
lapse of the unfolded state to the folding 
intermediate mas sloned hy a factor of 
> l C 3  b\ the chaoetones 126) 

The arnide proton exchange data do not 
reauire that the tnaior chaoerone-bound 
state of barnase is the ~~nfo lded  confortna- 
tion; the data merely require that barnase 
hecomes transiently f ~ ~ l l y  u~lfolded In order 
for exchange to occur. Indeed, the kinetics 
of refolding of barnase in the presence of 
GroEL or SecB are consistent with the in- 
termediate state being the major bound spe- 
cies (27-29). A small amount of transient 
unfolding, detectable by atnide proton ex- 
change, would not he detected in attempts 
to measure the gross unfolding of the pro- 
tein hy direct spectroscopic techniclues (7 ,  
9 ,  12), and transient unfoldint. is all that is 
required to correct misfolding. Such a 
transient unfolding is an annealing oro- 

u - 
cess. Our data are co~lsis te~l t  with both 
chaperones having a dual role with regard 
to protein folding: ( i )  They recognize and 
bind to partially folded proteins. By this 
mechanism. GroEL orexrents formatiot~ of 
irreversible aggregates, which would lead 
to off-oathwav reactions 171, and SecB . , 

holds t i e  substrate protein in a state corn- 
petent for tnelnhrane transport (3 ) .  (ii)  
GroEL and SecB use protein-protein bind- 
ing energy to d e t l a t ~ ~ r e  the bound polypep- 
tide chain to its f ~ ~ l l y  unfolded state, al- 
lowing misfolded protein states to be cor- 
rected and guided back to the productive 
folding or transport pathway. 
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Protein Kinase N (PKN) and PKN-Related Protein 
Rhophilin as Targets of Small GTPase Rho 

Go Watanabe, Yuji Saito, Pascal Madaule, Toshimasa Ishizaki, 
Kazuko Fujisawa, Narito Morii, Hideyuki Mukai, Yoshitaka Ono, 

Akira Kakizuka, Shuh Narumiya* 

The Rho guanosine 5'-triphosphatase (GTPase) cycles between the active guanosine 
triphosphate (GTP)-bound form and the inactive guanosine diphosphate-bound form and 
regulates cell adhesion and cytokinesis, but how it exerts these actions is unknown. The 
yeast two-hybrid system was used to clone a complementary DNA for a protein (des- 
ignated Rhophilin) that specifically bound to GTP-Rho. The Rho-binding domain of this 
protein has 40 percent identity with a putative regulatory domain of a protein kinase, PKN. 
PKN itself bound to GTP-Rho and was activated by this binding both in vitro and in vivo. 
This study indicates that a serine-threonine protein kinase is a Rho effector and presents 
an amino acid sequence motif for binding to GTP-Rho that may be shared by a family of 
Rho target proteins. 

T h e  Ras-related srnall GTPase Rho regu- 
lates certain types of actin-based cytoskel- 
eta1 structures, Including focal adhesions, 
stress fibers, and the contractile ring, and 
works as a switch in stimulus-evoked cell 
adhesion ( 1 )  and cytokinesis (2).  Rho also 

G. Watanabe. Y. Salto. P, ivladaue, T, shizakl, K Fuji- 
sawa. N. Mori A. Kakzuka, S. Narumiya, Depanment of 
Pharmacology, Kyoto University Faculty of Medlclne. 
Kyoto 606. Japan. 
H. Muka and Y. Ono, Depaltment of Biology. Faculty of 
Scence. Kobe Unverstv, Kobe 657. Japan. 

*To whom corres~ondence should be addressed 

f~lnctiolls to regulate smooth muscle con- 
tractlo11 (3) ,  transcription (4), and cell pro- 
liferation (5). However, the hiochernical 
rnechanistn of these actions is unknorvn. 
Although proten ki~lases (6) ,  lipid kinases, 
and a phospholipase (7) have been impli- 
cated in the Rho signaling pathway, the 
direct binding and activation of these mol- 
ecules hy activated GTP-bou~ld Rho has 
not been demonstrated. 

T o  isolate cornpletnet~tary DNAs 
(cDNAs) encoding proteins that bou~ld to 
GTP-Rho, human RhoA truncated at  
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Ala18' was fused to a LexA DNA binding 
protein and was used to  screen a mouse 
embryo c D N A  library in a yeast two-hy- 

Fig. 1. Interaction of clone 79 peptide with Rho and 
Rho-related proteins. (A) Analysis by the yeast two- 
hybrid system. Clone 79 was expressed as a fusion 
protein with the VP-16 activating domain, and its 
interaction with various Rho or RhoA mutants ex- 
pressed as fusion proteins with the LexA-binding 
domain was examined by a filter assay for p-galac- 
tosidase activity. ARhoA, Val, and Asn indicate 
RhoA truncated at AlaiS1, Vali4-RhoA, and Asnig- 
RhoA, respectively. Lamin was used as a negative 
control. (B) Analysis by overlay assay. Clone 79 was 
expressed as a GST fusion protein (indicated by an 
arrowhead), and its binding to p5S]GTP-y-SRhoA 
(lane 2) or to [35S]GDP-p-S-RhoA (lane 3) or to 
p5S]GTP-y-S alone (lane 4) was examined. An au- 
toradiogram is shown. Lane 1, protein staining. (C) 
Binding specificity to the Rho-related proteins. An 
overlay assay was used to evaluate binding to 
[35S]GTP-y-S-bound RhoA (lane 2), to Racl (lane 
3), and to Cdc42 (lane 4). Lane 1, protein staining. 
An arrowhead indicates the position of a GST-fused 
clone 79 protein. 

brid system (8). One clone obtained by 
this procedure, clone 79, contained a 435- 
base pair (bp) cDNA. In the two-hybrid 

1 RhoB Val I 
\ RhoC Asn / 

system, this clone interacted strongly wi th 
RhoA but little wi th RhoC and less wi th 
RhoB (Fig. 1A). Among the RhoA mu- 
tants, Val14-RhoA yielded a strong signal, 
whereas only a weak signal was found wi th 
AsnI9-RhoA. Because Val14-RhoA is a 
constitutively active, GTP-bound form, and 
AsnI9-RhoA, a dominant-negative mutant, 
is preferentially in the guanosine diphos- 
phate (GDP)-bound form (9), these results 
suggested that a peptide encoded by clone 
79 interacted preferentially w i th  GTP- 
Rho. Clone 79 was expressed'as a gluta- 
thione-S-transferase (GST) fusion protein 
and its binding to Rho was examined in a 
ligand overlay assay (10). The recombi- 
nant protein bound to [35S]guanosine 5'- 
0-(6-thiotriph0sphate)-Rho (GTP-y-S- 
Rho) but did not  bind to [35S]guanosine 
5'-0-(PI-thiodiphosphate)-Rho (GDP-P- 
S-Rho) (Fig. 1B). Furthermore, l i t t le 
binding was observed to  either Rac or 
Cdc42 (Fig. 1C). 

A full-length cDNA of clone 79 was 
obtained by screening of mouse embryo and 

Fig. 2. (A) Deduced amino acid sequence of Rhophilin (24). The sequence encoded by n 
clone 79 is underlined. (B) A sequence comparison of Rhophilin and human PKN. lden- 
tical amino acids are shown in white against a black background. Conservative replace- Rho$;{ :: T D L G R S L G ~  SN-TWVRE 
ments are grouped as D, E, Q, N; R, K, H; T, S; V, L; and are shaded. 

A Proteln 6 n̂  
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- 69 
69 - 
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Fig. 3. Binding and activation of PKN by Rho in a cell-free system. (A) Analysis glutathione-agarose and probed with antibody to PKN (23). Arrowhead indi- 
of the Rho-binding domain. Truncation mutants of PKN were expressed as GST cates the position of PKN. (C) Activation of the autophosphorylation of PKN by 
fusion proteins (25), and their binding to r5S]GTP-y-S-Rho was examined by Rho. PKN was incubated with GTP-y-Sbound Rho (0) or with GDP-bound 
an overlay assay. Mutants used (1 to 4) are schematically shown on the left, and Rho (e) or with vehicle (U), and autophosphorylation was examined (23). Re- 
lysates of E. coli expressing each protein were applied to lanes 1 to 4, respec- sults are shown as mean ? SEM of four experiments. Asterisks denote signif- 
tively. (B) Association of Rho and PKN. PKN incubated with GST-Rho bound to icant differences (P < 0.01) between the results of PKN phosphorylations with 
GTP-y-S (lane I), to GDP (lane 2), orto GSTalone (lane 3) was precipitated with GTP-y-S-bound Rho and with elher GNP-bound Rho or vehicle. 
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brain libraries (1 1 ) .  It encoded a protein of 
643 amino acid residues with a calculated 
lnolecular size of -71 kD that aJe named 
Rhophilin (Fig. 2A).  Northern ( R N A )  blot 
analysis revealed a 3.2-kb transcript, ex- 
pressed most highly in the testis (1 2).  T h e  
original c D N A  (clone 79) encoded a 130- 
ammo acid NH,-terminal fragment, which 
was thought to be the Rho binding domain. 
A search o i  proteln sequence databases with 
FASTA (13) and BLAST (14) revealed the 
similarity of this domain to a region found 
in a 120-kD serine-threonlne kinase desig- 
nated protein kinase N (PKN) or PRK (15); 
41% of 69 amino acids in this region were 
identical in the two proteins (Fig. 2B). T h e  
remainder of the Rhophilin sequence was 
similar to that of the NH,-terminal region 
in YNK-1, a protein of unknown function 
from Caenorhabditis elegans (1 6) (30% iden- 
tity in residues 153 to 454) (12) .  

T h e  region of PKN t h a t '  is similar to 
Rhophilin is localized to the NH,-terminal 
portion (Gln3" to ProlC3). Because this re- 
gion has been suspected to be a regulatory 
domain of PKN (15),  we examined whether 
Rho could bind to the 'region and activate 
the  kinase activity. Several truncation mu- 
tants of PKN were expressed as G S T  fusion 
proteins, and their binding to Rho was ex- 
amined in a n  overlap assay. GTP-y-S-Rho 
bo~111d to PKN fragments containing amino 
acids 30 to 135 (Fig. 3 A ) .  This binding was 
specific for Rho, and little binding was ob- 
served with either Rac or Cdc42 (1 2).  PKN 
was precipitated froin the lpsates by incuba- 
tion with GST-Rho coupled to glutathione- 
agarose, and this precipitation was depen- 
dent  o n  prior incubation of Rho with GTP-  
y-S (Fig. 3B). GTP-y-S-Rho also stimulat- 
ed the a ~ ~ t o p l o s p l o r p l a t i o ~  of PKN by 
more than twofold (Fig. 3C) .  Little precip- 
itation and activation were observed with 
GDP-Rho. 

Fig. 4. Rho-dependent activation and phospho- 
ryation of PKN in cultured cells. (A) PKN activation 
by coexpressed Rho. Myc-tagged PKN was ex- 
pressed in COS-7 cells with wild-type RhoA, 
Val1"-RhoA, or vector alone (221, and the PKN 
actlvlty in ~mmunoprecip~tates wlth antbody to 
Myc was determlned wlth a PKCG peptide as a 
substrate. Reaction proceeded nearly with time, 
and amounts of phospholylation were compared 
at 7 min. Values shown are the mean 2 SEM of 
four experments. An asterisk denotes signifcant 
differences (P < 0.02) between the results of pep- 
tide phospholylatons with VaIlL-RhoA and wlth 
vector alone. (B) LPA-nduced phospholylation of 
PKN and inhibltlon by C3 exoenzyme. Swiss 3T3 
cells treated with or without C3 exoenzyme were 
incubated with ["'PIPi and stimulated with LPA. 
After 20 min, cells were lysed and phosphorylatlon 
of PKN was determlned (26). Results are ex- 
pressed as LPA-nduced percent of increase In 
PKN phosphoryation compared w t h  the value in ti 
2 SEM of three experiments. Asterisk indicates P 

Rho-dependent activation and phos- 
phorylation of PKN were also tested in  
cells. Mpc-tagged PKN was expressed in 
COS-7  cells with either wild-type or 
Val"-Rho or with vector alone. Cells 
were then  lvsed, and  the  kinase activltv 
i l n i n ~ n o p r e c i ~ i t a t e d  with antibody to  h4yc 
was examined. PKN activity in  the  precip- 
itates was enhanced by co-expression of 
Rho.  Stimulation was more pronounced 
with the  Val" mutant  than  with the  wild- 
type Rho  (Fig. 4 A ) .  Involvement of PKN 
in  the  Rho  signaling was then  examined in  
Swiss 3 T 3  cells s t i m ~ ~ l a t e d  with lpsophos- 
phatidic acid (LPA) ,  which activates Rho  
in  these cells ( 1 ,  6 ) ,  and with bot~l l inum 
C 3  exoensvme, which s~ecif ical lv  adeno- 
sine dipho;phate-ribosdlates and inacti- 
vates Rho  (17) .  LPA stimulated phospho- 
rplation of e n d o g e n o ~ ~ s  PKN in  the  cells, 
and this phospl~orylation was inhibited by 
the  prior treatment of the  cells with C 3  
exoenzyme, which suggests that  PKN was 
p h o s p h ~ r ~ l a t e d  by a Rho-dependent 
mechanism In these cells. 

T h e  above lesults taken together suggest 
that PKN and Rhophllin can serve as tar- 
gets for Rho. PKN may then phosphorplate 
the  cytoskeletal components or may initiate 
a kinase cascade (4, 6 ) .  111 contrast to PKN, 
n o  enzymatic activity was fo~111d for 
Rhophilln. It may interact with some cy- 
toskeletal component upon Rho binding or 
relay a Rho signal to other molecules. Ac- 
tivation of several proteins after addition of 
Rho to cell homogenates has been reported 
(7) .  Rho  is involved not only in  organisa- 
tion of specific actin cytoskeletons ( 1 ,  2) 
b ~ ~ t  also in transcriptional control and cell 
cycle progression (4 ,  5 ) .  This map indicate 
that Rho drives multiple signaling pathways 
in the  cell and that several molecules either 
alone or in combination serve as Rho effec- 
tors (27).  W e  have identified a n  amino acid 

i e  control cells at 0 time, and are shown as the mean 
4 0.02 compared to control cells. 

sequence motif for GTP-Rho binding. Thls 
sequence lnotlf may be shared by a family of 
proteins that work as various Rho effectors. 
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per 6-cm dish w ~ i h  1 5 p g  each of pEF-BOS (21) 
harbor~ng Val1"-rhoA, w~ld-type rhoA, or ,vector 
alone. Cells were cultured in Opti-MEM (G~bco-BRL) 
for 48 hours and lysed n 0 2"ia Triton X-100 in the 
wash~ng buffer [20 mM tris-HCI (pH 7 5), 1 mM 
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EDTA, 1 mM EGTA, 5 mM MgCI2,1 (JLM okadaic acid, 
10 mM (^-glycerophosphate, 25 mM sodium fluoride, 
5 mM sodium pyrophosphate, 0.2 mM phenylmeth-
ylsulfonyl fluoride, and 2 mM dithiothreitol]. Immuno-
precipitation was done with 9E10 antibody to Myc 
conjugated with protein G-Sepharose. The immuno-
complex was washed three times with the above buff­
er containing 0.5 M NaCI and twice with kinase buffer 
[20 mM tris-HCI (pH 7.5), 10 mM MgCI2,1 mM EDTA, 
and 1 (JLM okadaic acid] containing 10 mM p-glycer-
ophosphate and 10 mM sodium pyrophosphate. The 
complex was finally suspended in the kinase buffer 
and incubated with 50 |xM [r32P]ATP and 100 (xM 
PKCS peptide (75) at 30°C. 

23. PKN was partially purified from rat testis by chro­
matography on a Hi-Trap Heparin and a Mono-
CD column (Pharmacia) (75). The PKN fraction 
(25 |xg of protein) was incubated with GST-RhoA 
(1.3 nmol) loaded either with GTP-7-S or GDP at 
30°C for 30 min, and precipitated with glutathione-
agarose. The precipitates were washed twice with 
the washing buffer [25 mM sodium 2-(/V-mor-
pholino)ethanesulfonate (pH 6.5), 50 mM NaCI, 5 
mM MgCI2, and 0.05% Triton X-100] and subject­
ed to SDS-PAGE. Separated proteins were trans­
ferred to a nitrocellulose membrane and probed with 

lvho 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-
GTP 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-
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antibody to PKN (75). For autophosphorylation, the 
PKN fraction (2.2 |xg of protein) was incubated with 
GST-RhoA (160 pmol) at 30°C for 2 min in a total 
volume of 11 |xl. [732P]adenosine triphosphate (ATP) 
was then added (0.3 |xM) and the reaction was con­
tinued for 0.5 or 1.5 min at 30°C. The reaction was 
terminated by the addition of 50 mM EDTA and 200 
(JLM ATP. Antibody to PKN conjugated with protein ' 
A-Sepharose was then added. The mixture was 
stirred at 4°C for 2 hours and centrifuged. The pre­
cipitates were washed and subjected to SDS-PAGE. 
The radioactive bands corresponding to PKN were 
excised and the incorporated radioactivity was deter­
mined. 

24. Single-letter abbreviations for the amino acid resi­
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, lie; 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. 

25. hPKN (75) was digested with Sma I to isolate a frag­
ment corresponding to amino acids 30 to 365 or with 
Bam HI to isolate a fragment encoding amino acids 1 
to 538. The Bam HI fragment was then digested with 
Bal I to yield two fragments encoding amino acids 1 
to 135 and 137 to 538, respectively. Each fragment 
was ligated to pGEX and expressed. 

thesis of phosphatidylinositol 4,5-bisphos-
phate (7) and the transcription controlled 
by the c-fos serum response element (8). 
When cells are stimulated with certain 
extracellular signals, GDP-Rho is convert­
ed to GTP-Rho, which binds to specific 
targets and exerts its biological functions. 
However, specific targets for Rho have not 
yet been identified. 

To enrich Rho A-interacting proteins, we 
fractionated crude extracts of a bovine brain 
membrane fraction by adding ammonium 
sulfate (40%). The precipitated proteins 
were loaded onto one of four glutathione-
Sepharose affinity columns on which the 
following recombinant proteins were immo­
bilized: glutathione-S-transferase (GST); 
GDP-GST-RhoA; GTP-7-S-GST-RhoA, 
where GTP-7-S is guanosine 5'-(3-0-thio) 
triphosphate, a nonhydrolyzable GTP ana­
log; or GTP-7-S-GST-RhoAA37, which 
contains an amino acid substitution in the 
effector domain. Proteins bound to the affin­
ity columns were then eluted with GST-

SCIENCE • VOL. 271 • 2 FEBRUARY 1996 

26. Swiss 3T3 cells were cultured with C3 exoenzyme (30 
ixg/ml) for 3 days (7 7). CeJIs were then incubated with 
[32P]Pi (0.5 mCi/ml) in Hepes-buffered Krebs-Ringer 
solution without sodium phosphate for 2 hours. They 
were then stimulated with LPA (5 |xM) for 0 or 20 min 
and lysed with 1 % Triton X-100 in the washing buffer 
{22). PKN was precipitated and the incorporated ra­
dioactivity was measured {23). The amount of immu-
noprecipitated PKN examined by immunoblot {23) 
did not differ between the control and C3 exoen-
zyme-treated cells. 

27. P. Madaule et al., FEBS Lett. 377, 243 (1995); T. 
Leung, E. Marser, L. Tan, L. Lim, J. Biol. Chem. 270, 
29051 (1995); T. Ishizaki etal., EMBOJ., in press. 
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Rho A by addition of glutathione (Fig. 1A). 
Three proteins of 128, 164, and 180 kD 
(named pi28, pi64, and pi80, respectively) 
were identified in the eluate from the GTP-
7-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-7-S-GST-RhoA. These 
proteins appeared to show weaker affinity for 
the effector domain mutant GST-RhoAA37 

because less protein was retained on the 
GTP-7-S-GST-RhoAA37 affinity column 
than on the GTP-7-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 Rho A-interacting proteins, were 
eluted from the GTP-7-S-GST-Rac affinity 
column but not from the GDP-GST-Rac 
affinity column (Fig. 1A). We confirmed 
that the 182-kD Rac-interacting protein was 
distinguishable from pi80 by electrophoresis. 
Neither pi28, pi64, nor pi80 was eluted 
from the GTP-7-S-GST-H-Ras affinity col­
umn. We conclude that the three proteins 
pi28, pl64, and pi80 interact specifically 
with activated RhoA. 

Among the RhoA-interacting proteins 
identified, we enriched pi28 by specific elu-
tion from the GTP-7-S-GST-RhoA affinity 
column in the presence of 0.2 M NaCI (Fig. 
IB). The pi28 protein was further purified 
to near-homogeneity (greater than 95%) by 
DEAE-Sepharose column chromatography 
(Fig. IB). Purified pi28 was subjected to 
amino acid sequencing. Five peptide se­
quences derived from pi 28 were determined: 
QLAIELK, NVLRLL, LGLLREALERRL, 
SPLTLEDF, and VLLSEFRP (9). They were 
found within the sequence of the human 
serine-threonine kinase protein kinase N 
(PKN), which is also known as PRK1 (10). 

Identification of a Putative Target for Rho as the 
Serine-Threonine Kinase Protein Kinase N 

Mutsuki Amano, Hideyuki Mukai, Yoshitaka Ono, 
Kazuyasu Chihara, Takeshi Matsui, Yuko Hamajima, 
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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. 


