sion (3, 4, 9, 11, 23, 24). APC and GSK38
have been implicated in the control of
B-catenin stability. We demonstrate here
that conductin interacts with B-catenin,
APC, and GSK38. Conductin overexpres-
sion directs B-catenin to the degradation
pathway without functional APC. Mutants
of conductin act antagonistically in this
pathway. Moreover, APC fragments that in-
terfere with conductin-APC interaction in-
hibit degradation of B-catenin. Conductin,
therefore, is positioned downstream of APC
in this regulatory pathway. The related pro-
tein axin, which suppresses axis formation in
mice (15), might function similarly.
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Activation of the Protein Kinase p38 in the
Spindle Assembly Checkpoint and Mitotic Arrest

Katsuya Takenaka, Tetsuo Moriguchi, Eisuke Nishida*

The mitogen-activated protein kinase (MAPK) superfamily comprises classical MAPK
(also called ERK), c-Jun amino-terminal or stress-activated protein kinase (JNK or SAPK),
and p38. Although MAPK is essential for meiotic processes in Xenopus oocytes and the
spindle assembly checkpoint in Xenopus egg extracts, the role of members of the MAPK
superfamily in M phase or the spindle assembly checkpoint during somatic cell cycles
has not been elucidated. The kinase p38, but not MAPK or JNK, was activated in
mammalian cultured cells when the cells were arrested in M phase by disruption of the
spindle with nocodazole. Addition of activated recombinant p38 to Xenopus cell-free
extracts caused arrest of the extracts in M phase, and injection of activated p38 into
cleaving embryos induced mitotic arrest. Treatment of NIH 3T3 cells with a specific
inhibitor of p38 suppressed activation of the checkpoint by nocodazole. Thus, p38
functions as a component of the spindle assembly checkpoint in somatic cell cycles.

MAPKs are serine-threonine kinases that
are activated by various mitogens that in-
duce transition from the quiescent state
into the cell cycle division (1). MAPK is
also activated during meiotic maturation in
Xenopus oocytes and has an essential role in
both the transition from G, to M phase of
meiosis and metaphase arrest of mature oo-
cytes (2—4). Although these results suggest-
ed the possible role of MAPK/ERK in the
mitotic M phase also, little or no activation
of MAPK is detected during M phase of
somatic cell cycles. In an in vitro cell cycle
system derived from Xenopus egg extracts,
MAPK is required for the spindle assembly
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checkpoint mechanism (5, 6), a mechanism
conserved evolutionarily and essential for
accurate transmission of genetic informa-
tion to the daughter cells (7). Although a
requirement for MAPK in the spindle as-
sembly checkpoint in somatic cells has also
been suggested because injection of MAPK
phosphatase (XCL100) overcomes the
checkpoint (8), activation of MAPK in
cells arrested in M phase as a result of
spindle assembly defects has not been ob-
served. However, one or more MAPK-relat-
ed molecules appears to be activated in the
nocodazole-treated cells arrested in M
phase (9). We therefore tested whether
JNK or p38 (also known as MPK2, CSBP,
or HOG1) might participate in the spindle
assembly checkpoint of somatic cell cycles.

Lysates of nocodazole-arrested mitotic

NIH 3T3 cells released from flasks by shak-
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ing contained kinase activity toward his-
tone H1, a measure of maturation-promot-
ing factor (MPF), confirming that the re-
leased cells were in M phase (Fig. 1A).
Immune-complex kinase assays with anti-
body to p38 (anti-p38) revealed that the
activity of p38 from mitotic cell lysates was
three to four times greater than that from
interphase cells, although the precipitates
contained nearly equal amounts of p38 (Fig.
1B). These results indicate that p38 is acti-
vated in nocodazole-arrested mitotic cells.
The activation of p38 in nocodazole-treated
mitotic cells was comparable to that in cells
treated with arsenite or anisomycin, which
are activators of p38 (Fig. 1C). By contrast,
JNK was not activated in nocodazole-arrest-

Fig. 1. Activation of p38
in  nocodazole-arrested
cells. (A and B) Lysates
were obtained from no-
codazole-arrested  mi-
totic NIH 3T3 cells that
were prepared by me-
chanical shake-off from
flasks (S, lane 2) or from
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w = < IgG
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ed cells, although it was activated in cells
treated with arsenite or anisomycin. MAPK
was also not activated in nocodazole-arrest-
ed cells. Activation of p38 was also ob-
served in nocodazole-arrested Hela cells
(Fig. 1D).

In nocodazole-treated cells, removal of
nocodazole releases cells from mitotic ar-
rest, and the cells progress from M to G,
phase. We investigated the activity of p38
in such cells. The inactivation of histone
H1 kinase activity (Fig. 2A) and microscop-
ic observation (10) confirmed that the cells
exited from M phase. Immune-complex ki-
nase assays showed that p38 was inactivated
before MPF after the release from the no-
codazole arrest (Fig. ZA). This result is con-
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IgG, immunoglobulin G. (C) Kinase activities of the members of the MAPK superfamily were measured
by immune-complex kinase assays with ATF2, Jun, myelin basic protein (MBP), or histone H1 as
substrate (27). NIH 3T3 cells were deprived of serum (lane 3) and stimulated by addition of calf serum
(10%) for 5 min (CS, lane 4). Growing cells were stimulated by 50 uM arsenite for 15 min (Ars, lane 5) or
by anisomycin (1 pg/ml) for 30 min (Anis, lane 6). (D) Lysates were obtained from Hela cells as described
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sistent with the idea that activated p38
functions to maintain the activity of MPF.

The kinase p38 is activated in response
to various kinds of stresses (11). To deter-
mine whether nocodazole-induced activa-
tion of p38 occurred specifically in M phase
¢ells as a result of the spindle assembly
defect or nonspecifically irrespective of the
cell cycle, we treated cells in various phases
of the cell cycle with nocodazole and as-
sayed the activity of p38. Cells were syn-
chronized in G, phase by culture without
serum and then induced to enter the cell
cycle by addition of serum. Nocodazole
treatment for 4 hours did not cause activa-
tion of p38 when most cells were in G, or S
phase, but did stimulate the activity of p38
when most of the cells were in M phase
{Fig. 2B). To examine whether p38 is acti-
vated in normal M phase without nocoda-
tole, we synchronized Hela cells at the
G;-S phase boundary by a double thymidine
block and released them into the cell cycle.
In the absence of nocodazole, most cells
proceeded through M phase about 9 hours
after release and then progressed to inter-
phase (Fig. 2C). During this period, activa-
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Fig. 3. Mitotic arrest induced by activated p38 in
cell cycle extracts. (A} Recombinant p38 alone
(lane 1) or a mixture of recombinant MKK6 and
recombinant p38 (lane 2) was incubated with
ATP, and then assayed for phosphorylation of
ATF2 (17). MKKG6 alone showed no kinase activity
toward ATF2. (B) Activation of exogenous GST-
p38 in the extracts treated with nocodazole. Xe-
nopus egg extracts were incubated for 80 min at
room temperature with recombinant GST-p38,
recombinant MKK6, and 9000 sperm nuclei per
microliter in the presence or absence of nocoda-
zole (Noc, 10 pg/ml) (22). MPF activities were
measured as histone H1 kinase activities (lanes 1
and 2). GST-p38 was immunoprecipitated with
anti-GST and assayed for kinase activity toward
ATF2 (lanes 3 and 4). Immunoprecipitates were
immunoblotted with an anti-GST (lanes 5 and 6).
(C) Xenopus egg extracts were incubated with
buffer, p38, MKK6+p38, or Ste11AN (23). Sam-
ples were withdrawn at 10-min intervals and as-
sayed for histone H1 kinase activity.
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tion of p38 was not observed, whereas in
cells treated with nocodazole, both MPF
and p38 were activated. Thus, nocodazole
treatment appears to activate p38 by dis-
rupting spindle formation in M phase cells.

Our results raised the possibility that p38
functions in the spindle assembly check-
point. The spindle assembly checkpoint is
the mechanism that prevents cells from ini-
tiating anaphase and leaving mitosis until
the spindle has been fully assembled. We
therefore examined whether the activated
p38 could cause arrest of the cell cycle in M
phase. Although purified recombinant p38
expressed in Escherichia coli exhibited only
weak kinase activity (Fig. 3A), after incuba-
tion with recombinant histidine-tagged
MAPK kinase 6 (MKK®6), a specific activa-
tor of p38, it became strongly activated (Fig.
3A). In the cell cycle of Xenopus egg ex-
tracts, MAPK is required for the spindle
assembly checkpoint (5, 6), and activation
of MAPK alone by Stel1AN, a constitutive-
ly active MAPK kinase kinase (MAPKK-K),
is sufficient to induce mitotic arrest (6) (Fig.
3C). In this system, the amounts of endoge-
nous p38 (MPK2) and XMEK3 (a Xenopus
homolog of MKK6) are low (12). When
recombinant p38 and MKK6 were added to
the extracts, the added p38 was activated
during mitotic arrest induced by nocodazole
(Fig. 3B). Thus, although MAPK is respon-
sible for the checkpoint in the extracts
(probably because of the much larger
amount of MAPK than p38), the signal pro-
duced by the spindle depolymerization could
be transmitted through p38 as well. We ex-

A MKK6+p38
I

Fig. 4. Mitotic arrest of cleaving embryos induced
by activated p38. (A) Activated p38 with MKK® (I
and ll) or control buffer (IV) was microinjected into
one blastomere of Xenopus embryos at the two-
cell stage (24). The embryos were cultured at
room temperature for 4 hours and photographed.
(B) The embryos shown in (A) were lysed and
assayed for histone H1 kinase activity.
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amined whether active p38 could arrest cell
cycle extracts in M phase in the absence of
nocodazole. Upon incubation at room tem-
perature, periodic activation of histone H1
kinase activity occurred in the extracts with
no additives (Fig. 3C). Addition of purified
recombinant p38 that had not been activat-
ed did not affect the periodic activation and
deactivation of MPF. In contrast, when re-
combinant p38 that had been activated with
MKK6 was added to the extracts, high MPF
activity was maintained after the first M
phase (Fig. 3C). Thus, activated p38 can
arrest the in vitro cell cycle in M phase.
To examine whether p38 can also in-
duce mitotic arrest in the cell cycle in vivo,
we microinjected activated p38 into one
blastomere of a €*o-cell Xenopus embryo
(13). This resulted in cleavage arrest usually
at the two- or four-cell stage (Fig. 4A).
About 37% of the embryos were arrested in
the t*o-cell stage, about 39% in the four-
cell stage, and about 5% in the later stages.
Injection of buffer alone induced no cleav-
age arrest. The embryos injected with the
activated p38 had higher histone H1 kinase
activity than those injected witn buffer
(Fig. 4B), suggesting that the cleavage ar-
rest was a mitotic arrest. Because endoge-
nous MAPK was not activated by treatment
of embryos or extracts with activated p38
plus MKK&6 (10), we can exclude the possi-
bility that the added MKK6 might act by
way of MAPK. These results thus indicate
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Fig. 5. Suppression of nocodazole-induced MPF
activation by a specific inhibitor of p38. (A) NIH
3T3 cells were deprived of serum and released
into the cell cycle by addition of serum. After 17
hours, SB203580 (SB, 20 pM) was added, and
nocodazole (Noc) was added 3 hours later. At the
indicated times after the addition of nocodazole,
cell lysates were prepared and histone H1 kinase
activities were measured. (B) NIH 3T3 cells were
deprived of serum and released into the cell cycle
by addition of serum. Nocodazole was added 20
hours after the addition of serum, and SB203580
(20 M) was added 4 hours later. Cell lysates were
prepared at the indicated times after the addition
of SB203580 and histone H1 kinase activities
were measured.
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that p38, if activated, can arrest the cell
cycle in M phase (14).

To examine whether inhibition of p38
could cause loss of the checkpoint function,
we used a specific inhibitor of p38,
SB203580 (15). We treated synchronized
NIH3T3 cells with or without SB203580
and then exposed the cells to nocodazole.
Activation of MPF by nocodazole was sup-
pressed in cells treated with SB203580 (Fig.
5A). Moreover, when SB203580 was added
to nocodazole-arrested cells, the activity of
MPF decreased with time (Fig. 5B). Thus,
the spindle assembly checkpoint function is
compromised in the presence of the p38
inhibitor. In Xenopus egg extracts, where
MAPK, not p38, is responsible for the
checkpoint, SB203580 did not inhibit the
checkpoint function (10), suggesting that
the drug appears not to affect components
of the spindle assembly checkpoint other
than p38.

Microinjection of XCL100, a phospha-
tase that dephosphorylates and inactivates
MAPK and p38, into Xenopus tadpole cells
abrogates the normal spindle assembly
checkpoint (8). This result, together with
our findings, indicates that activity of p38 is
required for checkpoint function in somatic
cell cycles.

Studies in yeast have revealed several
components of the spindle assembly check-
point, such as MAD and BUB genes (7).
The recent identification of Xenopus and
human homologs of MAD2 indicates that
the mechanism of the spindle assembly
checkpoint is conserved evolutionarily from
yeast to vertebrates (16). Because MAPK
takes part in the cytostatic factor arrest of
unfertilized Xenopus eggs (3, 4) and active
MAPK or p38 can induce mitotic arrest in
cleaving embryos (3) and in in vitro cell
cycles (6), a common target for MAPK and
p38 might contribute to mitotic arrest.
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kinase activity was determined with myelin basic
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protein (MBP; 0.3 mg/ml) as a substrate in the pres-
ence of 100 pM ATP, 5 wGi of [y-22PJATP, and 15
mM MgCl, for 30 min at 30°C. JNK was immuno-
precipitated with an antibody to a COOH-terminal
peptide of JNK (Santa Cruz) and assayed as de-
scribed [T. Moriguchi, H. Kawasaki, S. Matsuda, Y.
Gotoh, E. Nishida, J. Biol. Chem. 270, 12969
(1995)].

22. Xenopus egg extracts were prepared as described
[A. W. Murray, Methods Cell Biol. 36, 573 (1991)].
Recombinant GST (gluthathione S-transferase)-p38
and histidine-tagged MKK®6 proteins were added to
the extracts at a final concentration of 0.1 mg/ml
each.

23. Recombinant GST-p38 protein was incubated with

or without recombinant MKK6 protein (77). Ste11AN
was expressed in E. coli as described (6). Recombi-
nant proteins were then added to the cell cycle ex-
tracts (final concentration, 0.1 mg/ml).

24, Samples (10 nl) were microinjected into one blas-
tomere of the two-cell embryo as described (4).

25. We thank Y. Grotoh and M. Fukuda for helpful dis-
cussions and N. Masuyama for assistance in the
microinjection experiments. K.T. and T.M. are Re-
search Fellows of the Japan Society for the Promo-
tion of Science. Supported by Grants-in-Aid from the
Ministry of Education, Science, and Culture of Japan
(ENL).
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Supramolecular Structure of the
Salmonella typhimurium Type lll
Protein Secretion System
Tomoko Kubori,* Yukiyasu Matsushima, Dai Nakamura,

Jaimol Uralil, Maria Lara-Tejero, Anand Sukhan,
Jorge E. Galan,t Shin-Ichi Aizawa

The type lll secretion system of Salmonella typhimurium directs the translocation of
proteins into host cells. Evolutionarily related to the flagellar assembly machinery, this
system is also present in other pathogenic bacteria, but its organization is unknown.
Electron microscopy revealed supramolecular structures spanning the inner and outer
membranes of flagellated and nonflagellated strains; such structures were not detected
in strains ¢arrying null mutations in components of the type Il apparatus. Isolated
structures were found to contain at least three proteins of this secretion system. Thus,
the type Il apparatus of S. typhimurium, and presumably other bacteria, exists as a
supramolecular structure in the bacterial envelope.

Several plant and animal bacterial patho-
gens have evolved a specialized protein se-
cretion system, termed type 111, to interact
with host cells [reviewed in (I)]. Charac-
teristics of this system are (i) the absence of
a typical, cleavable, sec-dependent signal
sequence in secreted substrates; (ii) the re-
quirement of accessory proteins for secre-
tion; (iii) the export of proteins through
both the inner and outer bacterial mem-
branes; and (iv) the requirement of activat-
ing signals to initiate secretion. Although
most of the putative components of this
system have been identified, little is known
about their function or their organization in
the bacterial envelope. Genetic analyses
have established that these systems are both
structurally and functionally conserved
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across bacterial species (2).

The human pathogen Salmonella typhi-
murium encodes two type III secretion sys-
tems, although only one of them, located at
centisome 63 of its chromosome, appears to
be expressed in vitro (3). This system di-
rects the translocation of several bacterial
proteins into the host cell (4), which acti-
vate host cell signaling pathways, leading to
a variety of responses, such as reorganiza-
tion of the actin cytoskeleton, cytokine pro-
duction, and the induction of programmed
cell death in macrophages (1). This system
has also been associated with the assembly
of invasomes, appendage-like structures
that appear on the bacterial surface upon
contact with host cells (5). Some of the
putative components of the secretion appa-
ratus share sequence homology with pro-
teins of the flagellar export machinery, sug-
gesting an evolutionary relation.

The similarity between type III secretion
components and the flagellar export ma-
chinery prompted us to investigate whether
the S. typhimurium cell envelope contains
structures similar to those involved in
flagellar assembly. A mutant strain with a
deletion in the flhC gene and therefore
lacking all flagellar proteins was osmotically
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