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The Rho GTPases play distinctive roles in cytoskeletal reorganization associated with growth and differentiation.
The Cdc42/Rac-binding p21-activated kinase (PAK) and Rho-binding kinase (ROK) act as morphological effectors
for these GTPases. We have isolated two related novel brain kinases whose p21-binding domains resemble that of
PAK whereas the kinase domains resemble that of myotonic dystrophy kinase-related ROK. These ~190-kDa
myotonic dystrophy kinase-related Cdc42-binding kinases (MRCKs) preferentially phosphorylate nonmuscle my-
osin light chain at serine 19, which is known to be crucial for activating actin-myosin contractility. The p21-binding
domain binds GTP-Cdc42 but not GDP-Cdc42. The multidomain structure includes a cysteine-rich motif resem-
bling those of protein kinase C and n-chimaerin and a putative pleckstrin homology domain. MRCK« and Cdc42""?
colocalize, particularly at the cell periphery in transfected HeLa cells. Microinjection of plasmid encoding MRCK«
resulted in actin and myosin reorganization. Expression of kinase-dead MRCKa blocked Cdc42Y'*-dependent
formation of focal complexes and peripheral microspikes. This was not due to possible sequestration of the p21, as
a kinase-dead MRCKa mutant defective in Cdc42 binding was an equally effective blocker. Coinjection of MRCKa
plasmid with Cdc42 plasmid, at concentrations where Cdc42 plasmid by itself elicited no effect, led to the formation
of the peripheral structures associated with a Cdc42-induced morphological phenotype. These Cdc42-type effects
were not promoted upon coinjection with plasmids of kinase-dead or Cdc42-binding-deficient MRCKa mutants.
These results suggest that MRCKa may act as a downstream effector of Cdc42 in cytoskeletal reorganization.

The Ras-related p21 Rho subfamily GTPases are implicated
in actin reorganization, although the exact mechanisms in-
volved remain largely obscure (48). In Swiss 3T3 fibroblasts,
introduction of Cdc42 into cells resulted in filopodial forma-
tion (24, 41), while Racl and RhoA give rise to lamellipodia
and stress fibers, respectively (43, 44). Apart from cell mor-
phology, the Rho p21s are also involved in processes such as
cell growth, cytokinesis, activation of transcription factors, and
cell cycle progression (13, 14, 39, 40, 42). An important step
toward understanding the biochemical mechanisms by which
these p21s exert their diverse cellular effects is to identify and
characterize interacting proteins which mediate the actions of
a particular p21. To date, a large number of proteins which in-
teract with Rho p21s have been reported. These include regu-
latory proteins such as GTPase-activating proteins, guanine
nucleotide exchange factors, guanine nucleotide dissociation
inhibitors and an increasing number of kinases and nonkinases
(32, 48). Most of these molecules have multidomain structures
(10, 26, 32), suggesting the existence of a wide range of mul-
timolecular complexes in regulating signalling pathways under-
lying cell morphology and other related cellular activities. Such
complexity has been shown in lower organisms such as Saccha-
romyces cerevisiae in which normal polarized cell growth and cell
shape changes are accomplished by the interaction of Cdc42p
with several proteins, including Cdc24 (a guanine nucleotide
exchange factor), Ste20p kinase, and actin-binding protein (28,
52). In mammalian cells, input from other signalling pathways
can also be implicated in the p21 functions; e.g., phosphatidyl-
inositol 3-kinase can mediate signalling from Ras to Racl (45).

In searching for potential targets of the p21 Rho family, we
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and others have identified p21-activated kinases (PAKs) which
specifically interact with GTP-Cdc42/Racl (36) and the RhoA-
binding kinases (ROKs) (19, 30, 31, 38). Interaction of PAK with
p21 in vitro results in kinase activation (36, 37). This novel acti-
vation process has led us and others to postulate that the yeast
homolog of mammalian PAK, Ste20p, may act downstream of
Cdc42p in the heterotrimeric G-protein-coupled yeast phero-
mone Kss1/Fus3 mitogen-activated protein kinase pathway
(47, 54). Similarly, mammalian Cdc42 and Racl have also been
found to have nuclear signalling roles through the JNK/SAPK
mitogen-activated protein kinase pathway (13, 39). Several re-
ports have also implicated PAKs in these events (5, 8, 53),
suggesting a parallel conservation of components in these sig-
nalling events among eukaryotes. In mammalian cells, expres-
sion of various constitutively active forms of aPAK results in
disassembly of focal complexes and stress fiber dissolution,
suggesting that these kinases also have morphological roles
(34). ROKs also have effects on morphology, with their over-
expression enhancing the formation of stress fibers and focal
adhesion complexes (1, 20, 30). This effect of ROKs may be
mediated by their inhibition of myosin phosphatase through
specific phosphorylation of its myosin-binding subunit, which
increases the phosphorylation state of myosin light chain (23).
Alternatively, ROKs may also activate myosin through direct
phosphorylation of myosin light chain (2). These results sug-
gest that a diverse network of p21 targets, in particular kinases,
is involved in both nuclear and cytoskeletal control (32). The
use of mutants of Racl and Cdc42Hs has also revealed differ-
ent pathways utilizing distinctive effectors for morphological as
well as transcriptional activation (21, 27, 51).

Apart from PAKs, the p21 binding assay has revealed the
presence of multiple proteins of 180 to 200 kDa in a variety of
rat tissues which bind Cdc42Hs/Racl (36). We have purified
several ~180-kDa Cdc42/Racl-binding proteins from rat brain
and liver which turned out to be identical to IQGAP isoforms
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isolated by others (18, 25). We now report the isolation and
characterization of MRCKs, a novel family of ~190-kDa
serine/threonine kinases highly related to the myotonic dystro-
phy kinase (7, 15) and ROKs (19, 30, 31, 38), which interact
strongly with the GTP-bound form of Cdc42. These kinases
also contain a cysteine-rich domain capable of binding to phor-
bol ester and a putative pleckstrin homology (PH) domain.
The possible involvement of these kinases as Cdc4?2 effectors in
cytoskeletal reorganization is also presented.

MATERIALS AND METHODS

Screening and expression of MRCKa and -B. A \gtll human brain cDNA
library (Clontech) was used for expression screening with [y->>P]GTP-glutathi-
one S-transferase (GST)-Cdc42Hs as previously described (35). The 373-bp
positive cDNA clone encoding the 124-amino-acid residues and its deleted and
mutated derivatives were subcloned into pGEX vectors for expression and p21
binding analysis. For isolating the full-length clones, a rat brain AZAP cDNA
library (Stratagene) was used. The full-length MRCKa was derived from an 8-kb
c¢DNA clone containing the entire coding sequence. The MRCKP sequence was
derived from three overlapping clones. Full-length MRCKa (see below) was
subcloned into pBAK-GST vector for expression in the baculovirus system
(Clontech). The GST fusion protein was purified through a glutathione-Sepha-
rose column and used for kinase assays with various substrates. For expression in
mammalian cells, MRCKa was subcloned from pBluescript SK vector into either
plasmid pXJ40-HA or plasmid pXJ40-FLAG (34). A BamHI/PstI-digested PCR
product of the 5’ end corresponding to the N-terminal kinase domain was
obtained by using a 5’ primer (5'CGGGATCCAACATGTCTGGAGAAG
TGCG3') and a 3’ primer (5'-CTCTGCGAAGCTCCTG-3") and ligated to
the BamHI/PstI-cut pXJ40 vector to generate the kinase domain construct
MRCKa'#73, Full-length MRCKa'"'73? was obtained by replacing a BstXI/Kpnl
fragment of this subclone by a longer 6-kb BstXI/Kpnl fragment from the full-
length SK vector. For MRCKAPH, an in-frame deletion of an EcoRV/Nhel
(blunted) fragment (residues 1117 to 1181) was made. For mutagenesis, a two-
step PCR protocol (34) with VENT polymerase (New England Biolabs) was
used. The p21-binding-defective mutant (MRCKa'1579A-HIS824) ways obtained
with primers GTTAAAATTAGTTGGG-3'/T3 and 5'-GCCATAGCAGCATG
GGTCCTGGACCTG-3'/T7, and the kinase-dead mutant (MRCKa®!%°A) was
obtained with primers 5'GCCATGGCAAATACTTTATC3'/T7 and 5'GCCAT
GGCAATTCTGAACAAGTGG3'/T3, by using suitable MRCKa subclones in
pBluescript SK vector, and the final constructs were fully sequenced. Expression
of the correct-size proteins was confirmed with a TNT in vitro translation kit
(Promega) (data not shown) and expression in COS-7 cells (Fig. 3D). All other
constructs used have been previously described (30, 34).

RNA and protein analysis. Total RNA (20 pg) from rat tissues and cells
obtained by a guanidinium thiocyanate method was used to hybridize to either a
2.4-kb EcoRI fragment of MRCKa (nucleotides 3088 to 5474) or a 3-kb Stul frag-
ment of MRCKB (nucleotides 1966 to 4932). For Western blot analysis and p21
binding, 150 wg of protein from each tissue was used to probe either with the
affinity-purified mouse polyclonal antibodies against human MRCKa or with
[y->?P]GTP-Cdc42. Nucleotide-dependent binding was carried out exactly as
specified in reference 31, with GST-Cdc42 from a GST-2TK vector. For the
kinase assay, myelin basic protein, histone H1, and GST-myosin light chain 2
(MLC-2) were used as substrates. The latter was obtained by PCR of a human
brain cDNA preparation by using primers 5'-CAGGATCCATGTCGAGCAAA
AGAAC-3" and 5'-CTGAATTCAGTCATCTTTGTCTTTGG-3' (16). The PCR
product was digested with BarnHI-EcoRI and subcloned into pGEX4T3. Phosphor-
ylated protein bands after transfer onto polyvinylidene difluoride filters were sub-
jected to phosphoamino acid analysis (36) or complete Lys-C digestion. A single
phosphorylation peak obtained from high-pressure liquid chromatography was an-
alyzed by peptide sequencing with simultaneously radioactive detection of each
residue. For detecting kinase activity of MRCKa in overexpressed COS-7 cells,
transfected cells were extracted with lysis buffer containing 25 mM HEPES (pH 7.3),
0.3 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 20 mM sodium B-glycerophosphate, 1
mM sodium vanadate, 0.5% Triton X-100, 5% glycerol, and freshly added 5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 5 pg each of aprotinin and
pepstatin per ml. Clarified extracts (0.5 mg) were passed through 40-pl columns of
beads preloaded with anti-hemagglutinin (HA) monoclonal antibody (MADb)
12CAS. After washing with lysis buffer and kinase buffer containing 50 mM HEPES
(pH 7.3), 50 mM KCI, 10 mM B-glycerophosphate, 10 mM MgCl,, 2 mM MnCl,,
and 0.05% Triton X-100, kinase reactions were carried out for 20 min at 30°C with
0.1 mg of GST-MLC-2 per ml and 10 wM [y->’P]ATP. The reaction was stopped
by adding 50 pl of 2X sodium dodecyl sulfate sample buffer. After a brief spin in
an Eppendorf tube, the reaction mixture was run on a 10% polyacrylamide gel
and transferred onto a nitrocellulose filter for radioactive imaging and subse-
quent detection of expressed proteins by a rabbit anti-HA antibody (BabCo). 3P
phosphorylation of MLC-2 was quantified with a Molecular Dynamics Phosphor-
Imager.

Transfection and microinjection. COS-7 cells and HeLa cells maintained in 10%
fetal bovine serum were transfected essentially as described previously (30) except
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FIG. 1. Identification of a family of Cdc42Hs-binding proteins. (A) Deduced
amino acid sequence of a human brain partial cDNA clone isolated by expression
screening with [y->?P]GTP-Cdc42. GST fusion proteins were made with wild-
type (construct 1), deleted (constructs 2 and 3), or mutated (construct 4) variants.
In construct 4, two histidines (underlined) were mutated to alanine. Binding of
[v-**P]GTP-Cdc42 was performed as described previously (35). (B) Nucleotide-
dependent binding by two related rat Cdc42-binding proteins. Nitrocellulose
filters with 50 ng of GST fusion protein containing the binding domain of human
MRCKa (residues 1 to 124; lane 1), rat MRCKP (residues 1569 to 1690; lane 2),
and aPAK (residues 67 to 150; lane 3) were assayed for binding with a >*P-phos-
phorylated Cdc42Hs (from pGEX-2TK) exchanged with either GTPyS or GDP
(31). (C) Consensus sequence of Cdc42-binding motifs of different proteins (9).

that DOSPR (5 pl/ml; Boehringer Mannheim) was used. For immunoprecipitation
experiments, cells grown in a 100-mm-diameter dish were transfected and incubated
for 16 h before harvest. For immunofluorescence studies, HeLa cells were plated
onto glass chamber slides (Nunc), transfected in the presence of 5% serum, and fixed
after 16 h of incubation. For microinjection, HeLa cells maintained in minimal
essential medium in the presence or absence of 10% fetal bovine serum were used.
Subconfluent cells plated on coverslips for 48 h were microinjected with different
constructs (50 ng/ul except where indicated otherwise), by using an Eppendorf
micromanipulator system. Two to four hours after injection, cells were fixed with 4%
paraformaldehyde and incubated in phosphate-buffered saline-0.5% Triton X-100
for 2 h at 25°C with the combination of various primary antibodies at the following
dilutions: anti-HA (12CAS5) or anti-FLAG (IBI) MAD, 5 pg/ml; antivinculin MAb
(hVIN-1; Sigma), 1:300; antipaxillin MAb (Transduction Laboratories), 2 pg/ml;
anti-myosin light chain MADb (Sigma), 1:100. Fluorescein isothiocyanate-conjugated
second antibodies (1:100; Sigma) and rhodamine-conjugated second antibodies (1:
50; Boehringer Mannheim) were incubated for 1 h at 25°C. To visualize polymerized
actin, cells were stained with rhodamine-conjugated phalloidin (1 pg/ml; Sigma) for
1 h at room temperature. Stained cells were analyzed with an MRC600 confocal
imager adapted to a Zeiss Axioplan microscope. For phase-contrast microscopy,
cells after injection were viewed under a Zeiss Axiovert microscope with a temper-
ature-controlled stage, and phase-contrast views were taken at various time intervals.

Nucleotide sequence accession numbers. The GenBank accession numbers are
AF021935 (MRCKa) and AF021936 (MRCKB).

RESULTS

Identification of a novel Cdc42Hs-binding domain by expres-
sion screening. Using expression screening with [y-**P]GTP-



132 LEUNG ET AL

A MRCKa

MoL. CELL. BIOL.

MSGEVRLRQL EQFILDGPAQ TNGQCFSVET LLDILICLYD ECNNSPLRRE KNILEYLEWA KPFTSKVKQM 70
RLHREDFEIL KVIGRGAFGE VAVVKLKNAD KVFAMKILNK WEMLKRAETA CFREERDVLV NGDSKWITTL {40
HYAFQDDNNL YLVMDYYVGG DLLTLLSKFE DRLPEEMARF YLAEMVIAID SVHQLHYVHR DIKPDNILMD 210
MNGHIRLADF GSCLKLMEDG TVQSSVAVGT PDYISPEILQ AMEDGKGRYG PECDWWSLGV CMYEMLYGET 280
PFYAESLVET YGKIMNHKER FQFPTQVTDV SENAKDLIRR LICSREHRLG QNGIEDFKKH PFFSGIDWDN 350
IRNCEAPYIP EVSSPTDTSN FDVDDDCLKN SETMPPPTHT AFSGHHLPFV GFTYTSSCVL SDRSCLRVTA 420
GPTSLDLDVN VQRTLDNNLA TEAYERRIKR LEQEKLELTR KLQESTQTVQ ALQYSTVDGP LTASKDLEIK 490
SLKEEIEKLR KQVAEVNHLE QQLEEANSVR RELDDAFRQI KAFEKQIKTL QQEREELNKE LVQASERLKN 560
QSKELKDAHC QRKLAMQEFM EINERLTELH TQKQKLARHV RDKEEEVDLV MQKAESLRQE LRRAERAKKE 630
LEVHTEALIA EASKDRKLRE QSRHYSKQLE NELEGLKQKQ ISYSPGICSI EHQQEITKLK TDLEKKSIFY 700
EEEISKREGI HASEIKNLKK ELHDSEGQQL ALNKEIMVLK DKLEKTRRES QSEREEFENE FKQQYEREKV 770
LLTEENKKLT SELDKLTSLY ESLSLRNQHL EEEVKDLADK KESVAHWEAQ ITEIIQWVSD EKDARGYLQA 840
LASKMTEELE ALRNSSLGTR ATDMPWKMRR FAKLDMSARL ELQSALDAEI RAKQAIQEEL NKVKASNIIT 910
ECKLKDSEKK NLELLSEIEQ LIKDTEELRS EKGVEHRDSQ HSFLAFLNTP TDALDQFERS PSCTPAGKGR 980
RIADSAPLPV HTPTLRKKGC PASAGFPPKR KTHQFFVKSF TAPTKCHQCT SLMVGLIRQG CSCEVCGFSC 1050
HITCVNKAPT TCPVPPEQTK GPLGIDPQKG VGTAYEGHVR IPKPAGVKKG WQRALAVVCD FKLFLYDIAE 120
GKASQPSSVI SQVIDMRDEE FSVSSVLASD VIHASRKDIP CIFRVTASQL SAPSDKCSIL MLADSETERS 1190
KWVGVLSELH KVLKKNKFRD RSVYVPKEAY DSTLPLIKTT QAAAIIDHER VALGNEEGLF VVHVTKDEII 1260
RVGDNKKIHQ IELIPSDQLV AVISGRNRHV RLFPMSALDG RETDFYKLAE TKGCQTIAAG KVRHGALSCL 1330
CVAMKRQVLC YELFQSKTRH RKFKEIQVPC NVOWMAIFSE HLCVGFQSGF LRYPLNGEGS PCNMLHSNDH 1400
TLAFITHQPM DAICAVEISN KEYLLCFSSI GIYTDCQGRR SRQQELMWPA NPSSCCYNAP YLSIYSENAV 1470
DIFDVNSMEW IQTLPLKKVR PLNTEGSLNL LGLETIRLIY FKNKMAEGDE LVVPETSDNS RKOMVRNINN 1540
KRRYSFRVPE EERMOORREM LRDPEMRNKL ISNPTNFNHI AHMGPGDGIQ ILKDLPMNPR_PQESRTVESG 1610
SVSIPSITKS RPEPGRSMSA SSGLSARSSA ONGSALKREF SGGSYNTKRQ PMPSPSEGSL SSGGVDQGSD 1680

APVRDYDGED SDSPRHSTAS NSSNLSSPPS PVSPRKTKSL SLESTDRGSW DP. 1732

MRCK3p

MSAKVRLKKL EQLLLDGPWR NESSLSVETL LDVLVCLYTE C&HSALRRDK YVAEFLEWAK PFTQLVKDMQ 70
LHREDFEIIK VIGRGAFGEV AVVKMKNTER IYAMKILNKW EMLKRAETAC FREERDVLVN GDCQWITALH 140
YAFQDENYLY LVMDYYVGGD LLTLLSKFED KLPEDMARFY IGEMVLAIDS IHQLHYVHRD IKPDNVLLDV 210
NGHIRLADFG SCLKMNDDGT VQSSVAVGTP DYISPEILQA MEDGMGKYGP ECDWWSLGVC MYEMLYGETP 280
FYAESLVETY GKIMNHEERF QFPSHVTDVS EEAKDLIQRL ICSRERRLGQ NGIEDFKKHA FFEGLNWENI 350
RNLEAPYIPD VSSPSDTSNF DVDDDVLRNI EILPPGSHTG FSGLHLPFIG FTFTTESCFS DRGSLKSMIQ 420
SNTLTKDEDV QRDLENSLQI EAYERRIRRL EQEKLELSRK LQESTQTVQS LHGSTRALGN SNRDKEIKRL 490
NEELERMKSK MADSNRLERQ LEDTVTLRQE HEDSTQRLKG LEKQYRLARQ EKEELHKQLV EASERLKSQT 560
KELKDAHQQOR KRALQEFSEL NERMAELRSQ KQKVSRQLRD KEEEMEVAMQ KIDSMRQDIR KSEKSRKELE 630
ARLEDAVAEA SKERKLREHS ESFSKQMERE LETLKVKQGG RGPGATLEHQ QEISKIRSEL EKKVLFYEEE 700
LVRRERSHVL EVKNVKKEVH ESESHQLALQ KEVLMLKDKL EKSKRERHSE MEEAIGAMKD KYERERAMLF 770
DENKKLTAEN EKLCSFVDKL TAQNRQLEDE LQDLASKKES VAHWEAQIAE IIQWVSDEKD PRGYLQALAS 840
KMTEELETLR SSSLGSRTLD PLWKVRRSQK LDMSARLELQ SALEAEIRAK QLVHEELRKV KDTSLAFESK 910
LKESEAKNRE LLEEMQSLKK RMEEKFRADT GLKLPDFQDP IFEYFNTAPL AHDLTFRTSS ASDQETQASK 930
LDLSPSVSVA TSTEQQEDAA RSQQRPSTVP LPNTQALAMA GPKPKAHQFS IKSFPSPTQC SHCTSLMVGL 1050
IRQGYACEVC AFSCHVSCKD SAPQVCPIPP EQSKRPLGVD VQRGIGTAYK GYVKVPKPTG VKKGWQRGLR 1120
VVCDCKLFLY DXARREVHQP GVIASQVLDL RDDEFAVSSV LASDVIHRTR RDIPCIFRVT ASRLGSPSKT 1190
SSLLILTENE NEKRKWVGIL EGLQAILHKN RLRSQVVHVA QEAYDSSLPL IKTVLAAAIV DGDRIAVGLE 1260
EGLYVIELTR DVIVRAADCK KVYQIELAPK EKLILLLCGR NHHVHLYPWT SFDGAEASNF DIKLPETKGC 1330
QLIATGTLRK SSSTCLFVAV KRLVLCYEIQ RTKPFHRKFN EIVAPGHVQW MAMFKDRLCYV GYPSGSLLLS 1400
IQGDGQPLDL VNPADPSLAF LSQQSFDALC AVELKSEEYL LCFSHMGLYV DPQGRRSRTQ ELMWPAAPVA 1470
CSCSSSHVTV YSEYGVDVFD VRTMEWVQTI GLRRIRPLNS DGSLNLLGCE PPCLIYFKNK FSGTVLNVPD 1540
TSDNSKKQML RTRSKRRFVF KVPEEERLQQ RREMLRDPEL RSKMISNPTN FNHVAHMGPG DGMQVLMDLP 1610
LSVRPQPRRK SRVLPQQASL GSLPSRNKPY VSWPSSGGSE PGVPVPLRSM SDPDQDFDKE PDSDSTKHSL 1680

RPTAPTLAAP RAPTHRTGAS SL.

ROKo!
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FIG. 2. Sequence of a family of Ser/Thr kinases containing a Cdc42-binding domain and other functional domains. (A) Deduced amino acid sequences of rat
MRCKa and MRCKB. Regions in boldface represent, in order, kinase, cysteine-rich (CR), PH, and p21 GTPase-binding (GBD) domains. In MRCKa, the region underlined
is identical, apart from an initial L—V, to the human sequence shown in Fig. 1A. Domain organization of MRCKSs, myotonic dystrophy kinase (DMK), and ROKe, along with
percent identities of related domains, is also shown. (B) Kinase domains of MRCKa, MRCKR, myotonic dystrophy kinase (DMK), and ROKa. (C) PH domains in MRCKa,
MRCKSRB, ROKa, and pleckstrin N terminus (Pleck N). Amino acids identical to the most commonly occurring consensus sequence in PH domains (in boldface and
uppercase) are marked with asterisks. (D) Cysteine-rich domains of MRCKs, PKCa, and n-chimaerin (n-CHIM). Conserved residues (17) are indicated by asterisks.

Cdc42, we obtained a partial cDNA from a human brain cDNA
library. This cDNA fragment, a shorter Asel/EcoRI-deleted
fragment, and a PCR fragment flanking the putative p21-bind-
ing site when expressed as GST fusion proteins all bound

GTPyS-Cdc42 but not GDP-Cdc42 (Fig. 1A and B). Double
mutation of the conserved histidines led to abolition of bind-
ing. Weak binding was also observed to GTP-Racl but not to
GTP-RhoA (data not shown). The binding domain is con-
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MRCKo, MRLHREDFEILKVIGRGAFGEVAVVKLKNADKVFAMKILNKWEMLKRAETACFREERDVLVNGDSKWITTLHYAFQDDNNLYLVMDY
MRCKB MOLHREDFEITKVIGRGAFGEVAVVKMKNTERIYAMKI LNKWEMLKRAETACFREERDVLVNGDCOQWITALHYAFQDENYLYLVMDY
DMK VRLORDDFEILKVIGRGAFSEVAVVKMKOTGOVYAMKIMNKWDMLKRGEV SCFREERDVLVNGDRRWITQLHFAFQDENYLYLVMEY
ROKa MKA--EDYDVVKVIGRGAFGEVQLVRHKASQKVYAMKLLSKFEMIKRSDSAFFWEERDIMAFANS PWVVQLFCAFQDDRYLYMVMEY
MRCKo YVGGDLLTLLSKFEDRLPEEMARFY[ AEMVIATIDSVHOLHYVHRDIKPDNI LMDMNGHIRLADFGSCLKI MEDGTVOSSVAVGTPDY
MRCKB YVGGDLLTLLSKFEDKLPEDMARFY IGEMVLATIDS THOLHYVHRDIKPDNVLLDVNGHIRLADFGSCLKMNDDGTVOSSVAVGTEDY
DMK YVGGDLLTLLSKFGERIPAFMARFYT AETVMATIDSVHRLGYVHRDIKPDNI LLDRCGHIRLADFGSCLKLRADGTVRSLVAVGTPDY
ROKa  MPGGDLVNLMSNYD--VPEKWAKFYTAEVVLALDATHSMGLTHRDVKPDNMLLDKHGHL KLADFGTCMKMDETGMVHCDTAVGTRDY
MRCKo ISPEILQAMEDG--KGRYGPECDWWSLGVCMYEMLYGETPFYAESLVETYGKIMNHKERFOFPTQOVTDVSENARKDLIRRLICSREHR
MRCKf ISPEILQAMEDG--MGKYGPECDWWSLGVCMYEMLYGETPFYAESLVETYGKIMNHEERFQFPSHVTDVSEFAKDLIQRLICSRERR
DMK LSPEILQAVGGGPGTGSYGPECDWWALGVFAYEMEF YGOTPFYADSTAETYGKIVHYREHLSLPLVDEGVPEEARDFIQRLLCPPETR
ROKo, ISPEVLKSQGGD---GYYGRECDWWSVGVF LFEMLVGDTPFYADSLVGTY SKIMDHKN SLCFP - EDTET SKHAKNLICAFLTDREVR
MRCKo LGONGIEDFKKHPFFSGIDW--DNIRNCEAPYIPEVSSPTDTSNFDVDDDCLKNS - ———— ETMPPPTHTAFSGHHLPFVGFTY 405
MRCKB LGONGTEDFRKHAFFEGLNW--ENIRNLEAPYIPDVSSPSDTSNFDVDDDVLRNI - ———- EILPPGSHTGFSGLHLPFIGFTF 403
DMK LGRGGAGDFRTHPFFFGLDW- -DGLRDSVPPFTPDFEGATDTCNFDLVEDGLTAMVSGGGETLSDIREGAPLGVHLPFVGYSY 415
ROKo LGRNGVEETIRQHPFFKNDOWNWDNIRETAAPVVPELSSDIDSSNFDDIED- -~~~ =~ DKGDVETFPIPKAFVGNQLPFIGFTY 406
C *x K * * %k *
MRCKO:  AYEGhvRIPKPAGVKK-GWQRalAVvCDCKLFLYDIAEFKASQPSSVISqvIDmMRDEEFSVSSVLASDVIHASRKDT
MRCKB  AYKGYVKVPKPTGVKK-QWQRg1RVVCDCKLFLYDLPEGKSTQPGVIASQVLDLRDDEFAVSSVLASDVIHRTRRDI
ROK& RLEGWLSLPVRNNTKKFGWVKKYVIVSSKKILFYDSEQDKEQSNPYMVLDIDKLFMSDLLLRQSIQSRC-~~~==-~
Pleck N IREGYLVKKGSVF---NTWKPmWVVLLEDGIEFYKKKSDNS---PKGMIPLKGSTLTSPCODFGKR---——---==-
* o * X % ox
MRCKo PCIFRVTASQLSAPSDK-—————————— CSILmMLADSETERSDWVGVLSEL 1199
MRCKB PCIFRVTASLLGSPSKT~--—~=~===- SSLLILTEnENEKRKWVGILEGL 1213
ROKoL LKKFKIFQILYANEGSK---//------KNLLLLANSTEEQQKWVSRLVKK 1338
Pleck N MFVPRITTTKQ----—-=-===------~ ODHFFQAAfLEERDAWVRDINKA 99
D * % * * * kk ok kok * * * * * *
MRCKor KTHQFFVKSFTAPTKCHQCTSLMVGLIRQGCSCEVCGFSCHITCVNKAPTTCPVPPEQTKGPL 1073
MRCKRZ  KAHQFSIKSFPSPTQCSHCTSLMVGLIRQGYACEVCAFSCHVSCKDSAPQVCPIPPEQSKRPL 1087
PKCo. SKHKFKIHTYGSPTFCDHCGSLLYGLIHQGMKCDTCDMNVHKQCVINVPSLCGMDHTEKRGRI 162
n-CHIM KIHNFKVHTFRGPHWCEYCANFMWGLIAQGVKCADCGLNVHKQCSKMVPNDCKPDLKHVKKVY 141
FIG. 2—Continued.
: : : : A (a) Western Blot (b) Cdc42Hs Binding
served in the two rat isoforms isolated from further screening o .
and resembles other p21-binding motifs of this class (9, 36) o & 5 > S o o
. . . > > & S
(Fig. 1C) but not the RhoA-binding sequence of ROK or pro- Do) bl *}» ? ;2@ ;v ral 5
tein klnfiSC N (PKN) (3, 30, 50). 200-.___ S o M et A e |<
Identification of MRCKs. Two related full-length cDNAs
. . . g
were isolated upon subsequent screening of a rat brain cDNA 971
library. The N termini of the predicted proteins (Fig. 2A) begin
with a kinase domain (Fig. 2B) exhibiting 68% identity to the 681 O . ss.
human myotonic dystrophy kinase. These kinases were desig-
nated MRCKa and -B. The kinase domains were followed by
an extended a-helix, with coiled-coil features (residues 450 to
950 in MRCKa) and. a highly conserved region (residues 810 to B S P b FE
860 in MRCKa) which has some homology to nonmuscle my- kb) & &5 FE
12 .
sl - MRCKo.
6 . —
FIG. 3. Expression and biochemical characterization of MRCKs. (A) Expres- 127
sion of MRCK in tissues and cultured cells. (a) Soluble protein extracts from 27 - - MRCKp
various rat tissues and cells were separated by polyacrylamide gel electrophoresis 6
and transferred to nitrocellulose filters for Western analysis using antibodies
against the Cdc42-binding domain of human MRCKa (C-terminal 124 residues).
(b) A similar blot showing Cdc42 binding. The arrowhead indicates the positions o
of the immunoreactive and Cdc42-binding regions. (B) Northern (mRNA) blot C D 5\
from rat tissues (Clontech) hybridized to the 3*P-labeled MRCKa and MRCKB o™ 3 & & &
cDNA probes. (C) Kinase activity toward different substrates. GST-MLC-2, (KDa) ()% & N4 & &’ L @X o
GST-MRCKa p21-binding domain hBF-1 (residues 1 to 124; Fig. 1), histone H1, 200 =1 < & & $0 $0
and myelin basic protein (MBP) were used as substrates in a kinase assay with (eDs)
purified MRCKa expressed in baculovirus as a GST fusion protein. The 33P- 200 —— 3
labeled bands corresponding to the Coomassie blue-stained substrate proteins P — ARSHA
are marked with asterisks, and the autophosphorylated GST-MRCKa band is 4 -
indicated by an arrowhead. The sequence at the bottom shows the Lys-C peptide 29 - a» 33p
with the serine 19 (asterisk) phosphorylation site in MLC-2. (D) Kinase activities * 434 GRI-MLC2
e

in transfected cells. COS-7 cells were transfected with vector pXJ40HA or with
a vector containing MRCKa alone, MRCKa in combination with Cdc42V'2; or
kinase-inactive MRCKa®!'%*A, Tagged proteins were immunoprecipitated (IP)
with anti-HA antibody, and kinase activity (lower panel) was assayed with [y-
33P]ATP as described elsewhere (36).

MLC-2 phosphorylatlon site:
RPQRATSNVFAMFDQSQIQEFK

w
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FIG. 4. Cellular localization of MRCKa and the effects of Cdc42V!?. HeLa cells grown in minimal essential medium with 10% fetal bovine serum were transfected
with pXJ40-FLAG plasmids encoding either MRCKa alone or MRCKaAPH (the latter with the PH domain deleted). Cells were fixed with 4% paraformaldehyde and
stained with anti-FLAG antibody after 16 h. For cotransfection experiments, plasmid encoding FLAG-tagged MRCKa or MRCKaAPH was cotransfected with plasmid
encoding HA-tagged Cdc42V'2. Cells were fixed and doubly stained with antibodies against FLAG for MRCKa« and HA for Cdc42V'2.

osin heavy chain and rat nestin (29). Both isoforms of ~190
kDa contain the p21-binding motif near the C-terminus, with
the domain organization of these kinases being quite different
from that of ROKa (Fig. 2A). A cysteine-rich domain (Fig.
2D) and a pleckstrin-like domain (Fig. 2C) occur between the
kinase domain and the p21-binding motif.

Biochemical characterization of MRCKs. The expression of
these p190 kinases was examined in protein extracts by Cdc42-
GTP binding and Western blot analysis using polyclonal antibod-
ies against the p21-binding domain of human MRCKa. As re-
ported previously, major Cdc42 binding occurs in regions from
around 180 to 200 and 62 to 68 kDa; the latter corresponds to
PAK isoforms (36). The larger Cdc42-binding proteins probably
include MRCKa and -B. Western analysis revealed 180- to 200-

kDa proteins, present at higher levels in the brain and kidney
(Fig. 3A). High levels of immunoreactivity were detected in lung,
in the pellet fraction (data not shown). The Cdc42-binding pat-
tern did not correlate well with p180-200 immunoreactivity in
different tissues, possibly because of the presence of other MRCK
isoforms or Cdc42-binding proteins such as IQGAPs, which have
similar molecular sizes (18, 25). On Northern blot analysis, the
10-kb MRCKa mRNA was highly enriched in the brain and lung
and present in lower levels in other tissues (Fig. 3B). MRCKp
mRNA was expressed in all tissues examined and at highest levels
in lung and kidney. Both mRNAs were also expressed in epithe-
lial HeLa cells (data not shown).

MRCKa when expressed as a GST fusion protein was
found to phosphorylate serine/threonine residues of several
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FIG. 5. MRCKa affects the organization of cellular structures. HeLa cells grown on coverslips were microinjected with a plasmid encoding HA-tagged wild-type
MRCKa (a and b), kinase-dead MRCKa*!%4 (¢ and d), or kinase domain alone (e to h). Two hours after incubation, cells were fixed and stained with anti-HA antibody
(a and c) or doubly stained with phalloidin (b, d, and e) or antibodies against myosin light chain (f), vinculin (g), or tubulin (h). Arrows indicate the injected cells located
by HA staining (not shown in panels e to h). Bar = 10 pm.

substrates, including myelin basic protein, histone H1, and 3C). Immunoprecipitated HA-MRCKa did not exhibit ele-
its own binding domain (hBF-1) in vitro, but was especially ~ vated activity when cotransfected with Cdc42V'? (Fig. 3D).
active toward nonmuscle myosin regulatory light chain Similar results were obtained with the recombinant full-
(MLC-2), the latter being phosphorylated at serine 19 (Fig. length GST-MRCKa (data not shown), indicating that in-



FIG. 6. MRCKa potentiates the effects of Cdc42 on microspike formation. (A) Kinase-dead MRCKa blocks Cdc42-mediated effects on focal complexes and morphology.
Serum-starved HeLa cells were injected with plasmid encoding FLAG-tagged kinase-dead/p21-binding-deficient mutant MRCK/<!00AHISTOAHISSIA (50 no/yl): 3 h later,
these preinjected cells (a, b, e, and f) and uninjected control cells (c, d, g, and h) were injected with plasmid pXJ40-HA (50 ng/uul) encoding Cdc42V'? (a to d) or Rac1¥'? (e
to h). Cells were fixed and stained with antibodies against FLAG (a and ¢), HA (c and g), or paxillin (b, d, f, and h) after incubating for 2 h. Essentially similar results were
obtained with kinase-dead MRCKa*194, (B) Morphological effect of expression of MRCKa and limiting amounts of Cdc42. HeLa cells grown in serum-containing medium
were injected with plasmids encoding FLAG-tagged Cdc42 (5 ng/pl) together with plasmid encoding either HA-tagged wild-type MRCKa (a), MRCKa %4 (b), p21-binding-
defective MRCKa!579A4HISE2A () or ROKa (d) at 50 ng/ul. Cells incubated for 2 h were fixed and stained with anti-HA antibody. Bar = 10 pm. (C) Time-lapse phase-
contrast microscopy of HeLa cells coinjected with plasmids encoding MRCKa and Cdc42 as in panel B. Morphological changes in a typical coinjected cell are shown up to
4 h after the coinjection. Cells 4 h after injection with plasmids encoding MRCKa (50 ng/pl) alone, Cdc42 (5 ng/pl) alone, or Cded2V'? (50 ng/pl) are included for comparison.
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FIG. 6—Continued.
teraction with Cdc42 was not essential for kinase activation. The cysteine-rich domain in both isoforms resembles those

The mutant MRCKa®'%®4 with a substitution of the critical ~ of PKC and chimaerins and was capable of binding to [*H]
lysine in the kinase domain, exhibited no detectable kinase phorbol myristic acetate in a lipid-dependent manner (data not
activity. shown).
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Cellular localization of MRCK« and the effect of Cdc42¥'2. In
transfected HeLa cells, expressed FLAG-MRCKa showed a dis-
persed punctate cytoplasmic distribution and a more intense
staining along the cell periphery, especially at the leading edge
and cell-cell junction. Cotransfection with Cdc42V*? led to a typ-
ical Cdc42-type morphology, and MRCKa was found to colocal-
ize with Cdc42V'?, particularly at the cell-cell junction and pe-
riphery, which contained numerous protrusions (Fig. 4, left
panels). As PH domains can interact with lipids and the cytoskel-
eton, we also studied the effects of MRCKAPH, a construct with
the PH domain deleted. Cells transfected with MRCKaAPH
plasmid showed a more even cytoplasmic distribution of the ki-
nase. When cotransfected with Cdc42Y'2, both MRCKaAPH and
p21 remained largely dispersed within the cytoplasm, and the
typical Cdc42-type morphology was not produced (Fig. 4, right
panels). These results suggest that the PH domain is important
for the correct localization of MRCKa and that MRCKa
may be associated with producing a Cdc42 phenotype since
the MRCKaAPH mutant blocked production of this pheno-
type (possibly acting as a dominant-negative mutant).

Microinjection of MRCKa affects cellular structures. To in-
vestigate whether MRCKa had a direct effect on morphology, we
microinjected HeLa cells with plasmids encoding MRCKa
and various derivatives. Expression of wild-type MRCKa
enhanced the formation of stress fibers, some of which ex-
hibited a crisscross pattern (Fig. 5a and b). The kinase domain
alone (which is constitutively active) elicited gross changes in
actin- and myosin-containing structures involving marked actin
condensation (Fig. Se and f). Some increase in focal complexes
were seen (Fig. 5g), but microtubules were unaffected (Fig.
5h). The action of MRCKa in promoting formation of stress
fibers was reminiscent of the action of the related ROKa.
However, MRCKa notably differed from ROKa in that its
kinase-dead mutant (MRCKa*!?**) did not promote dissolu-
tion of existing stress fibers (Fig. 5S¢ and d). The MRCKa
promotion of stress fibers was also not affected by the domi-
nant-negative ROKa®!''?* (not shown, being very similar to
Fig. 5a and b), indicating that MRCKa did not act via ROKa.
These results show that although overexpressed MRCKa can
mimic some effects of ROK through the presence of a kinase
domain which is highly homologous among a family of diverse
proteins, MRCKa appears to have a role different from that of
the Rho-binding ROK.

MRCKa modulates Cdc42-dependent morphology. We then
examined whether MRCKa could have a role in the morpho-
logical effects promoted by Cdc42. In HeLa cells, these mor-
phological effects include microspike formation and produc-
tion of stellate peripheral focal complexes readily observed
2 h after injection of Cdc42V*? plasmid (50 ng/ul) (Fig. 6A,
panels ¢ and d). When these cells were first injected with
plasmid encoding kinase-dead MRCKa*'%°* (using this as
a putative dominant-negative mutant) 3 h before the injection
of Cdc42V!'2, these morphological effects were not seen. This
blocking effect of the kinase-dead MRCKa™'*** mutant was
not due to its possible sequestration of Cdc42V*?, since prior
expression of the kinase-dead and Cdc42-binding-deficient
MRCKq<106A-HIS7O.HISE2A mytant was as effective in inhibit-
ing the morphological action of Cdc42Y'? (Fig. 6A, panels a
and b). This MRCKa mutant had no effect on Rac¥'*-induced
focal complexes or cell spreading (Fig. 6A, panels e to h),
showing that it specifically affected Cdc42 actions.

We next investigated the functional relationship of MRCKa
to its p21 partner Cdc42, adopting an approach similar to one
recently used to study the effects of POR1, a Racl-binding
protein, on cytoskeletal reorganization (49). We first estab-
lished that injection of low concentrations (5 ng/pl) of wild-
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type Cdc42 plasmid was phenotypically ineffective in induc-
ing morphological changes in HeLa cells and subsequently
coinjected MRCKa and Cdc42 plasmids. This led to an en-
hanced formation of cellular extensions and microspikes with a
marked redistribution of MRCKa to cortical regions, especially
at the tip of the former structures (Fig. 6B, panel a). Coinjec-
tion of Cdc42 plasmid with plasmids encoding kinase-dead
MRCKa*'%* Cdcd2-binding-deficient MRCKq!1579A/H15824,
and ROKa (F1g 6B, panels b to d) led to no such enhanced
formation of peripheral structures. These results indicate that
both kinase and Cdc42-binding domains of MRCKa are re-
quired for its effects on Cdc42 functions.

Injected cells were then subjected to time-lapse analysis.
When injected with a low concentration (5 ng/ul) of Cdc42
plasmid, cells showed very little change even after 4 h. Higher
concentrations (50 ng/ul) of activated Cdc42V*? plasmid led to
the appearance of short microspikes (Fig. 6C, bottom row).
When MRCKa plasmid was coinjected with low concentra-
tions of Cdc42 plasmid (by itself ineffective), cellular protru-
sions including microspikes appeared within 90 min after the
coinjection, with the peripheral regions undergoing continual
retraction and extension over several hours (Fig. 6C, top row).
These dynamic and protracted changes resulted in cells dis-
playing extended cytoplasmic tracts 4 h after injection (Fig. 6C,
left lower panel). The morphology contrasts sharply with that
of control cells injected with plasmids encoding either MRCKa
or Cdc42 on their own examined at this time interval.

DISCUSSION

We and others have recently reported the isolation of Rho-
binding serine/threonine kinases (ROKs) which act down-
stream of Rho (1, 2, 19, 20, 23, 30, 31). The isolation of another
family of ROK-related kinases with Cdc42 and weak Racl
binding (MRCKSs) strengthens the notion that functionally re-
lated members of these kinases are adapted to different
switches for diverse biological activities. These multidomain
kinases show some similarity in domain organization, with
coiled-coil a-helix, cysteine-rich, and PH domains, although
the exact arrangements differ. They also share substrates.
Like ROKa, MRCKa readily phosphorylates MLC-2 pre-
dominantly at serine 19. Phosphorylation of this residue has
been reported to be essential for the activation of myosin in
vitro (6, 22) and its subsequent effect on the actin-myosin
contractile apparatus which has been suggested to underlie the
formation of stress fibers and focal adhesion complexes (12).
With MRCKa, the exact relationship of its kinase activity to its
morphological action remains to be established. It is plausible
that phosphorylation of myosin(s) is a common feature of
these different kinases and that the site of action will determine
the appropriate morphological activity, with selectivity being
imparted by specific p21-binding domains.

MRCKa has a characteristic cellular localization which is
different from that of ROKa. In general, ROKa is distributed
evenly in the cytoplasm and concentrated in the cell periphery
only upon translocation by transfected RhoA (31). MRCKu is
stained in punctate structures in the cytoplasm, with more
intense staining at the periphery of transfected cells, particu-
larly at the leading edge and cell-cell junction. This localization
may in part be due to nonkinase regulatory domains such as
the PH domain, since its deletion resulted in a more even
cellular distribution. The PH domain of the Ras exchange
factor Sos had been shown to play a role in targeting the
protein to the cell periphery and leading edge of motile cells,
in response to serum stimulation (11). Similarly, the N-termi-
nal PH domain of pleckstrin is required for its membrane
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localization and induction of membrane projections which is
regulated by its phosphorylation (33). Although the families of
ROKSs and MRCKs contain PH domains, these are not iden-
tical, and it would be interesting to determine whether and how
the different PH domains influence membrane localization.

Not unexpectedly given the similarity in the kinase domain,
overexpression of ROKs and MRCKs can result in overlapping
morphological activities under certain experimental condi-
tions. Introduction of plasmids for either ROKa or MRCKa
led to enhanced formation of stress fibers and focal complexes,
which require their kinase activity (Fig. 5 and references 1, 20,
and 30). However, while the kinase-dead (dominant-negative)
ROKa mutant effected dissolution of stress fibers and focal
adhesion complexes, in keeping with ROK’s role downstream
of Rho, kinase-dead MRCKa did not affect these Rho-depen-
dent structures. This finding strongly indicates that the func-
tional role of MRCKs is different from that of ROKSs. Several
lines of evidence from the work presented here suggest that
MRCKa is associated with Cdc42 functions. First, Cdc42 co-
localizes with MRCKa on cotransfection. Second, introduction
of the kinase-dead MRCKa blocks the morphological effects
of Cdc42V'2. Third, coexpression of MRCKa with limiting
concentrations of wild-type Cdc42 (which elicits no effect on its
own) promoted the formation of dynamic peripheral structures
including microspikes and filopodia. The formation of these
structures require Cdc42 mediation (24, 41).

The relationship of MRCK to the other Cdc42-binding
kinase PAK clearly warrants further investigation. aPAK dis-
assembles stress fibers and focal adhesion complexes in HeLa
cells when activated (34). It has been suggested that this dis-
assembly may facilitate (or be necessary for) the formation of
the Cdc42-dependent peripheral structures perhaps because of
shared components or cytomechanical needs, reflecting oppos-
ing roles of ROK and PAK (32). In cells injected with activated
PAK, dissolution of the Rho-mediated structures is followed
eventually by massive cell contraction, with long retraction
fibers being visible 90 to 120 min after injection (34). In the
present study, coexpression of limiting concentrations of
Cdc42 with MRCKa led to pronounced microspike activity
and restructuring of peripheral portions of the cell, involving
continual retraction and protrusion over an extended time (4
h). Rather than the final overall cell contraction observed with
PAK, this restructuring resulted in marked expansion of some
parts of the cytoplasm. This finding suggests that MRCK and
PAK activities may need to be coordinated in normal cells
displaying Cdc42-mediated effects. (It is possible that the
Cdc42-binding nonkinases such as the Wiskott-Aldrich syn-
drome protein [4, 46] are also involved.) MRCK, unlike PAK
(34), does not appear to be involved in Rac-induced activities
(Fig. 6) which can occur subsequent to Cdc42 activation (24,
41). Certainly, the occurrence of different kinase domains with
related p21-binding domains within MRCK and PAK, and
conversely of similar kinase domains with different p21-binding
domains within MRCK and ROK, may well serve to allow the
Rho family effectors to engage in cross talk essential for inte-
gration of the wide repertoire of cellular activities mediated by
these p21s.
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