
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 333 (2005) 51–57

BBRC
Apoptosis-linked gene-2 connects the Raf-1 and ASK1 signalings

Changmin Chen *, Arthur J. Sytkowski

Laboratory for Cell and Molecular Biology, Division of Hematology and Oncology, Beth Israel Deaconess Medical Center,

Department of Medicine, Harvard Medical School, USA

Received 10 May 2005
Available online 26 May 2005
Abstract

Raf-1 plays important roles in cell proliferation, differentiation, and survival. However, the unique and essential function of Raf-
1 is anti-apoptotic. The molecules that mediate Raf-1�s anti-apoptotic function are not known. In the course of identifying new
substrates of Raf-1, we found that the Raf-1 kinase domain interacted with apoptosis-linked gene-2 (ALG-2) in yeast two-hybrid
system. Our further studies showed that Raf-1 phosphorylated ALG-2 in an in vitro kinase assay. We also found that apoptosis
signal-regulating kinase 1 (ASK1) strongly phosphorylated ALG-2. Importantly, Raf-1 blocks the ASK1-dependent ALG-2 phos-
phorylation. Since ALG-2 associates with ASK1, and both ASK1 and ALG-2 are involved in apoptosis, our observations indicate
that Raf-1 may mediate its anti-apoptotic function by interrupting ASK1-dependent phosphorylation of ALG-2.
� 2005 Elsevier Inc. All rights reserved.
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Raf-1 has been intensively studied and found to inter-
act with many proteins and to be involved in several cel-
lular functions [1–5]. In response to activating signals,
the N-terminal domain mediates the interaction of
Raf-1 with Ras. The interaction with GTP-bound Ras
localizes Raf-1 to the plasma membrane [6,7]. The trans-
location of Raf-1 to the plasma membrane facilitates
further interaction with kinases and other proteins [8].
These interactions lead to the phosphorylation of Raf-
1 at multiple tyrosine, serine, and threonine residues,
and Raf-1 activation [9]. The activation of Raf-1 can
also occur without interacting with Ras [10–12]. Acti-
vated Raf-1 then phosphorylates its targets. So far, the
well-characterized substrates of Raf-1 are the Meks
[13]. Less-characterized substrates include retinoblas-
toma tumor suppressor protein [14] and the pro-apopto-
tic Bcl-2 family protein Bad [15].

Recent studies with Raf-1 knockout mice showed
that the essential and unique function of Raf-1 is anti-
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apoptotic, but this function is not mediated by Mek/
Erk [1,2]. Furthermore, bFGF and VEGF differentially
activate Raf-1 and protect cells from distinct apoptotic
pathways. bFGF induced phosphorylation of Raf-1 at
serines 338, 339 and protected cells from intrinsic-medi-
ated apoptosis [16], whereas, VEGF induced phosphor-
ylation of tyrosines 340, 341 and protected cells from
extrinsic-mediated apoptosis [16]. However, both bFGF
and VEGF induce Erk activation [16]. These results
indicated that other effectors rather than the Mek/Erk
cascade must be the downstream targets of Raf-1 in
terms of anti-apoptosis.

Raf-1 translocates to mitochondria and is engaged in
anti-apoptosis [16,17]. Transfected active Raf-1 fused
with targeting sequences from an outer mitochondrial
membrane protein protected cells from apoptosis and
resulted in phosphorylation and inactivation of the
pro-apoptotic Bcl-2 family protein Bad [15]. Another
study showed that mitochondrial Raf-1 protected cells
from apoptosis through a Bcl-2-independent pathway
[18]. So far, our understanding of Raf-1-mediated anti-
apoptosis remains incomplete. Identifying additional
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direct targets of Raf-1 should aid our understanding of
the mechanism of Raf-1-mediated anti-apoptotic signal-
ing. Towards this end, we carried out a yeast two-hybrid
experiment in which the Raf-1 kinase domain was used
as bait to screen a bone marrow cDNA library. We re-
port that the Raf-1 kinase domain interacts with the
pro-apoptotic protein ALG-2. Furthermore, an in vitro
kinase assay showed that ALG-2 is a substrate of Raf-1.

ALG-2 was discovered originally as a pro-apoptotic
protein [19,20], and ALG-2 associates with apoptosis
signal-regulating kinase 1 (ASK1) [21]. ASK1 acts up-
stream of the JNK and p38 Map kinase pathways [22–
24]. ASK1/JNK apoptotic signaling is increased in
Raf-1 knockout mice, and co-transfection of Raf-1
and ASK1 inhibits the ASK1-induced apoptosis signal-
ing, showing that Raf-1 negatively regulates ASK1
[25,26] but the mechanism is not clear. Here, we show
that ASK1 phosphorylates ALG-2 but the ASK1-de-
pendent phosphorylation of ALG-2 is blocked in the
presence of Raf-1, indicating that Raf-1 may exert its
anti-apoptotic function by interrupting ASK1-depen-
dent ALG-2 phosphorylation.
Materials and methods

The human bone marrowMatchmaker cDNA library, Matchmaker
Gal4 two-hybrid system 3, and all reagents for the two-hybrid system,
as well as human placental mRNA were purchased from Clontech.
Active Raf-1, ASK1, and reaction buffer were purchased from Upstate.
Prokaryotic expression vector pET-28c(+) and mammalian expression
vector pCMV-Tag2A were purchased from Novagen and Stratagene,
respectively. The oligonucleotides for the amplification of Raf-1 and
ALG-2 were synthesized by Sigma-Genosys. Plasmid mini-prep puri-
fication kits were purchased from Promega. His-bind purification kit
and the protein refolding kit were purchased from Novagen.

Two-hybrid system. Raf-1 cDNA from nucleotide 889 to the stop
codon (encoding the C-terminal domain of 351 amino acids) was
cloned into the pGBKT7 vector (termed pGBKT7-Raf), which ex-
presses a fusion protein of Raf-1 and Gal4 DNA-binding domain as
bait protein. Yeast strain AH109 was first transformed with pGBKT7-
Raf and grown in SD/�Leu medium according to the manufacturer�s
instructions. Then, the pGBKT7-Raf-transformed yeasts were
sequentially transformed with pGAD-human bone marrow Match-
maker cDNA library expressing fusion proteins of library proteins and
Gal4 activation domain. The transformants were plated on 30 of 150-
mm SD/�Ade/�His/�Leu/�Trp/X-a-Gal high-stringency plates.
After selection by 3 reporters-Ade2, His3, and a-galactosidase, the blue
positive clones were grown in 3 ml YPDA medium for DNA extrac-
tion. The extracted DNAs were transformed into bacteria DH5a . The
pGAD-library plasmids in DH5a were purified with mini-prep kits and
were sequenced to identify the genes. To verify the positive interac-
tions, purified positive pGAD-library plasmids and pGADT7 vector
expressing GAL4 activation domain (AD) as negative control were
transformed into yeasts containing pGBKT7-Raf and pGBKT7 empty
vector expressing GAL4 DNA-binding domain and pGBKT7-Lam
plasmid expressing a fusion of the GAL4 NDA-BD with human lamin
C as negative controls, respectively. The transformed yeasts were
grown on both SD/�Ade/�His/�Leu/�Trp/X-a-Gal and SD/�Leu/
�Trp low-stringency plates.

Expression and purification of His- and Flag-tagged ALG-2. The full-
length human ALG-2 cDNA was amplified from human placental
mRNA by RT-PCR and was inserted into an N-terminal His-tag pro-
karyotic expression vector pET-28c(+) and a Flag-tagged mammalian
expression vector pCMV-Tag2C, respectively. After confirmation by
sequencing, the plasmid pET-28c(+)-ALG-2 was transformed into
bacteria strain DE32. His-tag ALG-2 was purified using His.bind puri-
fication kit and protein refolding kit according to manufacturer�s
instruction. For mammalian expression, 15 lg of pCMV-Tag-ALG-2
was transfected into 1.0 · 107 K562 cells by electroporation. The cells
were returned immediately to serum-free RPMI-1640 to be cultured
overnight andwere lysedwithRIPAbuffer.After incubationat 4 �Cwith
rocking for 15 min, the cell lysates were centrifuged, and the supernatant
fractions were transferred to new tubes containing 80 ll protein A–Se-
pharose beads. After incubation at 4 �C with rocking for 30 min, the
samples were centrifuged for 1 min. Five hundred microliters of super-
natant was mixed with 40 ll of agarose-conjugated anti-Flag antibody
(Sigma). After incubation at 4 �C with rocking for 2 h, the ALG-2 and
antibody complexes were pelleted and washed five times with cold RIPA
buffer. ALG-2 was separated from antibody by adding Flag peptide.

Kinase assay and Western blot. The Raf-1 kinase assay was carried
out according to the manufacturer�s instructions (Upstate). Briefly, 6 ll
of 5· ADBI buffer, 10 ll magnesium/ATP cocktail, 1 ll [c-32P]ATP,
1 lg ALG-2 or 1 lg of inactive Mek, 0.05–0.2 lg Raf-1 or 0.3 lg
ASK1 or water as control were mixed. The reaction was incubated at
30 �C for 30 min in a shaking incubator. The mixture was subjected to
12% SDS–PAGE and then transferred electrophoretically to a PVDF
membrane (Millipore). After autoradiography analysis, the membrane
was washed and then incubated in blocking buffer for 1 h. The mem-
brane was incubated with an anti-His-tag antibody (Qiagen) or anti-
Flag antibody (Sigma) in blocking buffer with gentle shaking overnight
at 4 �C. After three 5 min washes, the membrane was incubated with
secondary antibody (New England Biolabs) in blocking buffer with
gentle shaking for 1 h at room temperature. Proteins were detected
using CDP-Star Western Blotting Kit (New England Biolabs).
Results

In a yeast two-hybrid experiment, Raf-1 kinase do-
main was used as bait (pGBKT-Raf-1) to screen a bone
marrow library (pGADT7-library cDNA). After screen-
ing on SD/�Ade/�His/�Leu/�Trp/X-a-gal high-strin-
gency plate, we obtained 169 positive colonies. After
sequencing, we found that four of the positive colonies
were ALG-2, and we verified the interaction of Raf-1
and ALG-2. The constructs used in verification were:

pGBKT7-Raf-1 plasmid expresses a fusion protein of
Raf-1 kinase domain and GAL4 DNA-binding
domain (BD) as bait protein;
pGBKT7 vector expresses GAL4 DNA-BD as nega-
tive control;
pGBKT7-Lam plasmid expresses a fusion of the
GAL4 NDA-BD with human lamin C as negative
control;
pGADT7 vector expresses GAL4 activation domain
(AD) as negative control.
pGADT7-ALG-2 plasmid expresses a fusion protein
of ALG-2 and GAL4 AD.

As shown in Table 1, the yeasts transformed with
both pGADT7-ALG-2 and pGBKT7-Raf-1 grew on



Fig. 1. ALG-2 and Raf-1 form complex in cells. (A) Lysate from K562
cells expressing Flag-tagged ALG-2 was immunoprecipitated with
anti-Raf-1 antibody (lane 1) followed by blotting with anti-Flag
antibody. Anti-His antibody was used in the immunoprecipitation as a
negative control (lane 2) and ALG-2 protein was used as positive
control (lane 3). (B) Lysate from K562 cells expressing Flag-tagged
ALG-2 was immunoprecipitated with anti-Flag antibody (lane 1)
followed by blotting with anti-Raf-1 antibody. Anti-His antibody was
used in the immunoprecipitation as a negative control (lane 2).

Table 1
Verification of Raf-1 and ALG-2 interaction

DNA-binding
domain
vector

Activation
domain
vector

High-stringency
plate

Low-stringency
plate

pGBKT7-Raf-1 pGADT7-ALG-2 Growth Growth
pGBKT7 pGADT7-ALG-2 No Growth
pGBKT7-Lam pGADT7-ALG-2 No Growth
pGBKT7 pGADT7 No Growth
pGBKT7-Raf-1 pGADT7 No Growth
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both high-stringency plate and low-stringency plate
(SD/�Leu/�Trp). The yeasts transformed with
pGADT7-ALG-2 and negative control plasmids
pGBKT7, or pGBKT7-Lam, and the yeasts trans-
formed with pGADT7 and pGBKT7, or pGBKT7-
Raf-1 did not grow on high-stringency plate but grew
on low-stringency plate. This yeast two-hybrid system
features the yeast strain AH109, which virtually elimi-
nates false positive by using three reporters-Ade2,
His3, and Mel1. Yeast strain AH109 cannot grow on
low-stringency plate unless it is transformed with both
pGADT7 and pGBKT7 plasmids since pGBKT7 carries
the Trp nutritional marker and pGAD7 carries the Leu2
nutritional marker. Therefore, all five transformants
grew on low-stringency plate. Only when pGADT7-
ALG-2 interacts with Raf-1 to bring GAL4 activation
domain and GAL4 DNA-binding domain together,
which activates above three reporters, yeast could grow
on high-stringency plate.

Then, we carried out co-immunoprecipitation experi-
ments to determine whether there is Raf-1 and ALG-2
interaction in vivo. Since a recent report showed that
currently available commercial ALG-2 antibodies from
both Becton Dickinson Transduction Laboratories and
Santa Cruz Biotechnologies failed to detect bona fide
ALG-2 [27], instead of immunoprecipitating endoge-
nous ALG-2, we expressed ALG-2 as a fusion protein
with Flag tag at N-terminus for easy immunoprecipita-
tion by anti-Flag antibody. Transiently expressed
ALG-2 and endogenous Raf-1 were immunoprecipi-
tated by anti-Flag and anti-Raf-1 antibodies, respec-
tively. Anti-His antibody was used as control. As
shown in Fig. 1A, cell lysate was immunoprecipitated
by anti-Raf-1 antibody and blotted by anti-Flag anti-
body, ALG-2 was detected (lane 1), whereas no ALG-
2 was detected from the sample immunoprecipitated
by anti-His antibody (lane 2). Furthermore, cell lysate
was immunoprecipitated by anti-Flag antibody, endoge-
nous Raf-1 was detected (lane 1, Fig. 1B). No Raf-1 was
detected in the sample immunoprecipitated by anti-His
antibody (lane 2, Fig. 1B). We tested third round wash
buffers and did not detect any ALG-2 or Raf-1 (data
not shown), indicating that the bands shown are derived
from specific immunoprecipitation.
After confirmation of the interaction between Raf-1
and ALG-2, we carried out a kinase assay to determine
whether Raf-1 phosphorylated ALG-2. ALG-2 with a
His-tag at the N-terminus was expressed in E. coli. After
purification by Ni chromatography from inclusion body
(single band on SDS–PAGE, Fig. 2A), ALG-2, and inclu-
sion body proteins containing ALG-2 and elution buffer
as controls were subjected to kinase assay with active
Raf-1 as kinase (since immunoprecipitated endogenous
Raf-1 associates with other proteins or kinases, we used
purified commercial recombinant active Raf-1). Kinase
assay reaction mixtures were subjected to SDS–PAGE
gel and then transferred to PVDF membrane and ana-
lyzed by autoradiography. As shown in panel a (short
exposure of panel b) and panel b of Fig. 2B, Raf-1 phos-
phorylated recombinant Mek in lane 1, and phosphory-
lated purified soluble ALG-2 in lane 2, and purified but
aggregated ALG-2 in lane 4 (purified soluble ALG-2
aggregated after being stored at �20 �C). Convincingly,
Raf-1 only phosphorylated ALG-2, not other inclusion
body proteins in lane 6. There was no ALG-2 phosphor-
ylation in elution buffer control in lane 8. Raf-1 is self-
phosphorylated in this assay, showing a predominant
full-length band and three minor bands, likely degraded
fragments during denaturing since only one band ap-
peared on the non-denaturing gel (data not shown). After
exposure to X-ray film, the membrane was probed with
anti-Mek antibody (Fig. 2B, panel c) and anti-His anti-
body (Fig. 2B, panel d). These results show that Raf-1



Fig. 3. ASK1 phosphorylates ALG-2. Kinase assay were performed
using ASK1 as kinase, mouse IgG as negative substrate control
(lane1), solubilized inclusion bodies (lane 2), and purified soluble
ALG-2 (lane 3) as substrates. Kinase assay, SDS–PAGE, and Western
blot were performed as in Fig. 2. After autoradiography, the
membrane was then probed with anti-His antibody, followed by
anti-mouse IgG secondary antibody (middle and bottom panels).

Fig. 2. Raf-1 phosphorylates ALG-2: (A) ALG-2 was expressed in E. coli, and purified by Ni chromatography, and then subjected to SDS–PAGE.
(B) Raf-1 kinase assay: inactive Mek, purified soluble ALG-2, aggregated ALG-2, solubilized inclusion bodies, and elution buffer were used as
substrates respectively, and active Raf-1 was used as kinase. Kinase assay reactions were subjected to SDS–PAGE and then transferred to PVDF
membrane and analyzed by autoradiography (upper panel). After autoradiography, membrane was probed with anti-Mek and anti-His antibodies
(panels c and d). (C) Raf-1 kinase assay: inactive Mek, anti-Flag antibody IP-ALG-2, IP-sample from empty vector transfected control and rabbit
IgG were used as substrates in lanes 1 and 5, 2 and 6, 3 and 4, respectively. The upper and middle panels are autoradiographs and the bottom panel is
a Western blot.
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specifically phosphorylates ALG-2 and reactions lacking
either active Raf-1 (lanes 3, 5, 7, and 9) or ALG-2 (lane 8)
show no phosphorylation of ALG-2. We also obtained
the same result with ALG-2 expressed in K562 cells
(Fig. 2C). Transiently expressed ALG-2 was immunopre-
cipitated by anti-Flag antibody. Kinase assay was per-
formed with 1 lg of inactive Mek, 10 ll of
immunoprecipitated ALG-2, 10 ll of empty vector con-
trol sample, and 1 lg of rabbit IgG as substrate, respec-
tively. In Fig. 2C, upper and middle panels, Raf-1
phosphorylated both Mek1 (lane 1) and ALG-2 (lane
2), and did not phosphorylate the sample from empty vec-
tor control (lane 3) and IgG (lane 4). Western-blot
showed that anti-Flag antibody detected Flag-ALG-2
on lanes 2 and 6 (Fig. 2C, bottom panel).

Since studies have shown that ALG-2 interacts with
ASK1 [21], we carried out a kinase assay to investigate
whether ASK1 phosphorylates ALG-2. ALG-2, solubi-
lized inclusion bodies containing ALG-2 and mouse
IgG as controls were subjected to kinase assay with ac-
tive ASK1 as kinase. As shown in the upper panel of
Fig. 3A, ASK1 phosphorylated ALG-2 in lanes 2 and
3. Other inclusion body proteins were not phosphory-
lated even when we overloaded inclusion body proteins
(the minor band above ALG-2 is self-phosphorylated de-
graded ASK1). ASK1 did not phosphorylate IgG in lane
1, but Western blot showed the existence of IgG light
chain (Fig. 3, middle panel, lane 1) and ASK1 was
equally loaded (Fig. 3, bottom panel), indicating that
ALG-2 is also the substrate of ASK1. Furthermore,
studies have also shown that ASK1 co-immunoprecipi-
tates with Raf-1 [25], and that Raf-1 negatively regulates
ASK1 signaling [26] but the mechanism is not clear.
Since we did not find that Raf-1 and ASK1 phosphory-
late each other (data not shown), suggesting that Raf-1
negatively regulates ASK1 signaling by blocking the sig-
nal from ASK1 to its downstream, and since both ASK1
and Raf-1 interact with ALG-2 and phosphorylate
ALG-2, we carried out kinase assay to determine
whether Raf-1 interferes with the ALG-2 phosphoryla-
tion by ASK1. As shown in the panel b of Fig. 4A (panel
a is short exposure of panel b upper part), in the presence



Fig. 4. (A) Raf-1 antagonizes ALG-2 phosphorylation by ASK1.
ALG-2 was used as substrate in kinase assay with constant amounts of
ASK1 and increasing amount of Raf-1. The density of phosphoryla-
tion bands was determined by gel-pro analyzer. After autoradiography
(upper panel), the membrane was probed with anti-ASK1 and anti-His
antibodies, respectively (panels c and d). (B) ASK1 does not affect Mek
phosphorylation by Raf-1. Mek was used as substrate in kinase assay
with ASK1, Raf-1, or both ASK1 and Raf-1 as kinase. After
autoradiography (upper panel), the membrane was probed with anti-
Mek antibody (lower panel).

C. Chen, A.J. Sytkowski / Biochemical and Biophysical Research Communications 333 (2005) 51–57 55
of Raf-1, the phosphorylation of ALG-2 by ASK1 is de-
creased, in a concentration-dependent manner. Western
blot showed that ASK1 and ALG-2 were added equally
in the panels c and d of Fig. 4A. Then, we examined
whether ASK1 affected Raf-1�s function. As shown in
the upper bands of Fig. 4B, we did not find that ASK1
interfered with Mek phosphorylation by Raf-1 (in the
Fig. 4B, lower bands of upper panel are auto-phosphor-
ylated ASK1 and Raf-1). Western blot showed that
Meks were added equally (Fig. 4B, lower panel). Since
single phospho-ALG-2 bands were observed when Raf-
1 was used as kinase (Figs. 2B and 4A), but doublet phos-
pho-ALG-2 bands existed when ASK1 was used as ki-
nase (Fig. 4A), we loaded half volume of kinase assay
reactions to non-denaturing gel and the other half vol-
ume of these to SDS–PAGE (Figs. 5A and B). As shown
Fig. 5. Raf-1 and ASK1 phosphorylate ALG-2 differently. ASK1
alone, Raf-1 alone, ASK1 plus ALG-2, and Raf-1 plus ALG-2 were
subjected to kinase assay, loaded on non-denaturing gel and SDS–
PAGE, respectively, and then transferred to membrane and analyzed
by autoradiography.
in Fig. 5A, ASK1-phosphorylated ALG-2 migrated fas-
ter than Raf-1-phosphorylated ALG-2, indicating that
Raf-1 and ASK1 phosphorylate ALG-2 differently, most
likely at different sites. Taken together, our results
showed that Raf-1 specifically interfered with the
ALG-2 phosphorylation by ASK1.
Discussion

Raf-1 has been intensively studied for years, and
many kinases and proteins have been found to interact
with it [8,11,28,29]. However, the biological role of
Raf-1 is not fully understood. A recent study with
Raf-1 knockout mice showed that the essential and un-
ique function of Raf-1 is anti-apoptotic [1,2]. The mole-
cule that mediates Raf-1�s anti-apoptotic signal is not
known. Therefore, we carried out a yeast two-hybrid
experiment to identify the Raf-1 substrate that mediates
its anti-apoptotic function. We found that the Raf-1 ki-
nase domain interacts with a pro-apoptotic protein
ALG-2 in addition to its interaction with Mek1. In fur-
ther kinase assay studies, we found that Raf-1 specifi-
cally phosphorylated ALG-2. We used solubilized
inclusion bodies that contain ALG-2 and many other
proteins as substrate, yet Raf-1 only phosphorylated
ALG-2 (Fig. 2B). We also found that ASK1 strongly
phosphorylated ALG-2. Importantly, Raf-1 interferes
with the ALG-2 phosphorylation by ASK1.

ALG-2 is a Ca2+-binding protein belonging to the
penta-EF hand protein family and was originally discov-
ered as a pro-apoptotic protein required for T cell recep-
tor (TCR)-, Fas-, and glucocorticoid-induced cell death
[19,20]. How ALG-2 is involved in apoptosis is not clear
[19,30], although early analyses indicated that ALG-2
was located downstream of the ICE/Ced-3 signaling cas-
cade activated by TCR and Fas [31]. A recent study
showed that ALG-2 was associated with ASK1 [21].
ASK1 has been found to be involved in apoptosis
[23,32]. ASK1 interacts with Fas receptor associated
protein Daxx and TNF receptor associated factors
(TRAF), and acts upstream of the JNK and p38 Map
kinase pathways when stimulated by a variety of stimuli
such as Fas, oxidative stress, and DNA damage [22–
24,33]. We have now shown that ASK1 phosphorylates
ALG-2, indicating that ALG-2 may be a component of
the ASK1-related apoptotic pathway. Whereas, it has
been shown that Raf-1 co-immunoprecipitated with
ASK1 [25] and blocked ASK1-induced apoptosis, and
in the Raf-1 knockout mouse cells, ASK1/JNK or/p38
signaling increased significantly [26], suggesting that
Raf-1 negatively regulates ASK1-mediated apoptotic
signaling. However, the mechanism of Raf-1 negative
regulation of ASK1 is not clear. Although Raf-1 and
ASK1 can be co-immunoprecipitated, it has not been
determined whether Raf-1 and ASK1 directly interact
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since they may form a ternary complex with other pro-
teins. The molecules that interact with both Raf-1 and
ASK1 include 14-3-3 protein and ALG-2. However, a
study has shown that 14-3-3 protein was not involved
in the formation of the complex of Raf-1 and ASK1
[25]. Thus, ALG-2 is likely to be the candidate that con-
nects Raf-1 and ASK1 signalings.

Indeed, we did not find that the two kinases, ASK1 and
Raf-1, phosphorylate each other, suggesting that Raf-1
inhibits ASK1-induced apoptosis by blocking the signal
from ASK1 to its downstream target instead of affecting
ASK1directly.Here,we show thatRaf-1 andASK1phos-
phorylate ALG-2 differently and that Raf-1 interferes
with ASK1-dependent ALG-2 phosphorylation. Most
likely, phosphorylation by Raf-1 causes ALG-2 confor-
mation change, which is not favorable for ASK1 phos-
phorylation. It is also possible that the binding of Raf-1
to ALG-2 blocks the access of ASK1 to ALG-2. This
may explain why overexpression of Raf-1 mutation
K375M also can block ASK1-induced apoptosis [25].
Furthermore, although ALG-2 connects Raf-1 and
ASK1 signals, the signal seems to be one way from Raf-
1 to ASK1 since ASK1 has no effect on the phosphoryla-
tion of Mek by Raf-1. These observations indicate that
Raf-1 may exert its anti-apoptotic function by interrupt-
ing the ASK-dependent-ALG-2 phosphorylation.
Acknowledgments

This work was supported in part by NIH Grant KO1
DK62113 to C.C. and NIH Grant R01 CA89204 and
NASA Grants NAG9-1368 and NAG2-1592 and
DAMD170210014 to A.J.S.
Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j.bbrc.2005.05.074.
References

[1] M. Huser, J. Luckett, A. Chiloeches, K. Mercer, M. Iwobi, S.
Giblett, X.M. Sun, J. Brown, R. Marais, C. Pritchard, MEK
kinase activity is not necessary for Raf-1 function, EMBO J. 20
(2001) 1940–1951.

[2] M. Mikula, M. Schreiber, Z. Husak, L. Kucerova, J. Ruth, R.
Wieser, K. Zatloukal, H. Beug, E.F. Wagner, M. Baccarini,
Embryonic lethality and fetal liver apoptosis in mice lacking the c-
raf- 1 gene, EMBO J. 20 (2001) 1952–1962.

[3] A. Sewing, B. Wiseman, A.C. Lloyd, H. Land, High-intensity Raf
signal causes cell cycle arrest mediated by p21Cip1, Mol. Cell Biol.
17 (1997) 5588–5597.

[4] K. Lehmann, E. Janda, C.E. Pierreux, M. Rytomaa, A. Schulze,
M. McMahon, C.S. Hill, H. Beug, J. Downward, Raf induces
TGFbeta production while blocking its apoptotic but not invasive
responses: a mechanism leading to increased malignancy in
epithelial cells, Genes Dev. 14 (2000) 2610–2622.

[5] C. Pritchard, M. McMahon, Raf revealed in life-or-death
decisions, Nat. Genet. 16 (1997) 214–215.

[6] D. Stokoe, S.G. Macdonald, K. Cadwallader, M. Symons, J.F.
Hancock, Activation of Raf as a result of recruitment to the
plasma membrane, Science 264 (1994) 1463–1467.

[7] S.J. Leevers, H.F. Paterson, C.J. Marshall, Requirement for Ras
in Raf activation is overcome by targeting Raf to the plasma
membrane, Nature 369 (1994) 411–414.

[8] C.R. Weinstein-Oppenheimer, W.L. Blalock, L.S. Steelman, F.
Chang, J.A. McCubrey, The Raf signal transduction cascade as a
target for chemotherapeutic intervention in growth factor-respon-
sive tumors, Pharmacol. Ther. 88 (2000) 229–279.

[9] D.K. Morrison, G. Heidecker, U.R. Rapp, T.D. Copeland,
Identification of the major phosphorylation sites of the Raf-1
kinase, J. Biol. Chem. 268 (1993) 17309–17316.

[10] M. Zang, C.A. Waelde, X. Xiang, A. Rana, R. Wen, Z. Luo,
Microtubule integrity regulates Pak leading to Ras-independent
activation of Raf-1. insights into mechanisms of Raf-1 activation,
J. Biol. Chem. 276 (2001) 25157–25165.

[11] D. Stokoe, F. McCormick, Activation of c-Raf-1 by Ras and Src
through different mechanisms: activation in vivo and in vitro,
EMBO J. 16 (1997) 2384–2396.

[12] P. Dent, D.B. Reardon, D.K. Morrison, T.W. Sturgill, Regulation
of Raf-1 and Raf-1 mutants by Ras-dependent and Ras-
independent mechanisms in vitro, Mol. Cell Biol. 15 (1995)
4125–4135.

[13] W. Huang, A. Alessandrini, C.M. Crews, R.L. Erikson, Raf-1
forms a stable complex with Mek1 and activates Mek1 by serine
phosphorylation, Proc. Natl. Acad. Sci. USA 90 (1993) 10947–
10951.

[14] S. Wang, R.N. Ghosh, S.P. Chellappan, Raf-1 physically interacts
with Rb and regulates its function: a link between mitogenic
signaling and cell cycle regulation, Mol. Cell Biol. 18 (1998) 7487–
7498.

[15] H.G. Wang, U.R. Rapp, J.C. Reed, Bcl-2 targets the protein
kinase Raf-1 to mitochondria, Cell 87 (1996) 629–638.

[16] A. Alavi, J.D. Hood, R. Frausto, D.G. Stupack, D.A. Cheresh,
Role of Raf in vascular protection from distinct apoptotic stimuli,
Science 301 (2003) 94–96.

[17] P. Salomoni, M.A. Wasik, R.F. Riedel, K. Reiss, J.K. Choi, T.
Skorski, B. Calabretta, Expression of constitutively active Raf-1
in the mitochondria restores antiapoptotic and leukemogenic
potential of a transformation-deficient BCR/ABL mutant, J. Exp.
Med. 187 (1998) 1995–2007.

[18] J. Zhong, J. Troppmair, U.R. Rapp, Independent control of cell
survival by Raf-1 and Bcl-2 at the mitochondria, Oncogene 20
(2001) 4807–4816.

[19] S. Tarabykina, J. Mollerup, P. Winding, M.W. Berchtold, ALG-
2, a multifunctional calcium binding protein? Front. Biosci. 9
(2004) 1817–1832.

[20] L. D�Adamio, E. Lacana, P. Vito, Functional cloning of genes
involved in T-cell receptor-induced programmed cell death,
Semin. Immunol. 9 (1997) 17–23.

[21] I.S. Hwang, Y.S. Jung, E. Kim, Interaction of ALG-2 with ASK1
influences ASK1 localization and subsequent JNK activation,
FEBS Lett. 529 (2002) 183–187.

[22] H. Ichijo, E. Nishida, K. Irie, P. ten Dijke, M. Saitoh, T.
Moriguchi, M. Takagi, K. Matsumoto, K. Miyazono, Y. Gotoh,
Induction of apoptosis by ASK1, a mammalian MAPKKK that
activates SAPK/JNK and p38 signaling pathways, Science 275
(1997) 90–94.

[23] H.Y. Chang, H. Nishitoh, X. Yang, H. Ichijo, D. Baltimore,
Activation of apoptosis signal-regulating kinase 1 (ASK1) by the
adapter protein Daxx, Science 281 (1998) 1860–1863.

http://dx.doi.org/10.1016/j.bbrc.2005.05.074
http://dx.doi.org/10.1016/j.bbrc.2005.05.074


C. Chen, A.J. Sytkowski / Biochemical and Biophysical Research Communications 333 (2005) 51–57 57
[24] K. Takeda, A. Matsuzawa, H. Nishitoh, K. Tobiume, S. Kishida,
J. Ninomiya-Tsuji, K. Matsumoto, H. Ichijo, Involvement of
ASK1 in Ca2+-induced p38 MAP kinase activation, EMBO Rep.
5 (2004) 161–166.

[25] J. Chen, K. Fujii, L. Zhang, T. Roberts, H. Fu, Raf-1 promotes
cell survival by antagonizing apoptosis signal-regulating kinase 1
through a MEK-ERK independent mechanism, Proc. Natl. Acad.
Sci. USA 98 (2001) 7783–7788.

[26] O. Yamaguchi, T. Watanabe, K. Nishida, K. Kashiwase, Y.
Higuchi, T. Takeda, S. Hikoso, S. Hirotani, M. Asahi, M.
Taniike, A. Nakai, I. Tsujimoto, Y. Matsumura, J. Miyazaki,
K.R. Chien, A. Matsuzawa, C. Sadamitsu, H. Ichijo, M.
Baccarini, M. Hori, K. Otsu, Cardiac-specific disruption of the
c-raf-1 gene induces cardiac dysfunction and apoptosis, J. Clin.
Invest. 114 (2004) 937–943.

[27] J.M. la Cour, J. Mollerup, P. Winding, S. Tarabykina, M.
Sehested, M.W. Berchtold, Up-regulation of ALG-2 in hepatomas
and lung cancer tissue, Am. J. Pathol. 163 (2003) 81–89.

[28] D. Morrison, 14-3-3 modulators of signaling proteins? Science 266
(1994) 56–57.
[29] K. Yeung, T. Seitz, S. Li, P. Janosch, B. McFerran, C. Kaiser, F.
Fee, K.D. Katsanakis, D.W. Rose, H. Mischak, J.M. Sedivy, W.
Kolch, Suppression of Raf-1 kinase activity and MAP kinase
signalling by RKIP, Nature 401 (1999) 173–177.

[30] J. Jia, S. Tarabykina, C. Hansen, M. Berchtold, M. Cygler,
Structure of apoptosis-linked protein ALG-2: insights into Ca2+-
induced changes in penta-EF-hand proteins, Structure (Camb.) 9
(2001) 267–275.

[31] E. Lacana, J.K. Ganjei, P. Vito, L. D�Adamio, Dissociation of
apoptosis and activation of IL-1beta-converting enzyme/Ced-3
proteases by ALG-2 and the truncated Alzheimer�s gene ALG-3,
J. Immunol. 158 (1997) 5129–5135.

[32] S.D. Kim, C.K. Moon, S.Y. Eun, P.D. Ryu, S.A. Jo, Identifica-
tion of ASK1, MKK4, JNK, c-Jun, and caspase-3 as a signaling
cascade involved in cadmium-induced neuronal cell apoptosis,
Biochem. Biophys. Res. Commun. 328 (2005) 326–334.

[33] H. Liu, H. Nishitoh, H. Ichijo, J.M. Kyriakis, Activation of
apoptosis signal-regulating kinase 1 (ASK1) by tumor necrosis
factor receptor-associated factor 2 requires prior dissociation of the
ASK1 inhibitor thioredoxin, Mol. Cell Biol. 20 (2000) 2198–2208.


	Apoptosis-linked gene-2 connects the Raf-1 and ASK1 signalings
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Supplementary data
	References


