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vious observations that relate extreme lean-
ness with delayed puberty (4) and obesity
with acceleration of puberty (5). Thus, lep-
tin may be a factor involved in signaling to
neuroendocrine pathways the attainment of
a critical fat mass, a determinant for trigger-
ing puberty (2-4). Kennedy first postulated
that the hypothalamus receives a puberty-
triggering signal related to metabolic rate or
food intake (2, 15), and later studies
showed that the attainment of a critical
percentage of body fat is necessary for ini-
tiation of puberty (16, 17). Although the
critical fat hypothesis has been challenged
(18) and the metabolic signal postulated by
Kennedy has remained elusive, our study
suggests that leptin may be that signal.
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Induction of Apoptosis by ASK1, a Mammalian
MAPKKK That Activates SAPK/JNK and p38
Signaling Pathways
Hidenori Ichijo,” Eisuke Nishida, Keniji Irie, Peter ten Dijke,

Masao Saitoh, Tetsuo Moriguchi, Minoru Takagi,
Kunihiro Matsumoto, Kohei Miyazono, Yukiko Gotoh

Mitogen-activated protein (MAP) kinase cascades are activated in response to various
extracellular stimuli, including growth factors and environmental stresses. A MAP kinase
kinase kinase (MAPKKK), termed ASK1, was identified that activated two different
subgroups of MAP kinase kinases (MAPKK), SEK1 (or MKK4) and MKK3/MAPKK®6 (or
MKKB®), which in turn activated stress-activated protein kinase (SAPK, also known as
JNK; c-Jun amino-terminal kinase) and p38 subgroups of MAP kinases, respectively.
Overexpression of ASK1 induced apoptotic cell death, and ASK1 was activated in cells
treated with tumor necrosis factor-« ( TNF-«). Moreover, TNF-a—induced apoptosis was
inhibited by a catalytically inactive form of ASK1. ASK1 may be a key element in the
mechanism of stress- and cytokine-induced apoptosis.

The MAP kinase signaling cascade, a signal
transduction pathway well conserved in cells
from yeasts to vertebrates, consists of three
distinct members of the protein kinase fam-
ily, including MAP kinase (MAPK), MAPK
kinase (MAPKK), and MAPKK kinase
(MAPKKK) (1). MAPKKK phosphorylates
and thereby activates MAPKK, and the ac-
tivated form of MAPKK in turn phosphoryl-
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ates and activates MAPK. Activated MAPK
may translocate to the cell nucleus and reg-
ulate the activities of transcription factors
and thereby control gene expression (1). At
least two defined MAPK signaling modules
function in mammalian cells: the Raf-
MAPKK-MAPK and the MEKK-SEK1 (or
MKK4)-SAPK (or JNK) pathways (2-7).
MKK3/MAPKKG6 (or MKKGS, a close relative
of MKK3) that corresponds to MAPKK and
p38 MAPK form another MAPK signaling
unit (2, 8); however, the biological conse-
quence and mechanism of activation of the
p38 signaling cascade are poorly understood.
We identified a mammalian MAPKKK that
activates the MKK3/MAPKK6-p38 as well
as the SEK1-SAPK signaling pathways.

We used a degenerate polymerase chain
reaction (PCR)-based strategy to identify
serine-threonine kinases (9). One PCR
fragment, obtained with a set of PCR prim-
ers oriented from the conserved subdomains
VI and VIII of the serine-threonine kinase



family (10), was used to isolate a corre-
sponding nearly full-length cDNA clone
(11). Because of its characteristics, we refer
to the putative serine-threonine kinase en-
coded by this cDNA as apoptosis signal-
regulating kinase (ASK)1. The deduced
amino acid sequence revealed that ASK1
consists of 1375 amino acids with a calcu-
lated relative molecular mass of 154,715
(Fig. 1A). Another clone that is truncated
in the NH,-terminal 374 amino acids was
also obtained (clone 27) (12). The serine-
threonine kinase domain of ASK1 is in the
middle part of the molecule and has long

Fig. 1. Primary structure
of ASK1 and comple-
mentation of SSK2/

A

clone

NH,- and COOH-terminal flanking se-
quences. RNA blot analysis revealed a sin-
gle 5-kb transcript that was expressed in all
human tissues tested (Fig. 1B).

A database search of the ASK1 sequence
outside its kinase domain showed that a
short amino acid sequence in the NH,-
terminal part contains a motif for an
FK506-binding protein (FKBP)-type pepti-
dyl-prolyl cis-trans isomerase, of which the
functional importance is unknown (Fig.
1A). The kinase domain of ASK1 has se-
quence similarity with members of the

MAPKKK family including MEKK1
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SSK22/SHO1 deficiency

in S. cerevisiae. (A) Pre-
dicted amino acid se-
quence of human ASK1.
The putative translation
start sites for two inde-
pendent cDNA clones,
clone 20 and clone 27,
are indicated by arrows.
The protein kinase do-
main is shown in bold-
face. An FKBP-type
peptidyl-prolyl cis-trans
isomerase motif present
in the NH,-terminal non-
catalytic portion is un-
derlined. The cDNA se-
quence of ASK1 has
been  deposited in
EMBL-GenBank data li-
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(30.0%) in mammal and SSK2 (32.3%) and
STE11 (30.4%) in Saccharomyces cerevisiae.
Phylogenetic comparison suggested that
ASK1 is distantly related to RAF-1, KSR1,
TAK]1, and TPL-2 mammalian MAPKKKs
but most closely related to the SSK2 or
SSK22 family of yeast MAPKKKs, which
are upstream regulators of yeast HOGI1
MAPK (13).

Despite differences in the overall struc-
tures of ASK1 and SSK2 or SSK22 (13), it
was of interest to examine whether ASK1
might act as a functional kinase in yeast and
thereby complement the loss of SSK2 or
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ber D84476). Abbreviations for the amino acid residues are as follows: A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Tissue
distribution of ASK1. Immunoblots with mRNAs from various human tissues
(Clontech) were probed with ASK1 cDNA labeled by random priming. (C)
Complementation of SSK2/SSK22/SHO1 triple mutant strain in S. cervi-

Fig. 2. Activation of MAPKKs
and MAPKs by ASK1. (A) In
vivo activation of MAPKKs
and MAPKs by ASK1. COS7 45
cells were transiently trans- 31
fected with pSRa-HA1-
MAPK,  pSRa-HA1-SAPK,
pSRa-HA1-p38, pSRa-HA1-
MAPKK, pSRa-HA1-SEK1,
or pSRa-HA1-MKK3 togeth-
er with pcDNA3-ASK1 (+) or
a control vector pcDNA3 (—). After 18 hours, cells were lysed and MAPKKs and

MAPKs were immunoprecipitated with anti-HA. The kinase activity was mea-

sured in an immune complex kinase assay with exogenous substrates (20). The

position of each substrate is shown by a bracket or an arrowhead. The fold

increase of kinase activity caused by coexpression of ASK1 is indicated above

each lane and is the average of three independent experiments. Molecular sizes

are indicated on the left in kilodaltons. (B) In vitro activation of MAPKKs by ASK1.
COST cells were transiently transfected with pcDNA3-ASK1, and proteins were
immunoprecipitated from cell lysates with preimmune serum (Mock ppt) or anti-
serum to ASK1 (ASK1 ppt). The immune complex or a buffer solution (Buffer) was
first incubated with (+) or without (—) His-MAPKK, His-SEK1, His-MKK3, or
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siae. Complementary DNA fragments encoding ASK1 were subcloned into
the yeast expression vector pNV11 and transformed into TM257-H1 yeast
strain (73), which is defective in SSK2, SSK22, and SHO1. Five independent
transformants were selected and grown on YPD plates in the presence or
absence of 1.5 M sorbitol. Photographs were taken after 6 days at 30°C.
Transformants with pNV11 vector alone or ASK1(K709R) were also tested.
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His-MAPKKB, and then the kinase activity of these MAPKKs was measured with
the substrate GST-catalytically inactive MAPK for MAPKK and His—catalytically
inactive p38 for SEK1, MKKS, and MAPKKE. (C) The ASK1 immune complex was
incubated with (+) or without (—) the indicated His-MAPKKs and His-wild-type
p38, and the kinase activity of p38 was measured with the substrate ATF2.
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SSK22. We used yeast strain TM257-H1
(ssk2A ssk22A sholA) (13, 14), which grows
in a normal YPD medium but not in hyper-
osmotic medium. Transformants were test-
ed for growth in the presence of 1.5 M
sorbitol (Fig. 1C). Expression of ASK1, but
neither vector alone nor ASK1(K709R, a
catalytically inactive mutant in which
Lys™® was changed to Arg), complemented
TM257-H1 growth in this hyperosmotic
environment (15). These observations, to-
gether with the fact that the mammalian
counterpart of yeast HOGI1 is p38 MAP
kinase (16-18), suggested that ASK1 may
be a mammalian MAPKKK that functions
in a signaling cascade to activate MKK3/
MAPKKG6 and p38.

To investigate whether ASK1 may func-
tion as a MAPKKK in mammalian cells, we
transfected ASK1 into COS7 cells together
with MAPK and MAPKK expression plas-
mids (Fig. 2A). All the MAPK and
MAPKK constructs were hemagglutinin
(HA) epitope—tagged, expressed with or
without ASK1, and immunoprecipitated
with antibody to HA (anti-HA) (19); the

ASK1
Vector (K709R) ASK1  Transfection

- 4+ = 4+ - ¢ ZnCl.
kD >
200~

—— e ASK1
100-

Fig. 3. Induction of apoptosis by ASK1 in stably
transfected Mv1Lu cells. (A) ZnCl,-dependent ex-
pression of ASK1 and ASK1(K709R) in stably trans-
fected MvilLu cells. Cells were metabolically la-
beled with a mixture of [?*Sjmethionine and
[°S]eysteine in the presence or absence of 100 uM
ZnCl, for 5 hours, and the cellular lysates were
subjected to immunoprecipitation as described (33)
with antiserum to ASK1, SDS-PAGE, and fluoro-
graphy. (B) ASK1-dependent inhibition of [FH]thymi-
dine incorporation. Mv1Lu cells stably transfected
with vector alone (H), ASK1 (@), and ASK1(K709R)
(©) were incubated in minimal essential medium
(MEM) containing fetal bovine serum (FBS) (1%)
with the indicated concentration of ZnCl, for 16
hours. The cells were then incubated with [PH]thy-
midine for 1 hour, and 3H incorporation into the
DNA was determined. The average of the counts
from duplicate wells is shown as the percentage of
control. Data shown are the representatives of three

immune complexes were subjected to a ki-
nase assay with exogenous substrates (20).

ASK1 expression induced 7.6- and 5.0-fold
activation of SAPK and p38 MAPKs, re-

spectively, but only weakly activated
MAPK. ASKI1 activated SEK1 and MKK3
up to 7.0- and 11.8-fold, respectively,
whereas no detectable activation of
MAPKK was observed. To investigate
whether the SEK1 and MKK3 were directly
phosphorylated and activated by ASK1, we
used an in vitro—coupled kinase assay (21)
with recombinant SEK1, MKK3, MAPKK®,
and recombinant catalytically inactive p38
(MPK2) proteins (Fig. 2B). ASK1 immuno-
precipitates from COS7 cells activated
SEK1, MKK3, and MAPKKG®6 (greater than
40-fold for each) (Fig. 2B), and phospho-
rylation of p38 was observed only when
ASK1 was present in the kinase assay.
ASK1-dependent phosphorylation of p38
was further confirmed to result in the acti-
vation of p38 in a coupled kinase assay with
wild-type p38 and ATF2 (21) (Fig. 2C). In
contrast, ASK1 weakly activated MAPKK
(2.2-fold) (Fig. 2B). When Raf was used as

120
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MAPKKK for a positive control, a 27.8-fold
activation of MAPKK was observed (22).
These results indicate that ASK1 selective-
ly activates the SEK1-SAPK and MKK3/
MAPKKG6-p38 pathways.

We determined the biological activity of
ASKI1 in mink lung epithelial (Mv1Lu) cell
lines that were stably transfected with me-
tallothionein promoter—based expression
plasmids (23). Immunoprecipitation of
ASK1 with antiserum to ASK1 (24) after
metabolic labeling of the cells revealed that
ASK1 was highly expressed only when in-
duced by ZnCl, (Fig. 3A). ASK1(K709R)-
transfected cells expressed the recombinant
protein in similar amounts. SAPK or p38
MAPK signaling cascade or both may par-
ticipate in signaling pathways leading to
apoptosis (25-28). To investigate the effects
of ASK1 on cellular growth or viability, we
measured [*Hlthymidine incorporation in
the stable transfectants. Inhibition of
PH]thymidine incorporation was observed
in the cells transfected with ASK1 but not
in cells transfected with the vector alone or
ASK1(K709R) (Fig. 3B). The dose-depen-
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independent experiments. Error bars represent the SD. (C) Dose-dependent
expression (top) and activation (bottom) of ASK1 by ZnCl,, induction. (Top)
ASK1 was immunoprecipitated as described in (A) after the ASK1-transfected
Mv1lu cells were induced by the indicated amount of ZnCl, for 5 hours.
(Bottom) Immunoprecipitated ASK1 was subjected to the MKK3-p38 coupled
kinase assay. (D) ASK1-dependent activation of endogenous SAPK (top) and
p38 (botton). Mv1Lu cells stably transfected with ASK1 were incubated with
the indicated concentration of ZnCl, for 5 hours. The cell extracts were as-
sayed for SAPK activity (29) with gel-immobilized ¢c-Jun as a substrate (top), or
for p38 activity in an immune complex kinase assay (29) with a polyclonal
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antibody to p38 with His-ATF2 as a substrate (bottom). The positions of p54
and p46 SAPKs (top) and ATF2 (bottom) are indicated by arrowheads and an
arrow, respectively. (E) ASK1-dependent cell death. (Top) Cells were incubat-
ed with MEM containing FBS (1%) in the presence (+) or absence (—) of 100
M ZnCl, for 26 hours. Representative cell morphology was determined by
phase-contrast microscopy (original magnification, x33). (Bottom) Cells were
incubated in MEM without FBS in the presence or absence of 100 uM ZnCl, for
25 hours and stained by the TUNEL method with an in situ cell death detection
kit (Boehringer Mannheim). Apoptotic cells are shown by dark brown staining.
Photographs were taken at a higher magnification (X 82.5) than in the top panel.
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Fig. 4. TNF-a-induced activation of ASK1 and dominant-negative effect of ASK1(K709R) on TNF-a-induced
apoptosis. Mv1Lu cells stably transfected with ASK1 were first treated with 50 uM ZnCl,, for 5 hours and then
stimulated with TNF-a (100 ng/ml) for the indicated time (A) (top) or with the indicated concentration of TNF-«
for 30 min (B). The kinase activity of ASK1 was measured (27) in arbitrary units. The results are means from at
least five independent experiments. Error bars represent the SD. (A) (bottom) ASK1 activity from ASK1-

transfected Mv1Lu cells and nontransfected 293 and A673 cells treated with TNF-a (100 ng/ml). ASK1(K709R)-dependent inhibition of DNA fragmentation
in TNF-a-treated 293 (C) and Jurkat (D) cells. 293 cells (2 % 10°) were transiently transfected with 2 pg of pcDNAS3 control vector or pcDNA3-ASK1(K709R)
by the use of Tfx-50 (Promega) according to the manufacturer's protocol. Eight hours after transfection, cells were treated with TNF-a (100 ng/ml) with or
without 300 nM actinomycin D (ActD, which enhanced TNF-a—induced apoptosis) for 16 hours. Apoptotic cells detached from culture plate were collected,
and total DNA was isolated and analyzed by 2% agarose gel electrophoresis. This experiment was repeated more than five times with similar results. In (D),
3 X 108 nontransfected Jurkat cells or selectively isolated populations of ASK1(K709R)-expressing Jurkat cells (32) were treated with the indicated
concentrations of TNF-a for 5.5 hours. Cytoplasmic DNA was extracted (35) and analyzed by 2% agarose gel electrophoresis.

dent inhibition of [*H]thymidine incorpora-
tion by ZnCl, correlated well with the dose-
dependent expression and activation of
ASK1 (Fig. 3C). Furthermore, endogenous
SAPK and p38 were activated (29) in par-
allel with the ASK1 activities (Fig. 3D).

Induction of expression of ASK1 but not
ASK1(K709R) induced cytoplasmic shrink-
age and nuclear condensation, which be-
came apparent within 6 hours after addition
of ZnCl, (30). The typical morphological
properties of apoptotic cells became most
evident after more than 24 hours (Fig. 3E).
The apoptotic cell death induced by ASK1
was confirmed by an in situ staining of
cells with the terminal deoxynucleotidyl
transferase—mediated dUTP nick end la-
beling (TUNEL) method (Fig. 3E) as well
as by genomic DNA fragmentation (30).
Taken together, these observations indi-
cate that overexpression of ASKI results
in apoptosis.

Tumor necrosis factor—a (TNF-a) caus-
es apoptosis and activates both SAPK and
p38 signaling systems (4, 31). We therefore
examined whether treatment of cells with
TNF-a resulted in the activation of ASK1.
ASK1 immunoprecipitates from TNF-a—
treated cells were subjected to a coupled
kinase assay with MKK3 and catalytically
inactive p38 (Fig. 4, A and B). Treatment
of cells with TNF-a activated the ASK1 in
ASKIl-transfected MvlLu cells within 5
min (Fig. 4A) in a dose-dependent manner
(Fig. 4B). In addition, endogenous ASK1
was also activated by TNF-a in other cell
types in which apoptosis is induced by
TNF-a, including human 293 embryonal
kidney cells, A673 rhabdomyosarcoma
cells (Fig. 4A), Jurkat T cells, and KB

epidermal carcinoma cells (22). Further-
more, when ASK1(K709R) was transient-
ly transfected into 293 cells (transfection
efficiency was greater than 60% as deter-
mined by B-galactosidase staining) (Fig.
4C) or Jurkat cells (32) (Fig. 4D), DNA
fragmentation induced by TNF-a was re-
duced, suggesting that ASK1(K709R) acts
as a dominant-negative mutant, and that
ASK1 is necessary for the TNF-a~induced
apoptotic response.

Our results suggest that proinflammatory
cytokines may activate ASK1, which con-
tributes to cellular apoptosis, possibly by ac-
tivating SEK1-SAPK and MKK3/MAPKK6-
p38 signaling cascades. SAPK and p38 sig-
naling pathways are both indispensable for
apoptosis triggered by nerve growth factor
withdrawal in differentiated neuronal cells
(25). However, a possibility that ASK1-in-
duced apoptosis in our system is mediated by
effector pathways other than SAPK and p38
is not excluded. ASK1 might be a constitu-
tively active kinase because ASK1 that was
transiently expressed in COS7 cells or in-
duced by ZnCl, in Mv1Lu cells was active in
vitro and in vivo. However, overexpression
of ASK1 might result in activation, or the
transfection procedure or the treatment with
a heavy metal may subject the cells to stress,
and thereby activate ASK1. Thus, identifi-
cation of regulatory mechanisms of ASK1
should provide insights into signaling path-
ways leading to apoptosis.

REFERENCES AND NOTES

1. T. W. Sturgill and J. Wu, Biochim. Biophys. Acta
1092, 350 (1991); E. Nishida and Y. Gotoh, Trends
Biochem. Sci. 18, 128 (1993); B. Errede and D. E.
Levin, Curr. Opin. Cell Biol. 5, 254 (1993); C. J. Mar-

SCIENCE ¢ VOL.275 < 3]JANUARY 1997

shall, Curr. Opin. Genet. Dev. 4, 82 (1994).

2. R. J. Davis, Trends Biochem. Sci. 19, 470 (1994); A.
J. Waskiewicz and J. A. Cooper, Curr. Opin. Cell
Biol. 7, 798 (1995).

3. J. M. Kyriakis and J. Avruch, J. Biol. Chem. 265,
17355 (1990); B. Dérijard et al., Cell 76, 1025 (1994);
M. Yan et al., Nature 372, 798 (1994); K. Yamaguchi
et al., Science 270, 2008 (1995).

. J. M. Kyriakis et al., Nature 369, 156 (1994).

. |. Sdnchez et al., ibid. 372, 794 (1994).

. B. Dérijard et al., Science 267, 682 (1995); A. Lin et
al., ibid. 268, 286 (1995).

7. S.Matsuda, H. Kawasaki, T. Moriguchi, Y. Gotoh, E.

Nishida, J. Biol. Chem. 270, 12781 (1995).

8. J.Hanetal., ibid. 271, 2886 (1996); J. Raingeaud, A.
J. Whitmarsh, T. Barrett, B. Dérijard, R. J. Davis, Mol.
Cell. Biol. 16, 1247 (1996); T. Moriguchiet al., J. Biol.
Chem. 271, 13675 (1996).

9. P. ten Dike et al., Oncogene 8, 2879 (1993); P.
Franzén et al., Cell 75, 681 (1993); P. ten Dike et al.,
Science 264, 101 (1994).

. S. K. Hanks, A. N. Quinn, T. Hunter, Science 241, 42
(1988).
An amplified oligo(dT)-primed Agt11 cDNA library
from human erythroleukemia (HEL) cells [M. Poncz et
al., Blood 69, 219 (1987)] was screened with a 32P-
labeled PCR fragment. Hybridization and purification
of positive bacteriophage were performed as de-
scribed (33). Nucleotide sequencing was done on
both strands with a Sequenase DNA sequencing kit
(U.S. Biochemical). Among 18 clones obtained, the 3
longest clones, termed clone 20, clone 27, and clone
72, were entirely sequenced. The sequence of clone
72 started from the middle of the open reading frame
and ended by a stretch of polyadenylate. The se-
quences of clones 20 and 27 covered the 5’ part of
ASK1 cDNA, and the overlapping parts with clone 72
were identical in sequence. The ASK1 cDNA se-
quence, combining the clone 20 and clone 72, yield-
ed a 4533-base pair (bp) sequence with an ATG
codon starting at position 268 followed by a 4175-bp
open reading frame encoding 1375 amino acids.

Clone 27 contained a 4-bp deletion at position 805

to 808 with in-frame upstream stop codons, result-

ing in an NH,-terminally truncated protein product of

ASK1 (Fig. 1A). Although the functional importance

of this truncated form of ASK1 is unknown, the long-

er form of ASK1 derived from the overlapping clones

20 and 72 was used for the functional studies

throughout this report.

T. Maeda, M. Takekawa, H. Saito, Science 269, 554

(1995).

[N I

11.

12.

13.

93



15.

16.
17.

18.
19.

20.

21,

94

PR A PIPEE R Ne PR A

. ASK1 cDNA was introduced into a yeast expression

plasmid pNV11 [H. Shibuya et al., Nature 357, 700
(1992)]. SHO1 is an SH3 domain—-containing trans-
membrane osmosensor that constitutes another sig-
naling pathway leading to hyperosmolarity respons-
es by way of HOG1 activation independently of
SSK2 or SSK22 (13). Single or double mutant strains
of SHO1, SSK2, or SSK22 are resistant to hyperos-
motic medium; however, strains with defects in
SHO1, SSK2, and SSK22 are unable to grow in
hyperosmotic medium.

ASK1 could not restore the osmotic response in a
PBS2 [downstream target of SHO1, SSK2, and
SSK22 (13)]-defective yeast strain (K. Irie and K.
Matsumoto, unpublished data), which indicates that
ASK1 activity observed in TM257-H1 was mediated
by the PBS2-HOGH signaling pathway.

J. Rouse et al., Cell 78, 1027 (1994).

J. Han, J.-D. Lee, L. Bibbs, R. J. Ulevitch, Science
265, 808 (1994).

J. C. Lee et al., Nature 372, 739 (1994).

Xenopus MAPK [Y. Gotoh et al., EMBO J. 10, 2661
(1991)] and Xenopus MAPKK (34) were cloned as
described. Coding regions for rat SAPK« (4), human
p38 [J. Han, B. Richter, Z. Li, V. V. Kravchenko, R. J.
Ulevitch, Biochim. Biophys. Acta 1265, 224 (1995)],
mouse SEK1 (5), and human MKK3 (6) were ampli-
fied by PCR. An HA tag was introduced into the Bgl
Iland Eco Rl sites of a mammalian expression vector
pSRa456 [Y. Takebe et al., Mol. Cell. Biol. 8, 466
(1988)], yielding pSRa-HA1. The cDNAs encoding
MAPK, SAPKa, p38, MAPKK, SEK1, and MKK3
were subcloned into the Bgl Il site of pSRa-HAT.
ASK1 cDNA was introduced into another mammali-
an expression vector, pcDNA3 (Invitrogen). For tran-
sient expression, COS7 cells were transfected with
lipofectamine (Life Technologies) according to the
manufacturer’s instructions. For preparing extracts,
cells were lysed in a buffer solution containing 20 mM
tris-HCI (pH 7.5), 12 mM B-glycerophosphate, 150
mM NaCl, 5 mM EGTA, 10 mM NaF, 1% Triton
X-100, 0.5% deoxycholate, 3 mM dithiothreitol
(DTT), 1 mM sodium vanadate, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and aprotinin (20 wg/ml).
Cell extracts were clarified by centrifugation at
15,000g for 10 min. For immunoprecipitation, the
supernatants were incubated with polyclonal anti-
serum to ASK1 (24) or monoclonal antibody to HA
(12CA5) for 1 hour at 4°C. After the addition of pro-
tein A-Sepharose (Pharmacia Biotech), the lysates
were incubated for an additional 1 hour. The beads
were washed twice with a solution containing 500
mM NaCl, 20 mM tris-HClI (pH 7.5), 5 MM EGTA, 1%
Triton X-100, 2 mM DTT, and 1 mM PMSF, then
twice with a solution containing 150 mM NaCl, 20
mM tris-HCI (pH 7.5), 5 mM EGTA, 2 MM DTT, and
1 mM PMSF and subjected to kinase assays.
Myelin basic protein was from Sigma. ATF2 was
provided by S. J. Baker and T. Curran (St. Jude
Children’s Research Hospital). Hexahistidine (His)-
tagged c-Jun (7) and glutathione-S-transferase
(GST )-catalytically inactive (K57D) Xenopus MAPK
(84) were prepared as described. MPK2 (16), a Xe-
nopus counterpart of mammalian p38, was used as
a substrate for SEK1 and MKK3. SEK1 phospho-
rylates and activates p38 as well as SAPK at least in
vitro (6). His-tagged catalytically inactive (K54R) p38
was prepared as described [T. Moriguchi et al.,
J. Biol. Chem. 270, 12969 (1995)]. To measure the
activity to phosphorylate MBP, c-Jun, ATF2, or cat-
alytically inactive MAPK or p38, we incubated the
immune complex for 30 min at 30°C with 3 ug of
each substrate in a final volume of 25 wl of a solution
containing 20 mM tris-HCI (pH 7.5), 10 mM MgCl,,
and 100 wM [y-32P]JATP (adenosine triphosphate)
(0.3 nCi). The reaction was stopped by addition of
Laemmli’s sample buffer and boiling. After SDS-
polyacrylamide gel electrophoresis (PAGE), phos-
phorylation of these proteins was quantified with an
image analyzer (Fujix BAS2000).

His-tagged Xenopus MAPKK and SEK1 (XMEK2)
and human MKK3 and MAPKK6E were bacterially
expressed and purified as described [Y. Gotoh et al.,
Oncogene 9, 1891 (1994)]. To measure the activity
of an immune complex, we first incubated 0.2 g of

=

ISR R TT S L TS T PR R

His-MAPKK, His-SEK1, His-MKK3, or His-MAPKK6
with the immune complex for 15 min at 30°C in a final
volume of 25 ul of a solution containing 20 mM
tris-HClI (pH 7.5), 10 mM MgCl,, and 100 uM ATP
and subsequently for 7 min at 25°C with 0.3 pCi of
[y-%2PJATP and 3 wg of GST-catalytically inactive
MAPK (for MAPKK) or His-tagged catalytically inac-
tive p38 (for SEK1, MKK3, and MAPKK®) in the same
solution (final volume, 35 pl). To measure the kinase
activity of wild-type p38, we used His-tagged wild-
type p38 and ATF2 instead of catalytically inactive
p38. Samples were analyzed by SDS-PAGE and im-
age analyzer.

Y. Gotoh and E. Nishida, unpublished data.

To avoid the possibility that constitutively expressed
ASK1 might induce cell death, resulting in a failure to
obtain stable transformants, we used a metal-
lothionein-inducible promoter system. ASK1 and
ASK1(K709R) cDNAs were subcloned into pMEP4
vector (Invitrogen) at convenient enzyme cleavage
sites. Transfection of cDNAs was done with Trans-
fectam (Promega) according to the manufacturer’'s
instructions, and selection by hygromycin B was
done as described [M. Saitoh et al., J. Biol. Chem.
271, 2769 (1996)]. Several independent colonies
were cloned, and the expression of ASK1 protein
was determined by immunoprecipitation (33) with
antiserum to ASK1 (24). Two independent positive
clones were used for the assays with essentially the
same results.

Antiserum to ASK1 was raised against the peptide
sequence TEEKGRSTEEGDCESD (amino acids 554
to 669) that was coupled to keyhole limpet hemocy-
anin by a glutaraldehyde method, mixed with
Freund’s adjuvant, and used to immunize rabbits as
described (33).

Z. Xia, M. Dickens, J. Raingeaud, R. J. Davis, M. E.
Greenberg, Science 270, 1326 (1995).

Y.-R. Chen, C. F. Meyer, T.-H. Tan, J. Biol. Chem.
271, 631 (1996).

N. L. Johnson et al., ibid., p. 3229.

M. Verheij et al., Nature 380, 75 (1996).

To measure the activity of SAPK, we subjected each
cell extract to a kinase detection assay within a poly-
acrylamide gel (in-gel kinase assay) containing c-Jun
as a substrate, as described (7). To examine the
activity of p38, we immunoprecipitated p38 with
polyclonal antibody to p38 (C-20, Santa Cruz) as
described (19) except for the presence of 0.1% SDS
during the immunoprecipitation, and the kinase ac-

22.
283.

24,

25.
26.
27.

28.
29.

YLD
=

tivity was detected with ATF2 as a substrate.

H. Ichijo and K. Miyazono, unpublished data.

J. Raingeaud et al., J. Biol. Chem. 270, 7420 (1995).
The pcDNA3-ASK1(K709R) plasmid was trans-
fected into Jurkat cells by DMRIE-C reagent (Life
Technologies) together with pHook-1 plasmid (In-
vitrogen), which encodes a single-chain antibody fu-
sion protein directed to the hapten phOx (4-
ethoxymethylene-2-phenyl-2-oxazolin-5-one)  and
thereby allows the selective isolation of transfected
cells with magnetic beads coated with phOx.
ASK1(K709R)-transfected populations of cells (co-
transfection efficiency was nearly 100% as deter-
mined by B-galactosidase staining) were isolated on
phOx-coated magnetic beads with the Capture-Tec
kit (Invitrogen), allowed to grow, counted, and treat-
ed with TNF-a.. Nontransfected Jurkat cells and iso-
lated Jurkat cells that were transfected with pHook-
1, and control pcDNAS plasmids were similarly sen-
sitive to TNF-« in the DNA fragmentation assay (30).
H. Ichijo et al., J. Biol. Chem. 268, 14505 (1993).
H. Kosako, E. Nishida, Y. Gotoh, EMBO J. 12, 787
(1993).

Cytoplasmic small fragmented DNA was isolated as
described [K. S. Selins and J. J. Cohen, J. Immunol.
139, 3199 (1987)] with minor modifications. Briefly,
3 X 108 cells were lysed with 200 wl of a buffer
containing 20 mM tris-HCI (pH 7.5), 10 mM EDTA,
and 0.5% Triton X-100. Cell extracts were clarified by
centrifugation at 15,000g for 5 min. The lysates were
incubated with proteinase K (0.2 mg/ml) and ribonu-
clease A (0.1 mg/ml) at 42°C for 1 hour. DNA was
then purified by ethanol precipitation after phenol-
chloroform extraction.

We thank S. J. Baker and T. Curran for ATF2; T.
Maeda for TM257-H1; M. Poncz for HEL cDNA
library; H. Okazaki and T. Sudo (Kirin Brewery, Ja-
pan) for oligonucleotides and advice; T. Kitagawa
and C.-H. Heldin for valuable comments; A. Hanyu
for technical assistance; U. Engstréom for preparing
the synthetic peptide; and K. Saeki, T. Inage, K.
Takeda, H. Nishitoh, and K. Tobiume for discus-
sion. Supported by Grants-in-Aid for scientific re-
search from the Ministry of Education, Science,
and Culture of Japan. H.l. and K.M. are supported
by grants from Mochida Memorial Foundation for
Medical and Pharmaceutical Research and Toray
Scientific Foundation.

30.
31.
32.

33.
34.

35.

36.

7 August 1996, accepted 28 October 1996

Detecting Phases of Iron

C. S Yoo et dl. (I) conducted in situ
heating experiments on Fe at pressures (P)
up to 130 GPa and conclude that (i) the B
phase recognized by Saxena et al. (2) and
Boehler (3) does not exist, but instead that
there is an €’ phase which occupies part of
the stability field of the y phase (FCC); (ii)
only the € (HCP) phase is stable above 50
GPa; and (iii) there may be a new phase
appearing above P of 110 GPa and a tem-
perature (T) of 3000 K. None of these
conclusions is warranted on the basis of the
x-ray data as presented by Yoo et al. (1). We
have used the same experimental facilities
(4) and obtained results that show evidence
of transformation of € (HCP) to a DHCP
structure. On the basis of our further work
(5), we confirm that the DHCP phase is
indeed the B phase and that its stability
SCIENCE
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extends beyond P of 50 GPa.

Our difficulty in accepting the results of
Yoo et al. (1) is apparent from the data in
figure 4 of their report: There is a striped
area representing an €' phase of Fe in the
middle of the y phase field; no x-ray pattern
of this ¢’ phase is given in the report. The
PT of the v phase field is established from
the results of several different workers on
the basis of different techniques, including
resistance-wire heating performed by one of
the co-authors of the Yoo et al. (I) report.
The triple point y(or B)-e-melt was located
at 76.5 = 4 GPa and 2950 = 100 K by
Saxena et al. (2) after consideration of all
the available experimental data. There is no
discussion of why all this data should be
abandoned in favor of a study based on the
use of an unstabilized laser.



