
EDTA, 1 mM EGTA. 5 mM MgCI,, 1 pM okadac ac~d, 
10 mM p-glycerophosphate, 25 mM sodium fluor~de. 
5 mM sod~um pyrophosphate, 0.2 mM phenylmeth- 
ysufony fuorde, and 2 mM d~thothretol]. Immuno- 
precptat~on was done with 9E10 antbody to Myc 
conjugated w~th proteln G-Sepharose. The Immuno- 
complex was washed three t~mes w~th the above buff- 
er contaln~ng 0 5 M NaCI and tw~ce w~th knase buffer 
[20 mM tr~s-HC (pH 7 5), 10 mM MgCI,. 1 mM EDTA, 
and 1 &M okada~c acid] contalnng 10 mM p-glycer- 
ophosphate and 10 mM sod~um pyrophosphate. The 
complex was f~nally suspended n the kinase buffer 
and incubated w~th 50 pM [y-32P]ATP and 100 pM 
PKC8 peptde (15) at 30°C. 

23 PKN was part~ally purif~ed from rat test~s by chro- 
matography on a HI-Trap Hepar~n and a Mono- 
Q column (Pharmacia) (15). The PKN fract~on 
(25 k g  of prote~n) was incubated w~th  GST-RhoA 
(1 3 nmol) loaded e~ther w~ th  GTP-y-S or GDP at 
30°Cfor 30 m n ,  and precpitated w~th gutathone- 
agarose The preclptates were washed twce w~th 
the washlng buffer 125 mM sodium 2-(N-mor- 
phol~no)ethanesulfonate (pH 6.51, 50 mM NaCI, 5 
mM MgCl,, and 0.05% Tr~ton X-1001 and subject- 
ed to SDS-PAGE. Separated protens were trans- 
ferred to a n~trocellulose membrane and probed w~th 

antibody to PKN (15). For autophosphorylat~on. the 
PKN fract~on (2 2 pg of proten) was Incubated w~th 
GST-RhoA (160 pmol) at 30°C for 2 min In a total 
volume of 11 p .  [y3'P]adenosne triphosphate (ATP) 
was then added (0 3 &M) and the reacton was con- 
tnued for 0.5 or 1 5 mln at 30% The reacton was 
term~nated by the add~ton of 50 mM EDTA and 200 
pM ATP. Antbody to PKN conjugated w~th proteln 
A-Sepharose was then added The mlxture was 
st~rred at 4°C for 2 hours and centr~fuged. The pre- 
cpltates were washed and subjected to SDS-PAGE 
The radoactive bands correspond~ng to PKN were 
excsed and the ncorporated radoactivty was deter- 
mned 

24 Singe-etter abbreviations for the amino acid resi- 
dues are as follows. A, Ala, C, Cys, D, Asp, E, Gu, F, 
Phe, G, Gly; H, HIS, I, Ile, K, Lys; L, Leu; M, Met: N, 
Asn; P, Pro, Q, Gln. R, Arg; S. Ser, T, Thr, V, Val; W, 
Trp, and Y, Tyr. 

25 hPKN (15) was d~gested w~th Sma I to solate a frag- 
ment corresponding to amino acds 30 to 365 or w~th 
Bam HI to solate afragment encodng amno acds 1 
to 538. The Bam HI fragment was then dgested w~th 
Bal I to yield two fragments encoding amno acds 1 
to 135 and 137 to 538, respectvey. Each fragment 
was ligated to pGEX and expressed. 

26 SWISS 3T3 cells were cultured w~th C3 exoenzyme (30 
&g/ml) for 3 days (1 7) Cells were then Incubated w~th 
[32P]P~ (0.5 mCi/ml) in Hepes-buffered Krebs-Ringer 
solut~on without sodum phosphate for 2 hours They 
were then st~mulated with LPA (5 pM) for 0 or 20 mln 
and ysed with 1 % Tr~ton X-100 In the wash~ng buffer 
(22) PKN was preciptated and the ~ncorporated ra- 
doact~vity was measured (23) The amount of Immu- 
noprecipitated PKN examned by ~mmunoblot (23) 
d ~ d  not d~ffer between the control and C3 exoen- 
zyme-treated cells 

27 P Madaule et a/. , FEES Lett 377, 243 (1 9951, T 
Leung, E Marser, L. Tan. L. Lim, J 6101 Chem 270, 
29051 (1995); T sh~zak et a/.. EM60 J . ,  In press 
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lden tif ication of a Putative Target for Rho as the addition of glutathlone 1 4 ) .  

Serine-Threonine Kinase Protein Kinase N Three protelns of 128, 164, and 180 kD 
(named ~ 1 2 8 ,  ~ 1 6 4 ,  and ~ 1 8 0 ,  res~ect~velv)  

Mutsuki Amano, Hideyuki Mukai, Yoshitaka Ono, 
Kazuyasu Chihara, Takeshi Matsui, Yu ko Hamajima, 
Katsuya Okawa, Akihiro Iwamatsu, Kozo Kaibuchi* 

Rho, a Ras-like small guanosine triphosphatase, has been implicated in cytoskeletal 
responses to extracellular signals such as lysophosphatidic acid (LPA) to form stress 
fibers and focal contacts. The form of RhoA bound to guanosine triphosphate directly 
bound to and activated a serine-threonine kinase, protein kinase N (PKN). Activated RhoA 
formed a complex with PKN and activated it in COS-7 cells. PKN was phosphorylated in 
Swiss 3T3 cells stimulated with LPA, and this phosphorylation was blocked by treatment 
of cells with botulinum C3 exoenzyme. Activation of Rho may be linked directly to a 
serine-threonine kinase pathway. 

R h o  is a small guanosine triphosphatase 
(GTPase) that exhibits both guanosine 
diphosphate (GDP)-GTP binding and 
GTPase activities (1 ) .  Rho has GDP- 
bound inactive and GTP-bound active 
forms that are interconvertible by GDP- 
G T P  exchange and GTPase reactions (1 ) .  
Rho has been implicated in appropriate 
responses of the cytoskeletal network to 
extracellular signals such as LPA and cer- 
tain growth factors. Rho participates in 
signaling pathways that lead to formation 
of stress fibers and focal contacts ( 2 )  and 
to regulation of cell morphology ( 3 ) ,  cell 
aggregation (4), cell motility (5), and cy- 
tokinesis (6) .  Rho also regulates the syn- 

thesis of phosphatidylinos~tol 4,S-bisphos- 
phate (7) and the transcription controlled 
by the c-fos serum response element (8).  
When cells are stimulated with certain 
extracellular s~gnals, GDP-Rho 1s convert- 
ed to  GTP-Rho, which binds to snecific 
targets and exerts its biological functions. 
However, specific targets for Rho have not 
yet been identified. 

To  e n r ~ c h  RhoA-interacting pruteins, we 
fractionated crude extracts of a bovine brain 
nie~nhrane fraction l7y adding ammonium 
sulfate (40%). The precipitated proteins 
were loaded onto one of four glutathione- 
Seuharose affinity columns on which the 
tollo\\~lng recombinant protelns were lmmo- 

were idehtifiei in the eluate from ;he GTP- 
y-S-GST-RhoA affinity column but not 
from the GST or GDP-GST-RhoA affinity 
columns, which indicates that these proteins 
specifically interacted either directly or indi- 
rectly with GTP-y-S-GST-RhoA. These 
proteins appeared to show weaker affinity for 
the effector domain mutant GST-RhoAAI7 
because less protein was retained on the 
GTP-y-S-GST-RhoAAi' affinity c o l ~ ~ m n  
than on the GTP-y-S-GST-RhoA column. 
The specificity was further examined with 
affinity-column chromatography with GST- 
Rac and GST-H-Ras as probes. Three pro- 
teins of 122, 140, and 182 kD, distinct from 
the above RhoA-interacting proteins, were 
eluted from the GTP-y-S-GST-Rac affinity 
column but not from the GDP-GST-Rac 
affinity column (Fig. IA).  We confirmed 
that the 182-kD Rac-interacting protein was 
distinguishable from p180 by electrophoresis. 
Neither p128, p164, nor p180 was eluted 
from the GTP-y-S-GST-H-Ras affinity col- 
umn. We conclude that the three proteins 
p128, p164, and p180 interact specifically 
with activated RhoA. 

Among the RhoA-interacting proteins 
identified, we enriched p128 by specific elu- 
tion from the GTP-y-S-GST-RhoA affinity 
column in the presence of 0.2 M NaCl (Fig. 
1B). The p128 protein ~s further purified 
to near-homogeneity (greater than 95')i,) by 
DEAE-Senharose co1~11nn chro~natogranhv 

L A ,  

hilized: -glutathione-Sitransferase (GST); (Fig. IB): Purified p128 was subjected to 
M. Amano. K. Chihara, T. Matsu~, Y. Hamaj~ma. K. Kai- 
buchi, Divlslon of Signal Transductlon, Nara of GDP-GST-RhoA; GTP-y-S-GST-RhoA, amino acid sequencing. Five peptide se- 
Science and Technology, koma 630-01, Japan where GTP-y-s is guanosine 5'-(3-0-thio) iluences derived f ro~n  p128 were determined: 
H. Muka and Y. One, Department of Biology, Faculty of triphosphate, a nonhydrolyzahle GTP ana- QLAIELK, NVLRLL, LGLLREALERRL, 
Science, Kobe Unvers~ty, Kobe 657, Japan. 
K, Okawa and A, lwamatsu, Laboratories for Key log; or GTP-y-S-GST-RhoA"'i, which SPLTLEDF, and VLLSEFRP (9). They were 
Technology, K~rln Brewery Company L~mited, Yokohama contains an amino acid substitution in the found within the sequence of the human 
236, Japan. effector domain. Proteins hound to the affin- serine-threonine kinase protein kinase N 
*To whom correspondence should be addressed ltp columns were then eluted with GST- (PKN), which is also known as PRKl (10). 
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PKN has an apparent molecular size of 120 
kD on SDS-polyacrylamide gel electro- 
phoresis (PAGE), which is close to that of 
p128. Immunoblot analysis demonstrated 
that p128 was recognized by antibody to 
PKN (Fig. 2). We therefore conclude that 
p128 is the bovine PKN. 

We tested whether GTP-RhoA could 
act as a modulator of PKN kinase activity. 
When purified PKN underwent autophos- 
phorylation in the presence of [y-32P]ATP, 
(adenosine triphosphate), GTP-y-S-GST- 
RhoA stimulated this reaction four- to five- 
fold, whereas GDP-GST-RhoA, GTP-y-S- 
GST-Rac, and GTP-y-S-GST-H-Ras had 
no effect (Fig. 3A). PKN phosphorylates 
exogenous substrates such as mvelin basic - 
protein and serine-containing synthetic 
peptides based on the pseudosubstrate site 
of protein kinase C (PKC) (I 1 ). We exam- 
ined phosphorylation of the PKCa peptide 
[which corres~onds to amino acids 19 to 35 

Because PKN is composed of an NH2- 
terminal regulatory domain and a COOH- 
terminal catalytic domain (lo),  we tested 
whether RhoA directly binds the NH2-ter- 
minal domain of PKN. The NH2-terminal 
domain of PKN (amino acids 7 to 155) was 
expressed as a maltose-binding protein 
(MBP) fusion protein and mixed with beads 
coated with GST-RhoA. The MBP-PKN 
fusion protein was retained on the GTP-y- 
S-GST-RhoA beads and could be eluted 
by 0.2 M NaCl and eluted with GTP-y-S- 
GST-RhoA by addition of glutathione (Fig. 
4A). The fusion protein was not retained 
on beads coated with GST, GDP-GST- 

Fig. 1. Purification of three Rho-interacting proteins. (A) Purification of RhoA-interacting proteins by 
GST-RhoA affinity-column chromatography (15). The crude membrane extract was loaded on a gluta- 
thione-Sepharose column containing GST (lane I), GDP-GST-RhoA (lane 2), GTP-y-S-GST-RhoA (lane 
3), GTP-~-S-GST-R~OA~~~ (lane 4), GDP-GST-Rac (lane 5), or GTP-y-S-GST-Rac (lane 6). Bound 
proteins were eluted with the respective GST fusion proteins by addition of glutathione. Portions (45 p1 
each) from the glutathione-eluted fractions were subjected to SDS-PAGE followed by silver staining. (B), 
Purification of p128 by DEAE-Sepharose column chromatography (16). The silver-stained gel shows 
eluates obtained from the GST-RhoA affinity column with buffer containing 0.2 M NaCl (lane 1) and from 
the DEAE-Sepharose column with buffer containing 75 mM NaCl (lane 2). The results shown are 
representative of three independent experiments. 

bf bovine P ~ k a ,  except that Ser is substi- 
tuted for Ala: RFARKGSLRQKNVHEVK 
(9)] by PKN and found that GTP-y-S- 
GST-RhoA stimulated PKN kinase activi- 
ty in a dose-dependent manner, whereas 
GDP-GST-RhoA was ineffective (Fig. 3B). 
GTP-y-S-GST-Rac showed only a small p 1 2 8 b  

effect and GTP-y-S-GST-H-Ras had no 
effect (Fig. 3C). A brain serine-threonine 
kinase, PAK, that interacts with Cdc42 and 
Rac, members of Rho family, has been iden- 
tified (12). PAK is activated by GTP-y-S- 
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RhoA, GTP-y-S-GST-RhoAA3', GTP-y- 
S-GST-Rac, or GTP-y-S-GST-H-Ras. 
MBP-PKN also interacted with GTP-y-S- 
GST-RhoB and GTP-y-S-GST-RhoC to 
a similar extent as it did with GTP-y-S- 
GST-RhoA (13). Scatchard analysis indi- 

GST-Cdc42 and GTP-y-S-GST-Rac but Fig. 2. ldentlficatlon of pl28 as PKN. lmmunoblot 
not by GTP-y-S-GST-RhoA. PKN ap- analysis of pl28 was done wlth prelmmune serum 
pears to be distinct from PAK on the basis (lane I), or with antibody to PKN as described 
of its mode of activation and its structural (lane2) (71). 
properties. 

0.5 1 0- 
GST-Rho (pM) 

C 

GST 

GDP-GST-RhoA 

GTPyS-GST-RhoA 

GTP-yS-GST-RhoAA3 
GDP-GST-Rac 

GTPySGST-Rac 
GDP-GST-H-Ras 

GTPyW3ST-H-Ras itSs3 0 2 4 6  

*P lncorparatlon into 
PKCa peptide (1 0' cpm) 

Fig. 3. Autophosphorylation of PKN and phos- 
phorylation of an exogenous substrate by PKN. 
(A) Autophosphorylation of PKN. PKN was auto- 
phosphorylated in the presence of various small 
GTPases (50 pmol each) (1 7 ) .  Lanes are as fol- 
lows: GST control (lane I), GDP-GST-RhoA 
(lane 2), GTP-y-S-GST-RhoA (lane 3), GTP-y- 
S - G S T - R ~ O A ~ ~ ~  (lane 4), GDP-GST-Rac (lane 
5), GTP-y-S-GST-Rac (lane 6), GDP-GST-H- 
Ras (lane 7), and GTP-y-S-GST-H-Ras (lane 8). 
The results shown are representative of three 
independent experiments. (B) Dose-dependent 
activation by RhoA of PKN kinase activity on a 
PKCa peptide. The kinase reaction was carried 
out with PKCa peptide (40 pM) in the presence 
of the indicated amounts of GDP-GST-RhoA or 
GTP-y-S-GST-RhoA (1 7 ) .  The values shown 
are means + SEs of triplicates. (C) Effects of 
various small GTPases on the kinase activity of 
PKN. The kinase reaction was done with PKCa 
peptide (40 pM) in the presence of various small 
GTPases (50 pmol each) as indicated (1 7 ) .  The 
values shown are means + SEs of triplicates. 
Because purified PKN is labile, we used it for the 
kinase assay within 1 day after purification. 
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cated tha t  MBP-PKN formed a 1 : 1 complex 
w i t h  GTP-y-S-GST-RhoA. T h e  apparent 
K, value for  MBP-PKN was estimated t o  be 
about 0.4 pM. Ident ica l  patterns o f  reten- 
t i o n  were observed w h e n  a longer NH2- 
termina l  doma in  o f  PKN (amino acids 7 t o  
540) was used. 

W e  examined whether activated R h o A  
forms a complex w i t h  PKN in vivo.  W h e n  
RhoAV14 (activated R h o A )  was immuno-  
precipitated f r o m  COS-7 cells transfected 
w i t h  complementary D N A s  encoding 
RhoAV14 and  PKN, some PKN was also 
immunoprecipi tated (Fig. dB). On the  o th-  
er hand, w h e n  wild-type R h o A  was immu- 
noprecipitated f r o m  t h e  COS-7 cells over- 
expressing R h o A  and  PKN, l i t t l e  PKN was 
coimmunoprecipitated. Coimmunoprecipi-  

MBP; - 
PKN 

PKN- - 
PKN- 

-0.4 I 
Fig. 4. Complex forrnat~on 
between PKN and RhoA, 

. . . and RhoA-induced phos- fz%$' phorylation (A) Complex of PKN formation in v~vo. 

Q+ .tX between recombinant 
PKN and GTP-y-S-GST- 
RhoA in a cell-free sys- 

tem. MBP-PKN was mixed with glutathione-Sepha- 
rose beads coated with GST (lane I) ,  GDP-GST- 
RhoA (lane 2), GTP-y-S-GST-RhoA (lane 3), GTP- 
y-S-GST-RhoAM7 (lane 4), GDP-GST-Rac (lane 5), 
GTP-y-S-GST-Rac [lane 6), GDPGST-H-Ras (lane 
7), or GTP-y-S-GST-H-Ras (lane 8), and MBP-PKN 
was eluted by addition of glutathione (78). (B) Corn- 
plex formation between RhoA and PKN In COS-7 
cells. RhoA or RhoAV14 was immunoprecipitated 
from COS-7 cells overexpressing RhoA or RhoAV14 
and PKN (79). The washed imrnunoprecipitates were 
immunoblotted for the presence of PKN (1  7). Arrow- 
head denotes the postt~on of the mouse imrnuno- 
globulin G heavy chain. iC) Stimulation of PKN phos- 
phorylation by LPA. Swiss 3T3 cells were seeded in a 
35-mrn dish and treated with bolulinum C3 exoen- 
zyme ( I  0 pgiml, lanes 2 and 4) or without it (lanes 
1 and 3) as described (20). The cells were labeled 
with 18.5 MBq of [:''P]orthophosphate for 2 hours 
and treated with LPA (200 ng/ml, lanes 3 and 4) or 
without it (lanes 1 and 2) for 10 min. The cells were 
then lysed and PKN was immunoprecipitated. The 
washed immunoprecipitates were subjected to 
SDS-PAGE for autoradiography. The faster-mi- 
grating band may be degraded PKN. The results 
shown are representative of three ~ndependent 
experiments. 

t a t i on  o f  PKN w i t h  R h o A  was on l y  detect- 
ed  if RhoAV14 o r  R h o A  was overexpressed 
in COS-7 cells. Some RhoAV14 was also 
coimmunoprecipi tated w i t h  PKN w h e n  
PKN was immunoprecipi tated f r o m  t h e  
COS-7 cells overexpressing RhoAV14 and  
PKN (13). Overexpression o f  RhoAV14 
w i t h  PKN stimulated the  kinase ac t iv i ty  o f  
PKN 2.2 + 0.4-fold. 

W e  tested whether LPA activates PKN in 
vivo. W h e n  Swiss 3T3 cells were stimulated 
by  LPA, stress fibers formed (2). W e  measured 
the kinase activity of PKN immunoprecipi- 
tated f rom Swiss 3T3 cells that were stimulat- 
ed by  LPA and could not find that PKN was 
reproducibly activated. W e  assume that PKN 
was activated by  GTP-Rho during the act ion 
o f  LPA, but that GTP-Rho was immediately 
converted t o  GDP-Rho during the disruption 
of the cells and the immunoprecipitation o f  
PKN. Th is  may explain why the activated 
PKN became inactive. Alternatively, we mea- 
sured the phosphorylation o f  PKN after stim- 
ulat ion o f  Swiss 3T3 cells by  LPA. LPA stim- 
ulated the phosphorylation of PKN in Swiss 
3T3 cells 2.0 +- 0.4-fold. Th is  phosphoryl- 
at ion was inhibited when endogenous R h o  
funct ion was blocked by  treatment of the cells 
w i t h  botulinum C3 exoenzyme (Fig. 4C). T h e  
phosphorylation o f  PKN may reflect autophos- 
phorylation as stimulated by  R h o  in vitro. 
Alternatively, the phosphorylation may be 
catalyzed by  a distinct Rho-dependent kinase. 

Our results prov ide evidence that  PKN 
is a putat ive target fo r  R h o  and  may serve as 
a mediator o f  t h e  Rho-dependent signaling 
pathway. Although t h e  catalytic doma in  o f  
PKN is h igh ly  related t o  t ha t  o f  PKC, the  
NH2- te rm ina l  doma in  is dist inct  f r o m  those 
o f  o ther  pro te in  kinases (1 0). R h o  interacts 
direct ly w i t h  th is NH2- te rm ina l  regulatory 
domain, w h i c h  contains a polybasic region 
fol lowed b y  a leucine zipper-like mot i f .  
Thus, t he  NH2- te rm ina l  doma in  may con- 
fer specif icity fo r  in terac t ion  w i t h  t he  GTP- 
R h o  complex. 
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