast two-hybrid system and a biotin-tagged ALG-2
overlay assay were carried out to characterize the interaction between ALG-2 and
Alix. The region corresponding to amino acid residues 794 to 827 in the carboxy-ter-
minal proline-rich region of Alix was sufficient to confer the ability to interact
directly with ALG-2. This region includes four-tandem PxY repeats. Alanine substitu-
tions indicated that seven proline residues in this region, four in the PxY repeats, and
four tyrosine residues in the PxY repeats are crucial for the binding affinity with
ALG-2. Endogenous ALG-2 was co-immunoprecipitated in the presence of Ca2+ with
FLAG-tagged Alix or FLAG-tagged Alix∆EBS, a deletion mutant lacking the endophi-
lin binding consensus sequence, but not with FLAG-tagged Alix∆ABS, another mutant
lacking the region comprising amino acids 798–841, from the lysates of HEK293 cells
transfected with each FLAG-tagged protein expression construct. FLAG-tagged ALG-
2 overexpressed in HEK293 cells was also co-immunoprecipitated with Alix in a Ca2+-
dependent fashion, whereas FLAG-tagged ALG-2E47A/E114A, a Ca2+-binding deficient
mutant of ALG-2, was not detected in the immunoprecipitates of Alix even in the pres-
ence of Ca2+. Fluorescent microscopic analyses using the carboxy-terminal half of Alix
fused with green fluorescent protein (GFP-AlixCT) revealed that endogenous ALG-2
in HeLa cells exhibits a dot-like pattern overlapping with exogenously expressed
GFP-AlixCT, and the distribution of GFP-AlixCT∆ABS is observed diffusely in the
cytoplasm. These results indicate the requirement of ABS in Alix for the efficient
accumulation of AlixCT and raise the possibility that ALG-2 participates in mem-
brane trafficking through a Ca2+-dependent interaction with Alix.

Key words: ALG-2, Alix/AIP1, calcium-binding protein, EF-hand, protein–protein
interaction.

Abbreviations: GFP, green fluorescent protein; HA, hemagglutinin; HEK, human embryonic kidney; mAb, mono-
clonal antibody; PBS, phosphate buffered saline; PEF, penta-EF-hand; pAb, polyclonal antibody; PPII, polyproline
II; PVDF, polyvinylidene difluoride; SH3, src homology 3; TBS, Tris-buffered saline.

Penta-EF-hand (PEF) proteins comprise a family of Ca2+-
binding proteins that have five repetitive EF-hand
motifs, the PEF domain (1). The PEF domain was first
revealed by X-ray crystallographic analysis of the Ca2+-
binding domain of the small subunit of calpain, an intra-
cellular Ca2+-dependent cysteine protease (2, 3). The first
EF-hand (EF1) motif is not consistent with the canonical
EF-hand, in which a 12-residue interhelical sequence
coordinates Ca2+ with pentagonal bipyramidal asymme-
try. The EF1 of the calpain small subunit has an 11-resi-

2+

with the carbonyl oxygen of the peptide bond in place of
the side-chain oxygen of the canonical aspartic acid in the
first Ca2+-coordinating position (position X). In contrast,
the fifth EF-hand (EF5) does not bind Ca2+ under physio-
logical conditions due to a two amino acid insertion, but
serves as dimerization domain. Re-evaluation of the pri-
mary sequence of multiple EF-hand proteins in mam-
mals reveals the presence of a new family of members
having the PEF domain (4) that are classified into two
groups: Group I (ALG-2 and peflin) and Group II (calpain
subfamily members, sorcin and grancalcin) (1). Most of
these members have been shown to exist as non-covalent
homodimers or heterodimers involving same group pro-
teins under physiological conditions. ALG-2 forms either
a homodimer or a heterodimer with peflin (5), which is
essential for the stabilization of these PEF proteins in
cells (6). The large and small subunits of the conventional
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calpains heterodimerize to form active proteases (7, 8).
Grancalcin also exists as a homodimer in solution and
has been shown to interact with sorcin, but the functional
significance of this complex is so far unknown (9). Most
PEF proteins except for the calpain large subunit possess
hydrophobic glycine/proline-rich regions at their N-
termini, which are likely to play a role in the Ca2+-
dependent translocation of these proteins to biological
membranes.

ALG-2 was originally identified during a screen for
genes involved in apoptosis (10). The suppression of
ALG-2 expression by an antisense transcript protects T-
cell lines from cell death induced by several stimuli such
as glucocorticoids, T-cell receptors and Fas triggering.
Caspases are activated in ALG-2-depleted cells upon
stimulation with these reagents, suggesting that ALG-2
exerts its function downstream or independent of pro-
tease activity in the apoptotic signaling pathway (11).
Both immature thymocytes and mature T-cells from
ALG-2-deficient mice retain their susceptibility to apop-
totic stimuli (12). On the other hand, Group I genes anal-
ogous to ALG-2 have been found in lower eukaryotes (13,
14). ALG-2 may, therefore, play additional roles in regu-
lating fundamental cellular processes in response to
Ca2+-mobilization, including signal transduction, gene
expression and membrane trafficking.

To gain insights into the function of ALG-2, searches
for ALG-2-interacting proteins using yeast two-hybrid
screening methods have been carried out by several
groups (15–17). The first described murine target protein
for ALG-2 was Alix or AIP1, named differently by two
independent groups (15, 16). The human homologue of
this protein has been identified as Hp95, which is a
homologue of Xenopus Xp95 (18, 19). Human Alix con-
sists of 868 amino acid residues and possesses a long pro-
line-rich region in its C-terminus. Alix has been shown to
be a positive regulator in apoptotic signaling and a nega-
tive regulator in cell transformation. Overexpression of
the full-length protein in HeLa cells induces G1 arrest in
confluent monolayer cultures, promotes detachment-
induced apoptosis (anoikis), and reduces tumorigenicity
(19, 20). Furthermore, the overexpression of a truncated
form of Alix retaining the C-terminal proline-rich region
(AlixCT) protects transfected cells from death induced by
the withdrawal of trophic factors (16). In contrast, previ-
ous studies on subcellular localization suggest that Alix
is a novel membrane trafficking protein that is involved
in modulating membrane shape, formation of the cyto-
plasmic compartment, and transport pathway. Overex-
pression of AlixCT in HEK293 cells leads to cytoplasmic
vacuolization (21). This phenomenon appears to be
enhanced by the co-expression of endophilin, which inter-
acts directly with the proline-rich region of Alix (21) and
regulates membrane shape, possibly through its lyso-
phosphatidic acid transferase activity (22). We have
recently shown that Alix associates with CHMP4b/
Shax1, a human homologue of yeast Snf7/Vps32, which is
involved in multivesicular body sorting (23). In HeLa
cells overexpressing CHMP4b, Alix is recruited to puta-
tive endosomal compartments in which CHMP4b is dis-
tributed. The binding site for CHMP4b is located in the
N-terminal half of Alix, whereas that for ALG-2 is
thought to be in the C-terminal half, in which the last 150

amino acids are particularly rich in proline, tyrosine and
glutamine, and which possesses several SH3 domain
binding motifs (PxxP). In this study, we have narrowed
the region in Alix that interacts with ALG-2 down to 33
amino acid residues containing four tandem PxY repeat
sequences, and demonstrate the requirement of the ALG-
2 binding site for the punctate distribution of AlixCT in
mammalian cells.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—The following plasmids were
constructed for use in the yeast two-hybrid system.
pGBT9-ALG-2 was described previously (17). pGAD424-
Alix (680–848) was constructed by ligating the HincII/
SmaI fragment of pCR2.1-TOPO-Alix (23) into the SmaI
site of pGAD424 (Clontech). pACT2-Alix (680–868) was
constructed by ligating the HincII/PvuII fragment of
pCR2.1-TOPO-Alix into the Sma I site of pACT2 (Clon-
tech). pGAD424-Alix (680–868) was constructed by ligat-
ing the BglII fragment of pACT2-Alix (680–868) into the
BglII site of pGAD424. The C-terminal and N-terminal
deletion mutants of the proline-rich region of Alix were
derived from pGAD424-Alix (680–848) and pGAD424-
Alix (680–868), respectively, using Exonuclease III to cre-
ate nested deletion mutants (Deletion Kit for Kilo-
Sequencing, TAKARA, Osaka). For the C-terminal dele-
tion mutants, pGAD424-Alix (680–848) was digested
with PstI and BamHI, whereas for the N-terminal dele-
tion mutants, pGAD424-Alix (680–868) was digested
with PstI and NheI. The deletion mutants were sequen-
tially generated with Exonuclease III and Mung Bean
Nuclease. pGAD424-Alix (680–823), pGAD424-Alix (680–
834), and pGAD424-Alix (680–847) were digested with
EcoRV, and the resultant smaller fragments were ligated
with the EcoRV-digested larger fragment of pGAD424-
Alix (796–868) to construct pGAD424-Alix (796–823),
pGAD424-Alix (796–834), and pGAD424-Alix (796–847),
respectively. pGAD424-Alix (680–847) was digested with
EcoRV, and the resultant smaller fragment was ligated
with the EcoRV-digested larger fragment of pGAD424-
Alix (790–868) to construct pGAD424-Alix (790–847).

The following plasmids were constructed for use in
mammalian cell transfections. pGFP-Alix and pFLAG-
Alix, for the expression of GFP-fused and FLAG-tagged
full-length human Alix, were constructed by ligating the
EcoRI fragment of pCR2.1-TOPO-Alix into the EcoRI site
of pEGFP-C3 (Clontech) and pCMV-Tag2C (Stratagene),
respectively. To delete the cDNA fragment corresponding
to Alix (amino acid residues 800–814) from the full-
length human Alix cDNA, pUC119-Alix (680–848) was
first constructed by ligating the HincII/SmaI fragment of
pCR2.1-TOPO-Alix into the SmaI site of pUC119. Next,
the forward oligonucleotide 5′-TCAGCTCCACCTCCAC-
AGGCGCAAATGCCTATGCC-3′ and reverse oligonucle-
atide 5′-CATGGGCATAGGCATTTGCGCCTGTGGAGG-
TGGAGC-3′ were inserted between the Bpu1102I and
NcoI sites of pUC119-Alix (680–848) to construct pUC119-
Alix (680–848)∆(PxY)4. Then, pCR2.1-TOPO-Alix∆(PxY)4
was constructed by ligating the StuI/SmaI fragment of
pUC119-Alix (680–848)∆(PxY)4 into the StuI/SmaI site of
pCR2.1-TOPO-Alix. Finally, pGFP-Alix∆(PxY)4 and pFLAG-
Alix∆(PxY)4 were constructed by ligating the EcoRI frag-
J. Biochem.

http://jb.oxfordjournals.org/


ALG-2-Interacting Motif in Alix/AIP1 119

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

ment of pCR2.1-TOPO-Alix∆(PxY)4 into the EcoRI site of
pEGFP-C3 and pCMV-Tag2C, respectively. To delete the
cDNA fragment corresponding to Alix (amino acid resi-
dues 798–841), the forward oligonucleotide 5′-TCAGCA-
CCTGGACAGGCTCCATACCC-3′ and reverse oligonu-
cleotide 5′-GGGTATGGAGCCTGTCCAGGTGC-3′ were
inserted between between the Bpu1102I and SmaI sites
of pUC119-Alix (680–848). The resultant plasmid was
designated pUC119-Alix (680–848)∆ABS. Then, pCR2.1-
TOPO-Alix∆ABS was constructed by ligating the StuI/
SmaI fragment of pUC119-Alix (680–848)∆ABS into the
StuI/SmaI site of pCR2.1-TOPO-Alix. Finally, pGFP-Al-
ix∆ABS and pFLAG-Alix∆ABS were constructed by ligat-
ing the EcoRI fragment of pCR2.1-TOPO-Alix∆ABS into
the EcoRI site of pEGFP-C3 and pCMV-Tag2C, respec-
tively. pFLAG-Alix∆EBS, for the expression of a FLAG-
tagged deletion mutant of Alix lacking the region com-
prising amino acid residues 757–764, was constructed in
a pFLAG-Alix plasmid using the PCR-based Quickchange
Site-Directed Mutagenesis Kit (Stratagene). The primers
used for deletion were as follows, 5′-CCAGCCCCCAGC-
CATTCCAGCAAATCGAGCT-3′ and 5′-AGCTCGATTTG-
CTGGAATGGCTGGGGGCTGG-3′. pGFP-Alix (790–847)
was constructed by ligating the BamHI/SmaI fragment of
pGAD424-Alix (790–847) into the BglII/SmaI site of
pEGFP-C2. pGFP-Alix (794–827) and mutant derivatives
were constructed by inserting two pairs of double-
stranded oligonucleotides (Table 1) into the HindIII/
BamHI site of pEGFP-C1. The cDNA fragments corre-
sponding to AlixCT (amino acid residues 458–868), Al-
ixCT lacking the endophilin-binding site (amino acid res-
idues 757–764) or AlixCT lacking the ALG-2-binding site
(amino acid residues 798–841) were isolated by PCR with
the primers, 5′-TGGATGAAGAAGAAGCAACCG-3′ and
5′-CAGAGCGTAGAGTTTAGTACAC-3′, and pFLAG-Alix,

pFLAG-Alix∆EBS or pFLAG-Alix∆ABS as templates, re-
spectively. The PCR products were cloned into pCR2.1-
TOPO to generate pCR2.1-TOPO-AlixCT, pCR2.1-TOPO-
AlixCT∆EBS and pCR2.1-TOPO-AlixCT∆ABS. pGFP-
AlixCT, pGFP-AlixCT∆EBS and pGFP-AlixCT∆ABS were
constructed by ligating the EcoRI fragments of pCR2.1-
TOPO-AlixCT, pCR2.1-TOPO-AlixCT∆EBS and pCR2.1-
TOPO-AlixCT∆ABS into the EcoRI site of pEGFP-C3,
respectively. Screening to isolate the cDNA fragment of
endophilin I (amino acid residues 22–352) was performed
using a HeLa cell cDNA library in pGAD-GH (Clontech)
with a fragment of Alix (amino acid residues 680–868)
fused to the Gal4 DNA binding domain as bait in the
yeast two-hybrid screening. pTicHA-b-endophilin I (22–
352) was constructed by ligating the BamHI/KpnI frag-
ment of pGAD-GH-endophilin I (22–352) into the
BamHI/KpnI site of pTicHA-b (24). pHA-endophilin I was
constructed by ligating the HindIII fragment of pTicHA-
b-endophilin I (22–352) into the HindIII site of pcDNA3
(Invitrogen). pFLAG-ALG-2 was described previously
(5). The point mutations at the first and third EF-hands
of ALG-2 were introduced by the Quickchange Site-
Directed Mutagenesis Kit using a combination of follow-
ing primers, E47A, 5′-ATATCAGACACCGCGCTTCAGC-
AAGCT-3′ and 5′-AGCTTGAAGCGCGGTGTCTGATAT-
3′; E114A 5′-ATCGATAAGAACGCGCTGAAGCAGGCC-
3′ and 5′-GGCCTGCTTCAGCGCGTTCTTATCGAT-3′.

Yeast Two-Hybrid System—Different combinations of
yeast expression plasmids were co-transformed into
yeast AH109 cells (Clontech) and transformants were
plated on synthetic complete plates lacking leucine and
tryptophan (SD/-Leu/-Trp). At least five independent col-
onies on each SD/-Leu/-Trp plate were streaked onto syn-
thetic complete plates lacking leucine, tryptophan, histi-
dine and adenine, but supplemented with 5 mM 3-amino-

Table 1. Oligonucleotides used in the construction of Alix (794–827) with point mutations.

aAll sequences are depicted in the 5′ to 3′ direction. Nucleotides corresponding to the human Alix sequence are underlined. Nucleotides in
italics indicate codon substitution sites.

Plasmid Orientation Sequence of 1st oligonucleotidea Sequence of 2nd oligonucleotide
pGFP-Alix 
(794–827) Forward AGCTTCACCACCACAGGCGCAGGGACCACCATAT

CCGACCTATCCAGGGTACCCAGGCTACTGCCA
GATGCCAATGCCCATGGGCTATAACCCATATGC
GTACG

Reverse ATAGGTCGGATATGGTGGTCCCTGCGCCTGTGGT
GGTGA

GATCCGTACGCATATGGGTTATAGCCCATGGGC
ATTGGCATCTGGCAGTAGCCTGGGTACCCTGG

pGFP-P4A Forward AGCTTCACCACCACAGGCGCAGGGAGCACCATAT
GCGACCTATGCAGGGTACGCAGGCTACTGCCA

GATGCCAATGCCCATGGGCTATAACCCATATGC
GTACG

Reverse ATAGGTCGCATATGGTGCTCCCTGCGCCTGTGGT
GGTGA

GATCCGTACGCATATGGGTTATAGCCCATGGGC
ATTGGCATCTGGCAGTAGCCTGCGTACCCTGC

pGFP-Y4A Forward AGCTTCACCACCACAGGCGCAGGGACCACCAGCT
CCGACCGCTCCAGGAGCTCCAGGAGCCTGCCA

GATGCCAATGCCCATGGGCTATAACCCATATGC
GTACG

Reverse AGCGGTCGGAGCTGGTGGTCCCTGCGCCTGTGGT
GGTGA

GATCCGTACGCATATGGGTTATAGCCCATGGGC
ATTGGCATCTGGCAGGCTCCTGGAGCTCCTGG

pGFP-Y4F Forward AGCTTCACCACCACAGGCGCAGGGACCACCATTT
CCGACCTTCCCAGGGTTTCCCGGGTTCTGCCA

GATGCCAATGCCCATGGGCTATAACCCATATGC
GTACG

Reverse GAAGGTCGGAAATGGTGGTCCCTGCGCCTGTGGT
GGTGA

GATCCGTACGCATATGGGTTATAGCCCATGGGC
ATTGGCATCTGGCAGAACCCGGGAAACCCTGG

pGFP-P3A Forward AGCTTCACCACCACAGGCGCAGGGACCACCATAT
CCGACCTATCCAGGGTACCCAGGCTACTGCCA

GATGGCAATGGCCATGGGCTATAACGCATATGC
GTACG

Reverse ATAGGTCGGATATGGTGGTCCCTGCGCCTGTGGT
GGTGA

GATCCGTACGCATATGCGTTATAGCCCATGGCC
ATTGCCATCTGGCAGTAGCCTGGGTACCCTGG

pGFP-Y3A Forward AGCTTCACCACCACAGGCGCAGGGACCACCATAT
CCGACCTATCCAGGGTACCCAGGCTACTGCCA

GATGCCAATGCCCATGGGCGCTAACCCAGCTGC
GGCCG

Reverse ATAGGTCGGATATGGTGGTCCCTGCGCCTGTGGT
GGTGA

GATCCGGCCGCAGCTGGGTTAGCGCCCATGGG
CATTGGCATCTGGCAGTAGCCTGGGTACCCTGG
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1,2,4-triazole (SD/-Leu/-Trp/-His/-Ade), and examined for
growth (histidine and adenine prototrophy) at 30°C.

Antibodies—The following antibodies were purchased:
anti-GFP polyclonal antibody (pAb) (ab290, Abcam),
anti-GFP monoclonal antibody (mAb) (B-2, Santa Cruz
Biotechnology, Santa Cruz), anti-FLAG mAb (M2, SIGMA)
and anti-HA mAb (3F10, Roche). Rabbit anti-ALG-2 pAb
was prepared as described previously (25) and affinity-
purified using recombinant human ALG-2 (5). Peroxi-
dase-conjugated goat anti-mouse and anti-rabbit IgG
were purchased from Jackson Immuno Research Labora-
tories, Inc. Peroxidase-conjugated goat anti-rat IgG was
from Santa Cruz. Cy3-labelled goat anti-rabbit and anti-
mouse IgG used for indirect immunofluorescence analy-
ses were purchased from Amersham Pharmacia.

Cell Culture—HEK293 and HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 unit/
ml penicillin and 100 µg/ml streptomycin at 37°C under
humidified air containing 5% CO2.

Bio-ALG-2 Overlay Assay—Biotin-tagged ALG-2 (bio-
ALG-2) was purified as described previously (17). One
day after HEK293 cells (1 × 106)  were seeded, they were
transfected with expression plasmid DNAs by the con-
ventional calcium phosphate precipitation method. After
24 h, the cells were washed with PBS (137 mM NaCl, 2.7
mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.3) and
lysed in SDS-PAGE sample buffer. Proteins were
resolved by SDS-PAGE and then transferred to PVDF
membranes (Immobilon-P, Millipore). Nonspecific bind-
ing of bio-ALG-2 to the blotted membranes was blocked
by immersion of the blots in TBS (20 mM Tris-HCl, pH
7.5, 150 mM NaCl)/0.1% Tween 20/1% gelatin/0.02%
sodium azide at 37°C for 1 h. After washing with TBS/
0.1% Tween 20/0.1 mM CaCl2, the blots were incubated
with 20 ng/ml bio-ALG-2 in TBS/0.1% Tween 20/0.1 mM
CaCl2/0.1% gelatin at 4°C overnight. After washing twice
with TBS/0.1% Tween 20/0.1 mM CaCl2 for 5 min each
time, the blots were incubated with 1 µg/ml horseradish
peroxidase-conjugated avidin (EY Laboratories) in TBS/
0.1% Tween 20/0.1 mM CaCl2/0.1% gelatin at 37°C for 15
min. After washing twice with TBS/0.1% Tween 20/0.1
mM CaCl2 and three times with TBS/0.1 mM CaCl2 for 5
min each time, bound bio-ALG-2 was detected by devel-
oping the blots in 0.1 M Tris-HCl, pH 7.5, containing 0.1
mM CaCl2, 40 mg/ml diaminobenzidine, 80 mg/ml NiCl2
and 0.01% H2O2.

Co-Immunoprecipitation Assay—One day after HEK293
cells (3 × 106) were seeded, they were transfected with
expression plasmid DNAs by the conventional calcium
phosphate precipitation method. After 24 h, the cells
were washed with PBS and lysed in lysis buffer (20 mM
HEPES-NaOH, pH 7.4, 0.2% Nonidet P-40, 142.5 mM
KCl, 1.5 mM MgCl2, 0.1 mM pefabloc, 25 µg/ml leupeptin,
1 µM E-64 and 1 µM pepstatin) containing 10 µM CaCl2
or 2 mM EGTA. Supernatants obtained by centrifugation
at 10,000 ×g were incubated with appropriate antibodies
at 4°C for 3 h, then Dynabeads Protein G (Dynal Biotech)
were added and the reaction was continued overnight.
After washing the beads with the same buffer without
protease inhibitors three times, the bound proteins were
resolved by SDS-PAGE and then subjected to immunob-
lotting using appropriate antibodies. The immunoreac-

tive bands were visualized by the chemiluminescent
method using Super Signal West Pico Chemiluminescent
Substrate (Pierce).

Immunofluorescence Microscopy—One day after HeLa
cells (5 × 103) were seeded onto cover slips, they were
transfected with expression plasmid DNAs using
FuGENE6 according to the manufacturer’s instructions
(Roche). After 24 h, the cells were fixed in 4% paraformal-
dehyde/PBS and permeabilized in 0.1% Triton X-100/
PBS. After blocking with 0.1% gelatin/PBS, the cells were
incubated with the relevant antibody either at 4°C over-
night or at room temperature for 1 h. The cells were
washed with 0.01% Triton X-100/PBS, and the primary
antibody reactive signal was visualized by subsequent
incubation with the appropriate secondary antibody con-

Fig. 1. Identification of the ALG-2-interacting region in Alix
using the yeast two-hybrid system. A schematic structure of
Alix is represented at the top. ‘PRR’ indicates a proline-rich region.
(A) Sequence alignment of the proline-rich region in Alix. ‘BRD’ and
‘CC’ indicate a Bro1-rhophilin-like domain and coiled-coil region,
respectively. The sequence of the proline-rich region in Alix is
shown underneath. Proline residues are in bold. Clone 67 isolated
in the two-hybrid screening was fused to the Gal4 activation
domain at the position indicated by the arrow. The underlined
region contains the endophilin-binding consensus sequence. The
shaded region shows the ALG-2-binding site (ABS) in Alix identi-
fied in this work. Asterisks indicate critical residues for the recogni-
tion of Alix by ALG-2. (B) Specificity of the interaction of ALG-2
with deletion mutants of Alix. The numbers denote the amino acid
positions of each mutant. The interaction between each mutant
fused to the GAL4 transcription activation domain and ALG-2 fused
to the GAL4 DNA-binding domain in transfected yeast AH109 cells
was assessed by growth on SD/-Leu/-Trp/-His/-Ade. ‘++’ and ‘+’ indi-
cate growth within 4 and 6 days from initiation of the assay, respec-
tively. ‘–’ indicates no growth within 6 days.
J. Biochem.
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jugated with Cy3. After washing with PBS, cells were
mounted with anti-fading solution (25 mM Tris-HCl, pH
8.7, 10% polyvinyl alcohol, 5% glycerol, 2.5% 1,4-diazobi-
cyclo (2,2,2)-octane). The fluorescences of GFP and Cy3
were analyzed with a confocal laser-scanning microscope,
LSM5 PASCAL (Zeiss).

RESULTS

Mapping the ALG-2 Binding Region of Alix in the Yeast
Two-Hybrid System—The full-length ALG-2 was used as
bait in a yeast two-hybrid screen of a HeLa cell cDNA
library as reported previously (17). One positive clone,
clone 67, contained the open reading frame of amino
acids 775 to 868 of human Alix (Fig. 1A). To delineate the
region of Alix recognized by ALG-2, expression plasmids
encoding a series of Alix cDNA deletion mutants fused to
a GAL4 transcription activation domain were con-
structed. As shown in Fig. 1B, the yeast cells co-trans-
formed with both fusion constructs for the carboxyl-ter-
minal region of Alix (a.a. 680–868) and the full length
ALG-2 were prototrophic for histidine and adenine. No
obvious change in the interaction with ALG-2 was
detected when the carboxyl-terminal 45 amino acids of
Alix were additionally deleted. However, the Alix (a.a.
680–820) mutants showed less robust growth on histi-
dine- and adenine-deficient medium, suggesting a
decreased ability to interact with ALG-2. The interaction
with ALG-2 was completely absent in Alix (a.a. 680–816),
which retained four tandemly arranged PxY repeats (see
Fig. 1A), demonstrating that this characteristic sequence
is not sufficient to mediate the interaction in this system.
The region between amino acids 817 and 823 is necessary
for the full binding activity of Alix with ALG-2, whereas
the region between amino acids 817 and 820 (MPMG) is
crucial for the interaction. Similarly, a decrease in the
interaction with ALG-2 was noted between Alix (a.a.
796–868) and Alix (a.a. 804–868), demonstrating a
requirement for the region between 796 and 803, includ-
ing the first PxY motif. An additional deletion mutant,
Alix (a.a. 807–868), which lacks the first and second PxY
motifs, did not interact with ALG-2, suggesting that four
repeats of the PxY sequence are necessary for the inter-
action of ALG-2 with Alix.

The above data indicate that the region between amino
acids 796 and 823 of Alix is necessary for the interaction
with ALG-2. We tested whether this Alix domain is also
sufficient for this interaction. Alix (a.a. 796–823) and
Alix (a.a. 796–834) constructs failed to interact with
ALG-2 in this assay. In contrast, Alix (a.a. 796–847)
exhibited interaction comparable to that of Alix (a.a.
680–868). This analysis, therefore, identifies a 13-amino
acid region of Alix, encompassing residues 835–847, that
is required for full binding activity in the yeast two-
hybrid system.

ALG-2 Binds Directly to Alix In Vitro—Previous inves-
tigations using co-immunoprecipitation and pull-down
assays disclosed that ALG-2 associates with Alix in a
Ca2+-dependent fashion (15, 16). The interaction of ALG-
2 with Alix in various experimental assays containing
our yeast two-hybrid system raises the question of
whether ALG-2 binds directly to Alix or whether it might
associate indirectly with Alix via binding to other

unknown endogenous components. To test the ability of
ALG-2 to bind directly to Alix, we carried out an in vitro
“overlay” binding assay. The recombinant biotin-tagged
ALG-2 proteins (bio-ALG-2) were bacterially expressed
and purified (17) and then used as a probe. The GFP-
fused Alix (GFP-Alix) or Alix-deletion mutants tran-
siently expressed in HEK293 cells were separated by
SDS-PAGE and then analyzed by overlay assay in the
presence of Ca2+ or Western blotting (Fig. 2). A signal of
bio-ALG-2 binding was observed with GFP-Alix (Fig. 2B,
lane 1). Since no signal was detected in this system in the
absence of Ca2+ (data not shown), bio-ALG-2 binds
directly to GFP-Alix in a Ca2+-dependent manner. The
signal was significantly reduced by the deletion of a 15-
amino acid region [Alix∆(PxY)4], corresponding to the
entire PxY repeat, and became barely visible with GFP-
fused Alix that lacked amino acids 798–841, which we
named GFP-Alix∆ABS (ALG-2 binding sequence) (Fig.
2B, lanes 2 and 3).

Characterization of Amino Acids in Alix That Govern
the Interaction with ALG-2—To guide studies on amino
acids that are crucial for the direct interaction of ALG-2,
we first identified the minimal region in Alix that binds
directly to ALG-2. As expected from the two-hybrid data,
the interaction of bio-ALG-2 with GFP-Alix (a.a. 790–
847) was observed (Fig. 3B, lane 2), whereas no interac-
tion was detected between bio-ALG-2 and GFP (Fig. 3B,
lane 1). In addition, a shorter region in Alix, correspond-

Fig. 2. Expression and ligand overlay assay of deletion
mutants of Alix. (A) Schematic representation of Alix deletion con-
structs. ‘BRD’, ‘CC’ and ‘PRR’ indicate a Bro1-rhophilin-like
domain, coiled-coil and proline-rich region, respectively. The num-
bers denote the amino acid positions of each mutant. (B) HEK293
cells were transiently transfected with pGFP-Alix or pGFP-Alix
deletion constructs. Cell lysates were subjected to SDS-PAGE and
transferred to PVDF membranes. The membrane was then probed
either with biotin-tagged ALG-2 (bio-ALG-2) in the presence of Ca2+

(upper panel) or with a monoclonal anti-GFP antibody (lower
panel).
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ing to amino acids 794–827, was recognized by bio-ALG-2
(Fig. 3B, lane 3), suggesting that this region in Alix (Fig.
3A) is responsible for the direct interaction with ALG-2.
Next, we introduced several point mutations into GFP-
Alix (794–827) and analyzed their effects on ALG-2 bind-
ing. We chose proline and tyrosine residues in the four-
tandem PxY repeats, as well as those located on its car-
boxyl terminal side of Alix (794–827), to introduce muta-
tions. These mutants were expressed as GFP fusion pro-
teins in HEK293 cells and the expressed proteins were
analyzed by SDS-PAGE and overlay assay (Fig. 3B, lanes
4–8). The signal observed with GFP-Alix (794–827) dis-
appeared with P4A, Y4A, Y4F, and P3A mutations,
whereas the Y3A mutation had no effect on complex for-
mation with ALG-2. These results indicate that proline
residues in Alix (794–827) and tyrosine residues in the
PxY repeats are crucial for the interaction with ALG-2.

ABS in Alix as a Required Region for the Interaction
with ALG-2 in Mammalian Cells—To verify the region in
Alix responsible for ALG-2 binding as revealed in the bio-
ALG-2 overlay experiments, HEK293 cells were trans-
fected with expression plasmids encoding different forms
of Alix tagged with the FLAG epitope (Fig. 4A). Empty
vector was used as a negative control. The cell lysates
were subjected to immunoprecipitation with anti-FLAG
mAb in the presence or absence of Ca2+ and the immuno-
precipitates were probed with anti-ALG-2 pAb (25). In all
co-immunoprecipitation experiments (see Figs. 4B and
6A), we observed that most endogenous or epitope-tagged
ALG-2 was recovered in the soluble fraction in lysis

buffer in the absence of Ca2+, whereas, in the presence of
Ca2+, about half of both proteins were in the insoluble
fractions. As shown in Fig. 4B, soluble ALG-2 was co-pre-
cipitated with FLAG-Alix by anti-FLAG mAb in the pres-
ence of Ca2+ (lane 1), but not in the presence of the Ca2+

chelator EGTA (lane 2). No ALG-2 was detected in pre-
cipitates of FLAG-tagged Alix that lacked the ABS,
FLAG-Alix∆ABS, in either the presence or absence of
Ca2+ (lanes 3 and 4). This suggests that the ABS in Alix is
required for the Ca2+-dependent interaction between
ALG-2 and Alix in mammalian cells, and is consistent
with the results of the bio-ALG-2 overlay assay (Fig. 2). It
has been reported previously that endophilins, SH3
domain-containing lysophosphatidic acid acyltrans-
ferases, bind to the proline-rich region of Alix (21). Since
the endophilin binding region has been mapped to a
region encompassing amino acids 748–761 of Alix (21)
that is distinct from the ABS, the possibility was raised
that Alix binds simultaneously to ALG-2 and endophilin
in response to Ca2+ mobilization. To test this possibility,
HEK293 cells were co-transfected with the expression
plasmid encoding full-length or deletion mutants of
FLAG-tagged Alix (FLAG-Alix, FLAG-Alix∆EBS or
FLAG-Alix∆ABS; see Fig. 4A) and HA-tagged endophilin
I (HA-endophilin I), and the cell lysates were immuno-
precipitated with anti-FLAG mAb in the presence of
Ca2+. As shown in Fig. 4C lane 1, both endogenous ALG-2
and HA-endophilin I were co-precipitated with FLAG-
Alix by anti-FLAG mAb, demonstrating the ability of
Alix to associate simultaneously with ALG-2 and endo-
philin under these conditions. ALG-2 was detected in the
immunoprecipitates of FLAG-Alix∆EBS, which lacks the
region of amino acids 757–763, but not in these of FLAG-
Alix∆ABS (lane 2). Conversely, HA-endophilin I was
detected in the precipitates of FLAG-Alix∆ABS, but not
in these of FLAG-Alix∆EBS (lane 3). Neither ALG-2 nor
HA-endophilin I was seen in the control precipitates from
the lysates of cells transfected with empty vector (lane 4).
These results indicate that ALG-2 recognizes a region in
Alix distinct from that for endophilin I binding and sug-
gest that Alix interacts simultaneously with ALG-2 and
endophilin I in response to Ca2+-signaling.

Requirement of ABS for the Punctate Distribution of
AlixCT and Overlapping Localization of ALG-2 with
AlixCT—To assess the physiological role of the ABS in
Alix in cellular processes, confocal microscopic analysis
was performed in HeLa cells transfected with expression
plasmids encoding GFP-fused deletion mutant forms of
Alix (Fig. 5A). The overexpressed carboxyl-terminal half
of Alix fused with GFP (GFP-AlixCT) distributed in a
punctate pattern mainly in the perinuclear area (Fig.
5B), which is consistent with a previous report using
HEK293 cells (21). Endogenous ALG-2 visualized with
anti-ALG-2 pAb (5, 25) using goat anti-rabbit IgG-Cy3 as
a secondary antibody was detected throughout the cyto-
plasm, especially in the perinuclear area, and in the
nucleoplasm of untransfected cells, whereas a portion of
endogenous ALG-2 in GFP-AlixCT expressing cells
showed a dot-like pattern co-localizing with the fluores-
cent foci of GFP-AlixCT (Figs. 5, C and D). Deletion of the
EBS from GFP-AlixCT caused scattered distributions of
dot-like fluorescent signals, and some ALG-2 co-localized
with GFP-AlixCT∆EBS (Figs. 5, E–G). In contrast, the

Fig. 3. Expression and ligand overlay assay of point mutants
of Alix. (A) Positions of point mutations. A partial amino acid
sequence of Alix (a.a. 794–827) is shown with inserted point muta-
tions indicated in bold. Mutated residues in each derivative are
shown in bold. The characteristic four-tandem PxY repeat sequence
is shown. (B) HEK293 cells were transiently transfected with pGFP,
pGFP-Alix (790–847), pGFP-Alix (794–827) or pGFP-Alix (794–827)
point mutation constructs. Cell lysates were subjected to SDS-
PAGE and transferred to PVDF membranes. The membrane was
then probed either with biotin-tagged ALG-2 (bio-ALG-2) in the
presence of Ca2+ (upper panel) or with a monoclonal anti-GFP anti-
body (lower panel).
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removal of the ABS in GFP-AlixCT resulted in a diffuse
pattern over the cytoplasm (Fig. 5H) and no difference in
the distribution pattern of ALG-2 between untransfected
cells and GFP-AlixCT∆ABS-expressing cells (Figs. 5, I
and J).

Effects of Point Mutations of the PEF Domain in ALG-2
on Its Ca2+-Dependent Interaction with Alix and the Sub-
cellular Localization of ALG-2—ALG-2 possesses two
high-affinity Ca2+ binding sites at EF1 and EF3 (26), and
exposes a hydrophobic surface in a Ca2+-dependent man-
ner (17, 25). A double mutation of the glutamic acid resi-
dues that provide two oxygen ligands to the Ca2+ in both
EF-hands completely disrupts the Ca2+-binding capacity
of the mutant protein (ALG-2E47A/E114A) (27). To test the
requirement of the Ca2+-binding activity of ALG-2 for the
functional interaction with Alix, we first carried out the
co-immunoprecipitation experiments using HEK293 cells
transfected with the expression plasmids encoding
FLAG-tagged ALG-2 (FLAG-ALG-2) or ALG-2E47A/E114A

(FLAG-ALG-2E47A/E114A) and GFP-Alix or GFP. As shown

in Fig. 6A, FLAG-ALG-2E47A/E114A failed to be co-precipi-
tated with GFP-Alix in both presence and absence of Ca2+

(lanes 3 and 4), whereas FLAG-ALG-2 was enriched in
the precipitates of GFP-Alix in a Ca2+-dependent fashion
(lanes 1 and 2). Neither FLAG-ALG-2 nor FLAG-ALG-
2E47A/E114A was detected in the precipitates of GFP regard-
less of the presence or absence of Ca2+ (lanes 5–8). These
results suggest that the EF1 and EF3 in ALG-2 confer
susceptibility to Ca2+ for the direct interaction with Alix.
We then analyzed HeLa cells overexpressing FLAG-ALG-
2 or FLAG-ALG-2E47A/E114A by fluorescence microscopy.
FLAG-ALG-2 distributed diffusely in both the cytoplasm
and nucleoplasm and concentrated in the juxtanuclear
region (Fig. 6B), consistent with the staining pattern of
endogenous ALG-2 proteins using our anti-ALG-2 pAb
(Fig. 5). A similar distribution was observed with FLAG-
ALG-2E47A/E114A except for a decrease in the staining sig-
nal near the nucleus (Fig. 6F). Overexpression of GFP-
AlixCT induced the accumulation of both FLAG-ALG-2
(Figs. 6C–E) and FLAG-ALG-2E47A/E114A (Figs. 6G–I),

Fig. 4. The ALG-2 binding sequence (ABS) is required for the
interaction of Alix with ALG-2 in mammalian cells. (A) Sche-
matic representation of FLAG-tagged Alix and Alix deletion con-
structs. ‘BRD’, ‘CC’ and ‘PRR’ indicate a Bro1-rhophilin-like domain,
coiled-coil and proline-rich region, respectively. Alix∆EBS contains a
deletion of 8 amino acids (RPPPPVLP) that agree with the endophi-
lin-binding consensus sequence, whereas Alix∆ABS is a deletion
mutant missing the ALG-2 binding sequence (a.a. 798–841). (B)
HEK293 cells transfected with pFLAG-Alix, pFLAG-Alix∆ABS or
empty vector pCMV-Tag2 were lysed in the presence of 10 µM CaCl2
(C) or 5 mM EGTA (E) and immunoprecipitated (IP) with anti-FLAG
mAb. The lysates (Input) and immunoprecipitates (IP) were ana-
lyzed by immunoblotting with anti-FLAG mAb or with anti-ALG-2

pAb. Arrows indicate the positions of each protein. Mouse immu-
noglobulin heavy chains (IgG-H) and light chains (IgG-L) were also
detected by subsequent immunoblotting. Positions of protein size
markers are shown at the left. (C) HEK293 cells co-transfected with
pHA-endophilin I and pFLAG-Alix, pFLAG-Alix∆EBS, pFLAG-
Alix∆ABS or empty vector pCMV-Tag2 were lysed in the presence of
10 µM CaCl2 and immunoprecipitated (IP) with anti-FLAG mAb.
The lysates (Input) and immunoprecipitates (IP) were analyzed by
immunoblotting with anti-FLAG mAb, anti-ALG-2 pAb or anti-HA
mAb. Arrows indicate the positions of each protein. Mouse immu-
noglobulin heavy chains (IgG-H) and light chains (IgG-L) were also
detected by subsequent immunoblotting. Positions of protein size
markers are shown at the left.
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whereas the extent to which FLAG-ALG-2E47A/114A and
GFP-AlixCT co-localized varied between transfected cells
and tended to be lower than the extent of FLAG-ALG-2
and GFP-AlixCT co-localization.

DISCUSSION

PEF family members have been shown to be involved in
regulating a wide variety of Ca2+-induced cellular proc-
esses by means of binding to their specific targets (1). We
are interested in understanding how the complexes

between PEF proteins and their target proteins are
assembled and how PEF proteins mediate Ca2+-signaling.
The experiments described in this report represent a step
toward this goal. In this study, two different approaches
were undertaken to identify the Alix sequences responsi-
ble for the interaction with ALG-2. First, a two-hybrid
method was used to map the Alix sequences required for
the interaction with ALG-2 (Fig. 1B). The results of this
experiment showed that a small domain in the C-termi-
nal proline-rich region of Alix is necessary for the interac-
tion with ALG-2. This domain was mapped to a 28-amino

Fig. 5. Cellular localization of
overexpressed mutant forms of
Alix and endogenous ALG-2. (A)
Schematic representation of GFP-
fused Alix deletion constructs.
‘BRD’, ‘CC’ and ‘PRR’ indicate a
Bro1-rhophilin-like domain, coiled-
coil and proline-rich region, respec-
tively. AlixCT corresponds to a frag-
ment spanning amino acids 458–
868 of Alix. (B–J) HeLa cells tran-
siently transfected with pGFP-
AlixCT (B–D), pGFP-AlixCT∆EBS
(E–G) or pGFP-Alix∆ABS (H–J)
constructs were visualized directly
(B, E and H; green) or using anti-
body against ALG-2 (C, F and I;
red). Merged images are shown (D,
G and J). Arrows indicate cells that
expressed GFP-fusion proteins.
Bar, 20 µm.
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acid region encompassing residues 796–823. In contrast,
the minimal region sufficient for the interaction with
ALG-2 in the two-hybrid system was a 52-amino acid
region encompassing residues 796–847, 24-amino acid
residues longer in the C-terminus. This additional region
may play important roles in protein stability or the
proper folding of the ALG-2 recognition site in yeast cells.
Next, we carried out an overlay assay using bio-ALG-2 as
a probe to confirm the results obtained by the two-hybrid
experiments and to examine whether ALG-2 interacts
directly with Alix. This assay demonstrated that the
Ca2+-dependent direct interaction takes place between

ALG-2 and a smaller region in Alix that consists of a 33-
amino acid region encompassing residues 794–827 (Fig.
3). The amino acid sequence of this region in Alix shows
no similarity to the previously identified target sequence
for other PEF family proteins, such as the PEST domain
of IκBα, which is one of the targets for the PEF domain of
the calpain large subunit (28), the large hydrophobic loop
region of presenilin 2, which is another target for the
PEF domain of both calpain large subunit (29) and sorcin
(30), or regions A and C of the functional inhibitory
domain of calpastatin, which bind to domain IV (PEF
domain in the large subunit) and domain VI (PEF

Fig. 6. Interaction of FLAG-ALG-2 with Alix and its cellular
localization in mammalian cells. (A) HEK293 cells co-transfected
with pFLAG-ALG-2 or pFLAG-ALG-2E47A/E114A and pGFP-Alix or
empty vector pEGFP-C3 were lysed in the presence of 10 µM CaCl2
(C) or 5 mM EGTA (E) and immunoprecipitated (IP) with anti-GFP
pAb. The lysates (Input) and immunoprecipitates (IP) were analyzed
by immunoblotting with anti-GFP mAb or anti-FLAG mAb. Arrows

indicate the positions of each protein. Positions of protein size mark-
ers are shown at the left. (B–I) HeLa cells transiently transfected
with pFLAG-ALG-2 (B), pFLAG-ALG-2E47A/E114A (F), pFLAG-ALG-2,
and pEGFP-AlixCT (C–E), or pFLAG-ALG-2E47A/E114A and GFP-
AlixCT (G–I) were visualized directly (C and G; green) or using anti-
body against FLAG (B, D, F, and H; red). Merged images are shown
(E and I). Bar, 20 µm.
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domain in the small subunit) of calpain, respectively (31,
32). Thus, the region comprising amino acids 798–827 in
Alix may define novel binding motif for the Ca2+-binding
form of PEF domains, and interact specifically with ALG-
2. Indeed, our two-hybrid system could not detect an
interaction signal between Alix and other PEF family
proteins, such as the calpain small subunit, peflin and
sorcin (data not shown). The amino-terminal regions of
annexin VII and annexin XI, which are also targets for
ALG-2 (17, 33), exhibit partial homology to the ABS in
Alix, and similar biased amino acid compositions are
found in their sequences, which are rich in Pro, Tyr, and
Gly (the ABS in Alix: Pro, 30.3%; Tyr, 21.2%; Gly, 15.2%;
annexin VII residues 1–145: Pro, 28.3%; Tyr, 11.0%; Gly,
25.5%; annexin XI residues 1–176: Pro, 31.8%; Tyr, 9.1%;
Gly, 18.2%). In the crystal structure of the Ca2+-loaded
ALG-2 dimer treated with elastase, the Pro/Gly-rich
hydrophobic decapeptide, presumably originating from
N-terminal extensions of ALG-2, binds at a largely
hydrophobic cleft formed between the helix α7 and the
loop connecting EF3 and EF4 in the PEF domain (26).
The ABS in Alix, as well as the N-terminal Pro/Gly/Tyr-
rich regions of annexin VII and annexin XI, may bind to
ALG-2 in a way that resembles the occupation of the
exposed hydrophobic surface in the PEF domain of ALG-
2 by the N-terminal hydrophobic ALG-2 segments. Since
the ALG-2 dimer has two hydrophobic areas derived from
each PEF domain of the subunit molecule, this dimer
could function as a Ca2+-dependent adaptor by recruiting
two distinct target molecules. It is also possible that the
ALG-2-binding peptides promote the conformational
rearrangement that introduces a significant change in
the shape of the dimer and exposes the hydrophobic N-
terminal region of ALG-2 in a coordinated manner with
Ca2+, which leads to translocation of the ALG-2 complex
to the membrane. Results of future structural analyses
on the complex between ALG-2 and the ALG-2 binding
region in Alix should clarify the binding mode and exact
role of this interaction.

The sequence of the ALG-2 binding region in Alix has a
strikingly repetitive character, (PxY)4, in its central
region (Fig. 3A). Several mutations provide insights
regarding amino acids that are crucial for the fundamen-
tal properties of the interaction with ALG-2. Through
alanine substitutions and in vitro overlay studies, it was
determined that the four prolines in (PxY)4 play impor-
tant roles in this interaction. Moreover, the four tyrosines
are also required for binding to ALG-2 (Fig. 3B). Assum-
ing this tandem repeat adopts the left-handed polypro-
line II (PPII) helical structure that is an extended struc-
ture with three residue per turn (34, 35), the importance
of these residues in (PxY)4 observed herein could be
explained by their position in the PPII helix. Accordingly,
prolines would be essential for proper formation of this
repeat and/or function in binding to ALG-2 in a way that
resembles the binding of SH3 domains to their proline-
rich target motifs. The adjacent tyrosines would also be
part of the surface of the PPII helix that contacts the rec-
ognition pocket of ALG-2 molecule. The tyrosine hydroxyl
group is hydrophilic and polar, so readily participates in
hydrogen bonding, and can potentially undergo regula-
tory phosphorylation. Mutations of four tyrosines in the
PxY repeats to nonpolar aromatic residues, phenyla-

lanines, also extinguished ALG-2 binding activity. Thus,
these tyrosine residues are critical components of (PxY)4
in the ALG-2 binding region. While the (PxY)4 is a crucial
element for the direct binding to ALG-2, it was not suffi-
cient for stable complex formation in our two-hybrid sys-
tem (Fig. 1B). Through the creation of truncated versions
of the proline-rich region in Alix, we found that the
sequence following the PxY repeats is also necessary for
binding to ALG-2 in an overlay assay. By performing
mutational analysis, we further determined that three
prolines, not three tyrosines, in this C-terminal extension
are important for stable binding of Alix to ALG-2 (Fig.
3B). It is likely that this region may also form a PPII
helix that places the relevant side chains in the appropri-
ate conformation. Recently, ALG-2 was reported to inter-
act with the death domain of Fas in a Ca2+-dependent
fashion (36). However, the commercially available mAb
against ALG-2 utilized in the experiment has been criti-
cized for its specificity to endogenous ALG-2 (37). So, it
remains unclear whether ALG-2 interacts functionally in
vivo with the death domain of Fas, which has no sequence
similarity with the ALG-2 binding region in Alix.

It has been reported that the C-terminal region of Alix
functions as the binding surface for several proteins,
including endophilins (21) and glioma-associated protein
SETA (38), which is an isoform of CIN85/Ruk (39, 40).
Each endophilin isoform possesses an SH3 domain at its
C-terminus that binds to the proline-rich region in Alix,
while the longest form of SETA/CIN85/Ruk encodes three
SH3 domains at its N-terminus, each of which appears to
show a different binding specificity for the putative
CIN85-binding site in Alix. The endophilin-binding site
has been mapped to residues 748–761 in Alix, which con-
tains a PxRPPPP consensus sequence for endophilins
(21), whereas no interaction was detected between ALG-2
and the region in Alix containing this sequences in our
two-hybrid system (Fig. 1B). Further, co-immunoprecipi-
tation experiments using deletion mutants of Alix indi-
cated that the required region in Alix for the interaction
with ALG-2 was distinct from that for the interaction
with endophilin I in mammalian cells: ALG-2 on residues
798–841, endophilin I on residues 757–763 (Fig. 4C).
Since ALG-2 and endophilin I appeared to bind simulta-
neously to Alix in the presence of Ca2+ (Fig. 4C), it is pos-
sible that the Ca2+-dependent interaction of ALG-2 with
Alix affects the localization of this complex and/or the
enzymatic activity of endophilins that leads to the modu-
lation of membrane curvature under physiological condi-
tions. Our recently obtained data indicates that the
CIN85-binding region in Alix is located at a site different
from the binding sites for ALG-2 and endophilins (Shi-
bata et al., manuscript in preparation). Although it
remains unclear whether the Ca2+-dependent interaction
of ALG-2 with Alix leads to a conformational change of
Alix that affects the dissociation or association of other
binding factors, the proline-rich region at the C-terminus
of Alix may provide a platform for the assembly of these
proteins and ALG-2 could serve as the mediator of Ca2+

signaling to this complex through direct interaction with
Alix.

Chatellard-Causse al. reported that the overexpression
of AlixCT leads to an accumulation of perinuclear tubulo-
vesicular structures, which are transformed into a few
J. Biochem.
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very large vacuoles upon co-expression with endophilins
(21). In this study, we demonstrated that the ALG-2-
binding sequence (ABS) in AlixCT, but not the endophi-
lin-binding sequence (EBS), is required for the punctate
distribution of GFP-AlixCT (Fig. 5). The interaction of
ALG-2 with Alix may be a critical step in the transloca-
tion of these proteins to biological membranes, where
recruited endophilins modulate membrane shape. Fur-
thermore, the overexpression of AlixCT induced the
punctate distribution of endogenous and FLAG-tagged
ALG-2, which overlaps the AlixCT-location (Figs. 5 and
6). Although it remains unclear to which types of intrac-
ellular compartment AlixCT localizes, the co-localization
of ALG-2 to overexpressed AlixCT under physiological
conditions suggests that Ca2+ is relatively rich in the sur-
rounding area of the compartments that AlixCT and
ALG-2 are co-located. The distribution of several endo-
somal marker proteins, including EEA1 (early endosome)
and Lamp-1 (late endosome), did not co-localize with that
of GFP-AlixCT and did not differ significantly between
untransfected cells and GFP-AlixCT-transfected cells,
whereas the fluorescent foci of GFP-AlixCT partially
overlaps with that of SKD1E235Q compartment, an aber-
rant compartment derived from an endosomal pathway
(41, 42), in co-expressed cells (data not shown). Taken
together with the observations that endosomes are one of
the Ca2+ stores in cells, and that the lumenal Ca2+ in
endosomes is required for its acidification (43) and the
homo- and hetero-typic fusion of endocytic compartment
(44, 45), it is possible that ALG-2 may function as a Ca2+

sensor at the space near these endosomes and the com-
plex between ALG-2 and Alix translocates to endosomal
membrane. Recently, Alix has been identified as a host
protein that links the p6Gag protein of human immunode-
ficiency virus-1 (HIV-1) and the p9Gag of equine infectious
anemia virus (EIAV) to the late endosomal sorting com-
plex essential for virus budding (46, 47). Since the over-
expression of an Alix mutant that lacks the C-terminal
proline-rich region containing the ALG-2 binding site
inhibits HIV-1 budding at a late stage (46), ALG-2 may
function to modulate the activity of Alix in virus budding.

We speculate that the Ca2+-binding deficient form of
ALG-2, ALG-2E47A/114A (27), acts as dominant negative
ALG-2 in cells, but the accumulation of GFP-AlixCT does
not completely disappear in most cells co-expressing
ALG-2E47A/114A and GFP-AlixCT (Fig. 6). The expression
level of ALG-2E47A/114A may not be sufficient for the block-
age of the function of endogenous proteins or the het-
rodimer between the wild type, and the mutant form of
ALG-2 could be a fully functional complex for the
response to Ca2+ and the anchor of AlixCT. Further stud-
ies on ALG-2 and Alix in the light of membrane traffick-
ing using knockout or knockdown techniques may pro-
vide new insights into the role of Ca2+ in vesicle transport
and virus budding.
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