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ABSTRACT A partial cDNA was isolated that encoded a
protein kinase, termed rac (related to the A and C Kinases).
This cDNA was subsequently used to screen libraries derived
from the human cell lines MCF-7 and WI38 and led to the
isolation of full-length cDNA clones. DNA sequence analysis
identified an open reading frame of 1440 base pairs encoding
a protein of 480 amino acids (M,, 55,716). This result was
supported by the synthesis of a M, 58,000 protein in an in vitro
translation system that used RNA transcribed from cloned
cDNAs with SP6 RNA polymerase. The predicted protein
contains consensus sequences characteristic of a protein kinase
catalytic domain and shows 73% and 68 % similarity to protein
kinase C and the cAMP-dependent protein kinase, respec-
tively. Northern (RNA) analysis revealed a single mRNA
transcript of 3.2 kilobases that varied up to 300-fold between
different cell lines. Specific antisera directed towards the
carboxyl terminal of the rac protein kinase were prepared and
used to identify a protein of M, 59,000 by immunoblotting. A
specific protein kinase activity was identified that phosphoryl-
ated several substrates in immunoprecipitates prepared with
the rac-specific antisera.

Protein phosphorylation is a fundamental process for the
regulation of cellular functions. It is the coordinated action of
both protein kinases and phosphatases that controls the
phosphorylation levels and, hence, the activity of specific
target proteins (for review, see refs. 1 and 2). One of the
predominant roles of protein phosphorylation is in signal
transduction, where extracellular signals are amplified and
propagated by a cascade of protein phosphorylation and
dephosphorylation events. Two of the best-characterized
signal transduction pathways involve the cAMP-dependent
protein kinase (CAMP-PK) and protein kinase C (PKC) (1).
Each pathway uses a different second-messenger molecule to
activate the protein kinase, which, in turn, phosphorylates
specific target molecules. Extensive comparisons of kinase
sequences have defined a common catalytic domain, ranging
from 250 to 300 amino acids (3, 4). This domain contains key
amino acids that are conserved between kinases and are
thought to play an essential role in catalysis.

Recently many protein kinase sequences have been iden-
tified either by low-stringency hybridization (5) or by using
PCR to amplify sequences between two conserved regions in
the Kkinase domain (6). Using a 500-base-pair (bp) cDNA
probe encoding amino acids 193-349 of the a catalytic
subunit of the porcine cAMP-PK (7), we isolated several
cDNA clones encoding a member of the serine/threonine
protein kinase family.¥ Sequence comparisons revealed ho-
mology to the cAMP-PK, PKC, and the yeast protein kinase

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

YPK1 (8). We present data on both the expression and
activity of this protein kinase.

MATERIALS AND METHODS

Molecular Cloning and Sequence Analysis. Human cDNA
libraries derived from MCF-7 cells and WI38 fibroblasts
(Clontech and Stratagene) were screened as described (9)
using cDNA probe (ALLC-PK;rac4B-5) at 1-2 x 10° cpm/ml
radiolabeled by the random-priming method (10). Washing
was for 2 hr in 0.15 M NaCl/15 mM sodium citrate, pH 7.0
(I1x SSC)/0.1% SDS at 60°C. Positive clones were plaque
purified, and the EcoRlI inserts were subcloned for further
analysis. cDNA sequences were determined by the dideoxy-
nucleotide chain-termination method (11) by using Seque-
nase according to the manufacturer’s protocols with the
universal or reverse-sequencing primers or specific oligonu-
cleotides. All clones were sequenced on both strands with
dGTP or with dITP for regions of high G+C content. Se-
quences were analyzed using the University of Wisconsin
Genetics Computer Group software package (12).

Northern (RNA) Analysis. Total RNA was isolated as
described (13). For Northern analysis, 20 ug of total RNA
was fractionated on a 1% formaldehyde-agarose gel, trans-
ferred to Zetaprobe (Bio-Rad) membrane, and hybridized to
the 2.3-kilobase (kb) insert from AMCFrac8 (specific activity,
=10° cpm/ug) with 2 X 107 cpm of radiolabeled probe as
described (13). After hybridization the blot was washed at
65°C in 1x SSC/0.1% SDS for 2 hr.

In Vitro Transcription and Translation. The EcoRI insert
from AWI38rac71 was subcloned in both orientations into
pGEM-4Z (Promega), linearized with BamHI, and used as
templates for in vitro transcription by SP6 polymerase. The
capped RNA (=1 ug) was translated in vitro by using a rabbit
reticulocyte lysate (Stratagene) for 1 hr at 30°C in the
presence of 20 uCi of [**S]methionine (1 Ci = 37 GBq).
Samples (2.5 pl) were analyzed by 12% SDS/PAGE (14) and
subjected to autoradiography for 2 hr at —70°C with two
intensifying screens.

Immunization and Purification of rac-Specific Antisera.
Rabbits were immunized by s.c. injection with 1 mg of
rac-specific peptide (FPQFSYSASSTA) coupled to keyhole
limpet hemocyanin (15). Antisera were purified by precipi-
tation with 50% (NH,),SO, followed by affinity chromatog-
raphy on rac-peptide coupled to Affi-Gel 15 (Bio-Rad). The
rac-specific antisera were eluted from the column by using
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0.2 M glycine, pH 1.85, and dialyzed against phosphate-
buffered saline.

Immunoanalysis. Cell extracts were prepared by lysis in 50
mM Tris'HCl, pH 7.5/1 mM EDTA/1 mM phenylmethylsul-
fonyl fluoride/0.2% Triton X-100. Samples (40 ug of protein)
were subjected to 12% SDS/PAGE and electroblotted (16) to
Immobilon membranes (Millipore) for 75 min at 300 mA. The
membranes were then probed with the rac-specific peptide
antisera and visualized using an *I-labeled donkey anti-
rabbit second antibody (0.1 £Ci/ml; Amersham) followed by
autoradiography for 2 days at —70°C with two intensifying
screens.

Immunoprecipitation and Assay of rac Protein Kinase. Cell
extracts (=2 mg/ml), prepared as described above, were
precleared by incubation for 1 hr with Pansorbin (Calbio-
chem) and then incubated with the affinity-purified rac-
specific antisera (3 ug) for 2 hr at 0°C. Immunoprecipitates
were collected by using protein A-Sepharose (Pharmacia)
and extensively washed with lysis buffer. Finally, the immu-
noprecipitates were washed with 50 mM Tris-HCI, pH 7.5/10
mM MgCl,/1 mM dithiothreitol before performing kinase
assays. The kinase incubation mixture (50 ul) was 50 mM
Tris'HCI, pH 7.5/10 mM MgCl,/1 mM dithiothreitol/1 uM
protein kinase inhibitor (PKI) peptide (17)/25 ug of histone
H1 (Sigma fraction IIIS) or 25 ug of myelin basic protein
(MBP, Sigma)/50 uM [y->*P]ATP (800 cpm/pmol)/immuno-
precipitate from 50 ul of cell-free extract, corresponding to
100 ug of protein. Other substrates were used as indicated in
Table 1. After incubation at 30°C for 30 min samples were
analyzed by 12% SDS/PAGE and then autoradiographed.
For measurement of protein kinase activity the phosphoryl-
ated substrate bands were excised from the dried gel, and
radioactivity was counted by scintillation spectropho-
tometry.

RESULTS

Isolation of Clones Encoding rac Kinase. A 500-bp cDNA
probe encoding residues 193-349 of the a catalytic subunit of

Table 1. Phosphorylation of substrates by rac protein kinase

Concentration, Phosphorylation, %
Substrate mg/ml relative to MBP

MBP 0.5 100
Glycogen synthetase 0.2) 100
Regulatory subunit 11

of cAMP-PK 0.12) 82
Histone H1 0.5) 43
40S ribosomal subunit 0.5) 23
Protamine sulphate 0.5) 21
Microtubule-associated

protein 2 0.2) 10
Histone H2A 0.5) 0
Regulatory subunit 1

of cAMP-PK 0.12) 0
Phosphorylase (0.25) 0

Various substrates were tested in a kinase assay by using rac
protein kinase immunoprecipitated from MCF-7 cell extracts with
the peptide-specific antisera. Levels of phosphorylation, obtained
from three independent immunoprecipitations, are expressed in
relation to MBP, which is set at 100%. Numbers in parentheses
indicate the concentration of substrate used. Sources of substrates
were as follows: MBP, histone H1 (HIIIS), histone H2A (HIIAS),
and protamine sulfate were purchased from Sigma; cAMP-PK reg-
ulatory subunits I and 11 and phosphorylase were purified from rabbit
skeletal muscle; glycogen synthetase purified from rabbit skeletal
muscle was from J. Woodgett (Ludwig Cancer Institute, London);
40S ribosomal subunits purified from rat liver were from G. Thomas
(Friedrich Miescher-Institut); microtubule-associated protein 2 pu-
rified from rat brain was from A. Matus (Friedrich Miescher-
Institut).
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the porcine cAMP-PK (7) was used at low stringency to
screen a cDNA library derived from the porcine kidney cell
line LLC-PK;. A partial clone (A\LLC-PK;rac4B-5) isolated
by this method was sequenced (unpublished data) and shown
to encode a serine/threonine protein Kinase, termed rac
(related to the A and C kinases; see below). The insert from
this clone was subsequently used to screen cDNA libraries
derived from the human epithelial cell line, MCF-7, and WI38
human lung fibroblasts. Several clones were isolated that
encoded the same protein as that identified from LLC-PK,
cells. The human cDNAs used for DNA sequence analysis
and further characterization are shown in Fig. 1A.

DNA Sequence Analysis of Human rac Protein Kinase.
Complete sequence analysis of the overlapping EcoRlI frag-
ments of AMCFracEP10 and AMCFrac8 gave a 2.6-kb pair
c¢DNA, with an open reading frame of 480 amino acids from
nucleotides 199-1641. Sequence data from AWI38rac71 con-
firmed that the cDNA encoded the same protein and was a
full-length coding clone. The sequence was identical to that
obtained from the two overlapping clones but contained only
85 bp of 5'-untranslated region and 127 bp of 3'-untranslated
region. The complete coding nucleotide sequence and the
predicted amino acid sequence of rac kinase are shown in Fig.
1B. The molecular weight of the predicted polypeptide was
55,716. The methionine initiator codon (nucleotides 199-201)
was in a favorable position for translation initiation (18).
AMCFrac8 lacked a polyadenylylated tail and also lacked a
polyadenylylation signal, suggesting that the cDNA did not
contain the full 3'-untranslated region.

The predicted protein encoded by the rac kinase cDNA
appears to be a member of the serine/threonine protein
kinase family, based on the following observations. The
sequence motif -Gly-Lys-Gly-Thr-Phe-Gly-, at positions
157-162 with a lysine residue at position 179, fits exactly with
the consensus sequence for an ATP-binding site. Other
residues thought to be involved in ATP binding are -Asp-
Phe-Gly- (19) at positions 292-294, which is the most highly
conserved region in all known kinases. Another sequence
indicative of a protein kinase catalytic domain is the motif
-Ala-Pro-Glu- (4) found at positions 317-319. Also present are
two consensus sequences -Gly-Thr-Pro-Glu-Tyr-Leu-Ala-
Pro-Glu- (at positions 311-319) and -Asp-Leu-Lys-Leu-Glu-
Asn- (at positions 274-279) that distinguish serine/threonine-
specific from tyrosine-specific protein kinases (5).

Comparison of the predicted peptide sequence of rac
kinase with other protein kinases revealed a considerable
degree of similarity to rat PKCe (20), the « catalytic subunit
of the bovine cAMP-PK (21), and the yeast protein kinase
YPK1, a serine/threonine protein kinase identified from
Saccharomyces cerevisiae (8). The overall similarities be-
tween the kinase domain of rac protein kinase and those of
PKCe, a catalytic subunit of cAMP-PK, and YPK1 were
73%, 68%, and 71%, respectively.

Identification of an Initiator Methionine Residue. To con-
firm the predicted open reading frame, rac protein kinase
transcripts were synthesized in vitro and translated in a
cell-free system in the presence of [>*S}methionine. The sense
transcript produced a major polypeptide with an estimated M,
of 58,000 (Fig. 2A). As this M, correlated well with that
predicted from the nucleotide sequence, the methionine
residue at nucleotides 199-201 was presumed to be the
correct initiator methionine. The presence of minor low-
molecular weight polypeptides (=20% of incorporated label)
suggests initiation from internal methionines (22). No poly-
peptides of comparable size were synthesized from the
antisense transcript or in the absence of exogenous RNA
(Fig. 2A). The in vitro-translated products were recognized
and immunoprecipitated by antibodies raised against a car-
boxyl-terminal peptide (residues 469-480) (Fig. 2B).
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AMCFrac 8
AWI138rac71
B 1 ATCCTGGGACAGGGCACAGGGCCATCTGTCACCAGGGGCTTAGGGAAGGCCGAGCCAGCCTGGGTCAAAGAAGTCAAAGGGGCTGCCTGG 90
+
91 Ammmmmmmmummmmmmm@mmccm 180
HetSerM ValAlaIleValLysGluGl TrpLeuHisLys uTyrlle
181 GCGGGAGCCTCGGGCACCATGAGCGA MMGGAGGG%GCACMACG%GTACA cm 270
rPheLeuLeuLysAsnAs 1 rPheIleG. lGl ProGlnAspValAs NAT uAlaProLeuMnAln
27 cchC'n'ccmcrcu ggGgh 'l'l‘GGgX GCGgCCGCAGGAgGI‘GGAggAACGggA GGCTCCCCTCAACAAC 360
60 80
PheSerValAlaGlnCysGlnLeuMetLySThrGluArgProAr: snThrPheIleneu sLeuGlnT: 'rhr'l'hrValIle
361 rrmvmecwméocammﬂamcccsccccezcccu TCCGg'%éCCI‘GCAGTégA 450
90
Gl rPheHisValGluThrProGluGluArgGluGlu' hr‘!’hrAlaIleGln'l’hrValAlaM lyLeuLys: sGlnGlu
451 Gmmmm Gcazga G‘,{Grg: ngéchM 540
120 130 140
GluGluGluMetAspPheArgSerGl SetPrOSerAsg::nSercl AlaGluGluMetGluValSerLeuAlaLysProL lHisuz
541 GAGGAGGAGATGGA CCCAGTGA! CTCAGG&GCTGMGAGATGGAGGTGTCCC’I‘GGCCMGC GCA( 630
ValThrMetAsnGl ;l?lgcl LeuLysLeuLeuGlyLysGl 16ol’he(;l LysValIleLeuValL: Glu;."’Al ThrGlyAr
a. nGlul uTyrLeuLysLeuLeu S ] ysVallleLeuValLys sAla’
631 mmmwm&cmucamdﬁeacgaﬂc&ummu{owaac&ceg 720
180 90 200
'rxz‘ryrAl thsIleLeuLy-LysGIuVauleVAIAlaLsts uValAlaHi:ThrLeuThrGluAsnArgValLeuGlnun
721 TACTACGCCA' GATCCTCAAGAAGGAA GGTGGCCCACACACTCACCGAGAA GAAC 810
210 220 230
SerAr HisProPheLeuThrAlaLeuLysTyrserl‘heGlnThrH1lAsgAégLeuc sPheValHetGlu'l‘yrAlaAsnGlgglzglu
811 TCCA CCCCTTCCTCACAGCCCTGAAGTACTCTTTCCAGACCCACGACC CTCT%C‘!"I'!‘G’!CATGGAG‘I‘ACGCCM G 900
240 250 260
LeuPhePheHiaLeuSeréGrzgluArgValPheSerGluAswAlusg?heTyrGlgAlaGluIleVQISerAIaLeuAlgereu
901 CTGTTCTTCCA GGA( A’ GATTGTGTCAGCCCTGGACTACCTG 990
HisSerGluLysA: 37gv 1TyrArgAspLeulysLeuGluAs: gagnetloem\s LysAsSpGlyHisIleL: %go'l'h AspPheGl
sSe: ysAsnValvalTyr. spLeuLysLeu nLe YS. sIleLysIleThr.
991 CACTCGGAGMGMCMACCGSGAchMGﬂGGAGMmTGCfGGAEMGGAgG CATTAAGATCACAGA GG(X; 1080
320
LeuCysLysGl leLysAs 1 Ala'rhrﬂetl’.ys rPheC ThrProGluTyrLeuAlaProGluValLeuGluAspA
1081 GGGEA 82@;60& CC‘I'I'I'I%CGGEA CACCTGAGTACCTGGCCCCCGAGGTGCTGGAGGA! 1170
As Gl AL ‘313258 lyLeuGlyvalv: 1Het3‘gclun tMetCysGlyArgLeuProPh 350As GlnAspHi
y ava u alva e S uProPheTyrAsn SpHis
mMn mgAcdmmmrmémﬁcmmrm&c&c&mm&&ucuw CAT 1260
360 370 380
GluLysLeuPheGluLeuIleLeunetGluGl.uIlehrgl’he?rohég{gﬂ.eusl¥ProcluAlaLXlSerLeuLeuSer61£LeuLeu
1261 GAGAAGCTTTTTGAGCTCATCCTCATGGAGGAGA' GTCCTTGCTTTCA 1350
LysLysAspProL: gggkr LeuGlyGlyGlySerGluAs 1u‘.°2¢1 IleMetGlnHisArgPhePheAl é.:ll.oll Val 1
sLys. roLys ul e u e! al evVa n
1351 &GJ@S&W@&M&G&&WA@M&MM@MAMG 1440
420 430 440
HisVal‘ryrcluLyg:xsLenSerProProPheLy-ProGana1'I'hrSerGlumruszhrhégyrrhmgg‘]‘uclul’hemrhla
1441 CACGTGTACGAGAA( GCTCAGCCCACCCTTCAAGCCCCAGGTCACGTCGGAGACTGACACCA 'ATTTTGA' \GGAGTTCACGGCC 1530
450 460 470
GlnMetIleThrIleThrProProAs; lulgs:‘ejerﬂetGluc sValAs gierclwézgcrgcuisl’hel’roclnl’hesemt
1531 CAGATGATCACCATCACACCACCTGA( GCGA( \CTTCCCCCAGTTCTCCTAC 1620
480
SerAlaSerSerThrAla
1621 TCGGCCAGCAGCACGGCCTGAGGCGGCGGTGGACTGCGCTGGACGATAGCTTGGAGGGATGGAGAGGCGGCCTCGTGCCATGATCTGTAT 1710
+
1711 TTAATGGTTTTTATTTCTCGGGTGCATTTGAGAGAAGCCACGCTGTCCTCTCGAGCCCAGATGGAAAGACGTTTTTGTGCTGTGGGCAGC 1800
1801 ACCCTCCCCCGCAGCGGGGTAGGGAAGAAAACTATCCTGCGGGTTTTAATTTATTTCATCCAGTTTGTTCTCCGGGTGTGGCCTCAGCCC 1890
1891 TCAGAACAATCCGATTCACGTAGGGAAATGTTAAGGACTTCTACAGCTATGCGCAATGTGGCATT “CGGGCAGGTCCTGCCCAT 1980
1981 GTGTCCCCTCACTCTGTCAGCCAGCCGCCCTGGGCTGTCTGTCACCAGCTATCTGTCATCTCTCTGGGGCCCTGGGCCTCAGTTCAACCT 2070
2071 GGTGGCACCAGATGCAACCTCACTATGGTATGCTGGCCAGCACCCTCTCCTGGGGGTGGCAGGCACACAGCAGCCCCCCAGCACTAAGGC 2160
2161 CGTGTCTCTGAGGACGTCATCGGAGGCTGGGCCCCTGGGATGGGACCAGGGATGGGGGATGGGCCAGGGTTTACCCAGTGGGACAGAGGA 2250
2251 GCAAGGTTTAAATTTGTTATTGTGTATTATGTTGTTCAAATGCATTTTGGGGGTTTTTAATCTTTGTGACAGGAAAGCCCTCCCCCTTCC 2340
2341 CCTTCTGTGTCACAGTTCTTGGTGACTGTCCCACCGGAGCCTCCCCCTCAGATGATCTCTCCACGGTAGCACTTGACCTTTTCGACGCTT 2430
2431 AACCTTTCCGCTGTCGCCCCAGGCCCTCCCTGACTCCCTGTGGGGGTGGCCATCCCTGGGCCCCTCCACGCCTCCTGGCCAGACGCTGCC 2520
2521 GCTGCCGCTGCACCACGGCGTTTTTTTACAACATTCAACTTTAGTATTTTTACTATTATAATATAATATGGAACCTTCCCTCCAAATTCT 2610
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FiG. 1.

(A) cDNAs encoding human rac protein kinase isolated from MCF-7 and WI38 libraries. Schematic representation of the rac kﬁnase

mRNA with the coding sequence (shaded box) flanked by 5'- and 3'-untranslated regions (solid lines) is shown, where KD represents the kinase
domain. cDNAs used for sequence analysis of rac protein kinase are shown below. (B) Nucleotide sequence and predicted amino acid.sequence
of human rac protein kinase. The predicted amino acid sequence (numbered 1-480) is shown above the respective codon in the nucleotide
sequence (numbered 1-2610). Arrows over the nucleotide sequence (positions 132 and 1760) denote ends of clone AWI38rac71.

Northern Analysis of rac Protein Kinase Expression in
Human Cell Lines. The pattern of expression of rac protein
kinase was analyzed in several human cell lines. A single
transcript of 3.2 kb was expressed in all cell types analyzed

(Fig. 3), although the level of expression varied greatly.
MCEF-7 cells had the most abundant rac kinase transcript—
=300 times more mRNA than found in A1146 cells, which
had the lowest level of expression.
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Fi1G. 2. In vitro translation of human rac protein kinase and
- immunoprecipitation of the rac protein kinase by a peptide-specific
antisera. (A) SDS/PAGE analysis of 33S-labeled protein after trans-
lation of rac kinase mRNA, as described. Lanes: C, no exogenous
RNA; F, sense transcript; R, antisense transcript. Molecular size
" markers in kDa are shown. (B) Immunoprecipitation of rac kinase
mRNA translation products. Samples were immunoprecipitated by
using the rac-specific peptide antisera and analyzed by 12% SDS/
PAGE followed by fluorography. Loading order is as in A.

Immunoanalysis of the rac Protein Kinase. The level of
expression of the rac protein kinase in MCF-7, HeLa, and
A431 cells was compared by immunoblotting with an affinity-
purified peptide antisera. Fig. 44 shows that each cell type
expressed a protein of M, 59,000 that was recognized by the
rac-specific peptide antisera. The level of expression was
= 4-fold higher in MCF-7 cells than in HeLa or A431 cells,
which had approximately equal protein levels. The difference
in level of expression at the protein level was similar to that
at the RNA level, where an 8-fold difference was seen
between MCF-7 and HeLa cells.

Identification of rac Protein Kinase Activity. Due to the high
level of mRNA and protein in MCF-7 cells we used this cell
line to identify the rac protein kinase activity with affinity-
purified rac-specific antisera. The kinase activity immuno-
precipitated from MCF-7 cell-free extracts was shown to
phosphorylate histone H1 and MBP (Fig. 4 B and C). The
level of phosphorylation depended on the amount of antisera
used during immunoprecipitation (Fig. 4C, lanes 1-6). Fur-
thermore, addition of the immunogenic peptide to 2 mM
during immunoprecipitation reduced the level of MBP phos-
phorylation by 97% (Fig. 4C, lane 7), whereas addition of

&
m I
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5 § = W g = 3
r5) &) &3 O < (@) = —
T = =2 =Z = m W <
28S —
rac — (%] ‘ . B w W
18S —

FiG. 3. Northern blot analysis of rac protein kinase transcripts in
human cell lines as described in text. Positions of the 28S and 18S
rRNA bands are shown at left; position of the rac kinase transcript
is marked by an arrow.
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FiG. 4. Identification of rac protein and kinase activity in human
cells. (A) Western (immuno)blot analysis of rac protein expression in
A431, HelLa, and MCF-7 cells. Cell extracts were subjected to
SDS/PAGE, blotted, and probed with the rac-specific antisera, as
described. Molecular size markers in kDa are shown at left. Lanes:
1, A431; 2, HeLa; 3, MCF-7. (B) Identification of rac protein kinase
activity by using histone H1 as substrate. Lanes: 1, no exogenous
substrate; 2, 25 ug of histone H1. (C) Specificity of rac protein kinase
assay. Increased amounts of antibody were added to MCF-7 cell
extracts during immunoprecipitation. Kinase activity was assayed by
using MBP as substrate (see text). Lanes: 1-6, 0.5 ug, 1.0 ug, 1.5 ug,
2.0 ug, 2.5 ug, and 3 ug of affinity-purified antisera, respectively; 7,
3 ug of antisera plus 2 mM immunogenic rac-specific peptide; 8, 3 ug
of antisera plus 2 mM nonimmunogenic peptide.

another peptide taken from the predicted rac kinase sequence
(RLPFYNQDHEKL) to 2 mM had no effect (Fig. 4C, lane 8).
Immunoprecipitation of this kinase activity could also be
inhibited by the addition of bacterially expressed recombi-
nant protein (unpublished data). From these observations we
assume that this assay was specific for the rac protein kinase.

Quantitation of rac protein kinase activity, either by count-
ing radioactivity in the phosphorylated bands or by filter
assay, showed that the specific activity in cell-free extracts
was 2.5 pmol/mg per min for histone H1 and 6 pmol/mg per
min for MBP. Addition of 5 uM cAMP or 2 mM EGTA or the
pseudosubstrate synthetic inhibitor of PKC (23) showed no
effect on activity. Similarly, addition of protein kinase inhib-
itor peptide (routinely used in all assays) had no effect.
Therefore, the observed kinase activity appears distinct from
either the cAMP-PK or PKC.

Physiological substrates were used to determine which
proteins may be targets for the rac protein kinase in vivo.
Phosphorylation values for each substrate, shown in Table 1,
are expressed in relation to MBP, which was arbitrarily set at
100%. The highest rates of phosphorylation were seen by
using MBP, glycogen synthetase, and the cAMP-PK regula-
tory subunit II. Lower rates were seen with histone H1, 40S
ribosomal subunit, protamine, and microtubule-associated
protein 2, whereas no phosphorylation was detected with
histone H2A, cAMP-PK regulatory subunit I, or phospho-
rylase as substrates.

DISCUSSION

In this paper we report the identification of another member
of the serine/threonine protein kinase of the second-
messenger subfamily. The predicted amino acid sequence of
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this protein kinase, termed rac, shows a similar degree of
homology to both the cAMP-PK and PKC. The rac protein
kinase does not appear to be another isoform of the catalytic
subunit of cAMP-PK for the following reasons. (i) The
catalytic subunit isotypes of human cAMP-PK (24) show
90-96% homologies to each other, whereas the predicted rac
kinase product shows only 67-68% homology to these sub-
units in the kinase domain. (ii) The catalytic subunits of the
cAMP-PK consist of 351 amino acids containing 42 residues
upstream of the kinase domain, whereas rac protein Kinase
has a similar-sized kinase domain but 148 residues in the
amino-terminal domain.

PKC and the cGMP-dependent protein kinase (cGMP-PK)
(25) both contain a kinase domain at the carboxyl terminal of
the protein and an apparent regulatory domain, ranging from
300 to 630 amino acids in length, at the amino terminal. It is
possible that the amino-terminal 148 amino acids of rac
protein kinase form an analogous regulatory domain. How-
ever, members of the PKC family have homologous regions
within the regulatory domain containing at least one cysteine-
rich sequence (20). rac protein kinase shows no homology in
this region to either PKC or the cGMP-PK. Alternatively, it
may be that these 148 amino acids are not sufficient to form
a similar regulatory domain and that rac protein kinase, like
the cAMP-PK, has separate catalytic and regulatory sub-
units.

The rac protein Kinase transcript is expressed in all cell
lines so far analyzed. It has also been identified in porcine
brain, heart, liver, kidney, muscle, and ovary (unpublished
data). One striking feature of the pattern of expression is the
300-fold difference seen between the levels of expression in
MCEF-7 cells and A1146 cells. This expression pattern may be
due to either high transcription rate or gene amplification.

The assay used to determine the kinase activity appears
specific for the rac protein because it is antibody dependent
and is inhibited by the peptide used for immunization but not
by another peptide from the rac protein sequence. The
activity associated with rac protein kinase under these con-
ditions was estimated at 2.5-6 pmol/mg per min by using
histone H1 and MBP, respectively. The specific activities
obtained for other protein kinases in cell-free extracts—e.g.,
2-4 nmol/mg per min for the cAMP-PK, 3.5 nmol/mg per min
for PKC (26), and 87 pmol/mg per min for S6 kinase (27)—
suggest that rac protein kinase activity is low in our assay
system. It should be noted that all these specific activities
have been estimated in different cell systems and, therefore,
may not be directly comparable. It is, therefore, possible that
rac protein kinase has been overlooked due to its apparent
low activity.

Several explanations exist to account for the apparently
low activity of the rac protein kinase. (i) The presence of the
antibodies in the immunoprecipitate may inhibit the rac
kinase activity. (i/) Inmunoprecipitation may dissociate the
rac protein kinase from an activator protein, such as seen for
cyclin-mediated activation of the cdc2 kinase (28). (iii) The
rac protein kinase activity may be activated by phosphory-
lation. Several protein kinases are up-regulated by phosphor-
ylation, such as mitogen-stimulated S6 kinase (29) and mi-
crotubule-associated protein 2 kinase (30).

Characterization of in vivo substrates for rac protein Kinase
may shed light onto its possible cellular functions. The data
in Table 1 show that rac protein Kinase can phosphorylate a
number of physiological substrates and also that this protein
kinase activity is distinct from either cAMP-PK or PKC.
These two protein kinases are known to be involved in
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separate signal-transduction pathways and respond to differ-
ent second messengers. A critical step in the establishment of
the physiological role of rac protein kinase will be identifi-
cation of a second messenger that modulates its activity and,
hence, identification of the signal-transduction pathway in-
volved.
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