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ing contained kinase activity toward his- 
tone HI ,  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 
activitv of v38 from mitotic cell lvsates was 

r .  

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 com~arable 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- 

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. ID). 

In nocodazole-treated cells, removal of 
nocodazole releases cells from mitotic arL 
rest, and the cells progress from M to G1 
phase. We investigated the activity of p38 
in such cells. The inactivation of histone 
H1 kinase activity (Fig. 2A) and microscop- 
ic observation (1 0) 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. 2A). This result is con- 

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 
cells that remained on 
the flasks (R, lane 1) (18). 

C p38 JNK . D ,$@ 
9 5 &G*V%* 9 5 @ G ~ ~ w ~  9 5 3M5 

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 ( I  1 ). To deter- 
tnine whether nocodazole-induced activa- 
tion of p38 occurred specifically in M phase 
sells 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- 
3ayed the activity of p38. Cells were syn- 
chronized in Go 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 G1 or S 
phase, but did stimulate the activity of p38 
when most of the cells were in M vhase 
(Fig. 2B). To examine whether p38 i; acti- 
vated in normal M phase without nocoda- 
dole, we synchronized HeLa cells at the 
GI-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- 

. . 
(A) MPF activities n ly- , *1, , 4ATF.2 
sates were measured as 

*-4Jun - 0 4ATF2 A $B 
$,." Noc - + lmrnunoblot 

histone H1 kinase activi- 1  2  3 4  5 6 1 2 3 4 5 6  1 2 3 4  - + - + 
ties (19). (B) Proteins 
were immunoprecipita- 

M APK H1 Kinase 1 m 4 ~ 1  - @ ~ A T M  - -.4 
o % e++ 

ted with anti-p38, and e 4 0~0~?%~+ 9 5 0 G P - P -  
4MBP - 1 2  1 2  3 4 5 6 

p38 in the precipitates 4 H 1  
was detected by immu- 4  6  1 2 3 4 5 6  C o 120 rnin 
noblotting (left) and as- Buffer sayed for kinase activity toward activating transcription factor 2 (ATF2) (right) (20). The result of the 

4H1 

kinase assay represents the average of three independent experiments and is shown as a fold increase. 
IgG, immunoglobulin G. (C) Kinase activities of the members of the MAPK superfamily were measured p38 
by immune-complex kinase assays with ATF2, Jun, myelin basic protein (MBP), or histone H1 as 
substrate (21). NIH 3T3 cells were deprived of serum (lane 3) and stimulated by addition of calf serum MKKI~ 
(1 0%) for 5 min (CS, lane 4). Growing cells were stimulated by 50 pM arsenite for 15 min (Ars, lane 5) or + ~ 3 8  mm 
by anisomycin (1 pg/ml) for 30 min (Anis, lane 6). (D) Lysates were obtained from HeLa cells as described 
for NIH 3T3 cells and assayed for p38 activity. StellbN I- - .  

A B Fig. 2. Deoendence of the 

4% io",@+'p.9c. ac'vat$on of p38 bv nocoda- 
HI  Kinase P38 6'p..i"d~ d& zole on cell cycle s t q e  and 

GO0.5 1 2 h  GO0.51  2 h  sp~ndle depolvmerirat!on 

~ A T F ~  IAl NIH 3T3 cells were treat- 
ed wrth nocodazole (781, 

1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 6  and hen  the drua was 
washed out. Total cell Iv- 

C 8 9 1 0 1 1 h  8 g 101 1 h  sates were prepared from the cells orl plates a: 0 0 5. 
1 .  or 2 hours after !he removal of the druq (lanes 2 to 
51 Lvsates from serum-staved cells were also pre- - a * * 4ATF2 * * * oared Vane 1 I Activltres of histone Hf kinase and 038 
were assayed as described (Fig 1)  fB1 NIH 313 cells 
were deprived of serum aqd released into 'he cell 
cycle bv addl'on of serum The cells were then ex- 

+ NOC - * = 4ATF2 @ 4 H1 posed to nocodazole (Noel at +he indcatpd times to 4 
hours and lvsed and the activitv of p38 was mea- 
sured (lanes 2 to 61 Control lvsate was obtaineo 'rom 

thn cells 6 hours aqer the addition of serum (lane 1 )  iCI HeLa cells were svnchronized at G, S by a 
double thvmidnp block and released into the cell cvcle After release the cells were incubated wtth or 
without nocodazole and the act v ties of p38 and hlstone H I  klnase were measured 

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 (7 7). MKK6 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). lmmunoprecipitates were 
immunoblotted with an anti-GST (lanes 5 and 6). 
(C) Xenopus egg extracts were incubated with 
buffer, p38, MKK6+p38, or Stel IAN (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 Eschenclua coli exhibited only 
weak kinase activity (Fig. 3A), after incuba- 
tion with recombinant histidine-tagged 
MAPK kinase 6 (MKKB), 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 Stel lAN, 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- 

Fig. 4. Mitotic arrest of cleaving embtyos induced 
by activated p38. (A) Activated p38 with MKK6 (I 
and I I )  or control buffer (IV) was microinjected into 
one blastomere of Xenopus embtyos at the two- 
cell stage (24). The embtyos were cultured at 
room temperature for 4 hours and photographed. 
(6) The embtyos shown in (A) were lysed and 
assayed for histone H1 kinase activity. 

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 6b-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 t50-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 with 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 MKK6 (lo),  we can exclude the possi- 
bility that the added MKK6 might act by 
way of MAPK. These results thus indicate 

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 kM) 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. (6) 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 kM) was added 4 hours later. Cell lysates were 
prepared at the indicated times after the addition 
of SB203580 and histone HI kinase activities 
were measured. 

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 (lo), 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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proten was Incubated for 15 m n  at 30°C In the 
presence of 100 p M  adenosne trphosphate (ATP) 
and 15 mM MgCl,. ATF2 (5 kg)  and [y-"PIATP (1 
K C )  were then added to the mxture, whch  was 
Incubated for 10 mln Phosphorylated ATF2 was 
detected by eectrophoress and autoradography. 

18. N H  3T3 mouse fbrobasts were cultured In Dubec- 
co's modfled Eagle's medum (DMEM) contan ng 
calf serum (CS, 10%) Cells were seeded onto 225- 
om2 flasks and allowed to grow for 3 days. Cells 
were cultured In DMEM contanng CS (0 5%) for 30 
hours to synchronze cells n Go. Fresh DMEM sup- 
plemented w ~ t h  10% CS was then added to Induce 
the cells to reenter the cell cycle. After 18 hours. 

proten (MBP, 0 3 mg/m) as a substrate n the pres- 
ence of 100 JLM ATP, 5 p,Ci of [y-32P]ATP, and 15 
mM MgCI, for 30 m n  at 30°C. JNK was mmuno- 
precptated with an antbody to a COOH-termnal 
peptde of JNK (Santa Cruz) and assayed as de- 
scrbed [T Morguch~, H. Kawasak~, S. Matsuda, Y 
Gotoh. E N~sh~da, J. Biol. Chem. 270. 12969 
(1 9931 

22. Xenopus egg extracts were prepared as described 
[A W.  Murray,  weth hods Cell B~ol.  36, 573 (1991)l. 
Recombnant GST (gluthathone S-transferase)-p38 
and hstdne-tagged MKK6 protens were added to 
the extracts at a f ~ n a  concentrat~on of 0 1 mg/ml 
each 

23 Recombnant GST-p38 proten was Incubated w~ th  

or without recombnant MKK6 proten (77). Stel 1 AN 
was expressed In E coil as descrbed (6). Recombi- 
nant protens were then added to the cell cycle ex- 
tracts (fnal concentraton, 0.1 mg/m) .  

24 Samples (10 n )  were mcronjected n t o  one bas- 
tomere of the two-cell embryo as descrbed (4).  

25 We thank Y. Grotoh and M Fukuda for helpful d ~ s -  
cusslons and N Masuyama for assistance In the 
m~cro~nject~on experments. K.T and T M, are Re- 
search Fellows of the Japan Socety for the Promo- 
t o n  of Scence. Supported by Grants-n-Ad from the 
Minstry of Educaton, Scence, and Culture of Japan 
(E.N.) 
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Supramolecular Structure of the 
Salmonella typhimurium Type I I I 

Protein Secretion System 
Tomoko Kubori,* Yukiyasu Matsushima, Dai Nakamura, 

Jaimol Uralil, Maria Lara-Tejero, Anand Sukhan, 
Jorge E. Galan,? Shin-lchi Aizawa 

The type Ill 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 carrying null mutations in components of the type Ill apparatus. Isolated 
structures were found to contain at least three proteins of this secretion system. Thus, 
the type Ill apparatus of S. typhimurium, and presumably other bacteria, exists as a 
supramolecular structure in the bacterial envelope. 

Several  plant and animal bacterial patho- across bacterial species (2) .  
gens have evolved a specialized protein se- T h e  human pathogen Salmonella typhi- 
cretion system, termed type 111, to interact murium encodes two tvpe 111 secretion sys- 

nocodazole (0 4 pg/ml) was added before cells en- with host cells [reviewed- in (1 )]. Charac. 
tered M phase. M t o t c  cells were collected 4 hours 
later bv lnechanca shake-off, washed with ohos. teristics of this 'ystern are ( i )  the absence of 
phate-buffered sane  (PBS), and ysed In 50 mM a typical, cleavable, sec-dependent signal 
Hepes (pH 7.4), 100 mM NaCl, 1 mM EGTA. 20 mM senuence in secreted substrates: iii) the  re- , ~ ,  
NaF, 20 mM sodum pyrophosphate, 1 mM sodum 

' 

vanadate, 1 C/c  aproilnln, 1 mM phenylmeihylsulfonyi quirement of proteins for secre- 
fluor~de, and 1% Tr~ton X-100 C e s  remalnnq on tion; (iii) the  export of proteins through 

. flasks were scraped and ysed In the same buffir both the inner and outer bacterial mem- 
19. Extract (5 ~ 1 )  was Incubated with hstone H1 (5 kg)  In branes; and (iv) the requirement of activat. 

a fnal volume of 15 kl In the presence of 100 JLM 
ATP, of [y.32PlATP, and l5 mM MgCl, for ing signals to initiate secretion. Although 
m n  at 30°C. The reactons were termnated by the most of the  putative components of this 
add ton  of SDS-po~acryamde gel eectrophoress system have been identified, little is kllO\~ll 
(PAGE) sample buffer. After b o n g ,  the samples 
were subjected to SDS.PAGE and autoradlography about their f~mct ion  or their organization in 

20 Samlses were Incubated w~ th  ant-1338 (antbodvto a t he  bacterial envelone. Genetic analvses 
COOH-termna peptde, 20 kl: Santa 'Cruz) and 20 
pl of proten A-Sepharose In the preserrce of 0 1 Cic 
SDS for 2 hours at 4°C. The beads were washed 
three tmes w ~ t h  trs-buffered sane  [20 mM trfs-HCI 
(pH 7 . 3  150 mM NaC] contanng 0.05%Tween 20. 
For mmune-complex k~nase assays, mmunopre- 
c~p~tated beads were Incubated w th  recomb~nant 
ATF2 proten (5 kg) In a ilna volume of 20 k l  In the 
presence of 100 p M  ATP, 5 JLC [y-32P]ATP, and 15 
mM MgCl, for 30 m n  at 30°C. After eectrophoress 
radoactvty was detected by autoradography or an- 
alyzed w t h  an Image analyzer (BAS2000, FUJI Photo 
F m ) .  S m a r  results were obtaned w th  an antbody 
to recombnant p38 that we produced. 

21. MAPK was mmunoprec~p~tated w ~ t h  ant!-MAPK [Y. 
Gotoh et al., EIVBO J 10 2661 (199111, and the 
k~nase actlvlty was determned w ~ t h  m y e n  basc 

have established that  ihese systems are 60th 
structurally and f~mctionally conserved 
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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 ( I ) .  This system 
has also been associated w ~ t h  the  assemblv 
of invasomes, appendage-like structures 
that appear o n  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 a n  evolutionary relation. 

T h e  sirnilar~ty between type I11 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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