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ABSTRACT A partial cDNA was isolated that encoded a
protein kinase, termed rac Crelated to the A and C kinases).
This cDNA was subsequently used to screen libraries derived
from the human cell lines MCF-7 and W138 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 (Mr, 55,716). This result was
supported by the synthesis of a Mr 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 Mr 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 kinase 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
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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 W138 fibroblasts
(Clontech and Stratagene) were screened as described (9)
using cDNA probe (ALLC-PK1rac4B-5) at 1-2 x 106 cpm/ml
radiolabeled by the random-priming method (10). Washing
was for 2 hr in 0.15 M NaCI/15 mM sodium citrate, pH 7.0
(lx SSC)/0.1% SDS at 60°C. Positive clones were plaque
purified, and the EcoRI 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,
109 cpm/,ug) with 2 x 107 cpm of radiolabeled probe as

described (13). After hybridization the blot was washed at
650C in 1x SSC/0.1% SDS for 2 hr.
In Vitro Transcription and Translation. The EcoRI insert

from AWI38rac7l 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 (41 ,ug) was translated in vitro by using a rabbit
reticulocyte lysate (Stratagene) for 1 hr at 300C in the
presence of 20 ,uCi of [35S]methionine (1 Ci = 37 GBq).
Samples (2.5 ,ul) 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% (NH4)2SO4 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

Abbreviations: cAMP-PK, cAMP-dependent protein kinase; PKC,
protein kinase C; MBP, myelin basic protein.
*Present address: Institut fur Immunologie and Virologie der Uni-
versitat Zurich, Gloriastrasse 30, CH-8028 Zurich, Switzerland.
tTo whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M63167).
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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 tig 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 125I-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 00C. 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 MgCI2/1 mM dithiothreitol before performing kinase
assays. The kinase incubation mixture (50 IlI) was 50 mM
Tris HCI, pH 7.5/10 mM MgCI2/1 mM dithiothreitol/1 ,M
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-32PPATP (800 cpm/pmol)/immuno-
precipitate from 50 ,l of cell-free extract, corresponding tor
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 lI

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 I

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 ll 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).

the porcine cAMP-PK (7) was used at low stringency to
screen a cDNA library derived from the porcine kidney cell
line LLC-PK1. A partial clone (ALLC-PK1rac4B-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-PK1
cells. The human cDNAs used for DNA sequence analysis
and further characterization are shown in Fig. lA.
DNA Sequence Analysis of Human rac Protein Kinase.

Complete sequence analysis of the overlapping EcoRI frag-
ments of AMCFracEP10 and AMCFrac8 gave a 2.6-kb pair
cDNA, with an open reading frame of 480 amino acids from
nucleotides 199-1641. Sequence data from AWI38rac7l 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 ofrac 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 a 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 [35Sjmethionine. The sense
transcript produced a major polypeptide with an estimated Mr
of 58,000 (Fig. 2A). As this Mr 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%o 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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A 0.4 0.8 1.2 1.6 2.0 2.4 kb

KD

XMCFrac EP 10
XMCFrac 8

---WI38rac 71

B 1 ATCCTGGGACAGGGCACAGGGCCATCTGTCACCAGGGGCT9AGGGAAGGCCGAGCCA0CTWGAAAGAAGTCAAAGGGvMGCTGG90
91 AGGAGGCAGCCTGTCAGCTGGTGCATCAGAGGCTGTGGCCAGGCCAGCTGGGCTCGGGGAGCGCCAGCCTGAGAGGAGCGCGTGAGCGTC 180

1 10 20
MetSerAspValAlaIleValLysGluGlyTrpLeuHisLysArgGlyGluTyrIleLysThrTrpArgPro

181 GCGGGAGCCTCGGGCACCATGAGCGACGTGGCTA AAGGAWC = ClCTCACAAACGAGGGGAGTACATCAAGACCTGGCGGCCA 270
30 40 50

ArgTyrPheLeuLeuLysAsnAspGlyThrPheIleGlyTyrLysGluArgProGlnAspValAspGlnArgGluAlaProLeuAsnAsn271 CGCTACTTCCTCCTCAAGAATGATGGCACCTTCATTGGCTACAAGGAGCGGCCGCAGGATGTGGACCAACGTGAGGCTCCCCTCAACAAC 360
60 70 80

PheSerValAlaGlnCysGinLeuMetLysThrGluArgProArgProAsnThrPheIleIleArgcysLeuGlnTrpThrThrValIle
361 450GCAGTGCCAGCTGATGAAGACGGAGCGGCCCCCAACACCTTCATCATCCGCTGCCTGCAGTGGAC CATC 450

90 100 110
GIuArgThrPheHisValGluThrProGluGluArgGluGluTrpThrThrAlaIleGlnThrValAlaAspGlyLeuLysLysGlnGlu

451 GAACGCACCITCCATGTGGAGACTCCTGAGGAGCGGGAGGAGTGGACAACCGCCATCCAGACTGTGGGGC~ AGCAGGAG 540
120 130 140

GluGluGluMetAspPheArgSerGlySerProSerAspAsnSerGlyAlaGluGluMetGluValSerLeuAlaLysproLysHisArg
541 GAGGAGGAGATGGACTCCGGTCGGGCTCACCCAGTGACAACTCAGGGGCTGAGAGATGGAGGTGTCCCTGGCCAAGCCCAAGCACCGC 630

150 160 170
ValThrMetAsnGluPheGluTyrLeuLysLeu~euGlyLysGlyThrPheGlyLysValIleLeuValLysGluLysAlaThrGlyArq

631 GTGACCA =AAGCCTCGAGTAC~^GGAGCCGCG 720
180 190 200

TyrTyrAlaMetLysIleLeuLysLysGluVaIeValAaLysAspGuValAlaHisThrLeuThrGluAsnArgValLeuGlnsn
721 TACTACGCCATGAAGATCCTCAAGAAGGAAGTCATCGTGGCCAAGGACGAGGTGGCCCACACACTCACCGAGAACCGCGTCTGCAGAAC 810

210 220 230
SerArgHisProPheLeuThrAlaLeuLysTyrSerPheGlnThrHisAspAr LeuCysPheValMetGluTyrAlaAsnGlyGlyGlu

811 TCCAGGCACCCCTTCCTCACAGCCCTGAAGTAC-TCTTCCAGACCCACGACCGG GCCAACGGGGGCGAG 900

240 250 260
LeuPhePheHisLeuSerArgGluArgValPheSerGluAspArgAlaArgPheTyrGlyAlaGluIleValSerAlaLeuAspTyrLeu

901 CTGTTCTTCCACC CGTGTGAA GAC GGACG CATGGCGCTGAGA MICAGCCCTGGACTACCTG 990

270 280 290
HisSerGluLysAsnValValTyrArgAspLeuLysLeuGluAsnLeuMetLeuAspLysAspGlyHisIleLysIleThrAspPheGly

991 CACTCGGAGAAGAACGTGGTGTACCGGGACCTCAAGCTGGAGAACCTCATGCTGGACAAGGACGGGCACATTAAGATCACAGACTTCGGG 1080
300 310 320

LeuCysLysGluGlyIleLysAspGlyAlaThrMetLysThrPheCysGlyThrProGluTyrLeuAlaProGluValLeuGluAspAsn1081 CTGTGCAAGGAGGGGATCAAGGACGGTGCCACCATGAAGACCTTTTGCGGCACACCTGAGTACCTGGCCCCCGAGGTGCTGGAGGACAAT 1170

330 340 350
AspTyrGlyArgAlaValAspTrpTrpGlyLeuGlyValValMetTyrGluMetMetCysGlyArgLeuProPheTyrAsnGlnAspHis

1171 GACTACGGCCGTGCAGTGGAC1260TCGTGGTCATGTACGAGATGATGTGCGGTCGCCCTCAACCAGGACCAT 1260

360 370 380
GluLysLeuPheGluLeuIleLeuMetGluGluIleArgPheProArgThrLeuGlyProGluAlaLysSerLeuLeuSerGlyLeuLeu1261 GAGAAGC1GAGCTCATCCTCATGGAGGAGATC135CCGCGCACG0GTCCGAGGCCAAGTC1350

390 400 410
LysLysAspProLysGlnArgLeuGlyGlyGlySerGluAspAlaLysGluIleMetGlnHisArgPhePheAlaGlyIleValTrpGln1351 AAGAAGGACCCCAAGCAGAGGCtnGGCGGGGGCTGGACGCCAAGGAGATCATGCAGCATCGC GCCGGTATCGTGTGGCAG 1440

420 430 440
HisValTyrGluLysLysLeuSerProProPheLysProGlnValThrSerGluThrAspThrArgTyrPheAapGluGluPheThrAla1441 CACGTG1ACGAGAAGAAGCTCAGCCCACCC5AAGCCCCAGGTCACGTCGGAGACTGACACCAGGTATTGATGAGGAGTTCACGGCC1530

450 460 470
GlnMetIleThrlleThrProProAspG n As SerMetGiuCysValAspSerGluArgArgProHisPheProGlnPheSerTyr

1531AGATATCACATCAACCACTGACAAGTGACAGCATGGAGGTGTGACAGCGAGCGCGGCCCACTTCCCCCAGTTCTCCTAC 16201531 CAAGACCA1620ACGACAPP2
480

SerAlaSerSerThrAla
1621 TCGGCCAGCAGCACGGCCTGAGGCGGCGGTGGACTGCGCTGGACGATAGCTTGGAGGGATGGAGAGGCGGCCTCGTGCCATGATCTGTAT 1710

41
1711 TTAATG TATTTCTCGGGTGCATTTGAGAGAAGCCACGCTGTCCGAGCCCAGATGGAAAGAC. = =GI'7GC 1800
1801 ACCCTCCCCCGCAGCGGGGTAGGGAAGAAAA1T9T0CTATATCA CGGGTGTGGCTCAGCCC 1890
1891 TCAGAACAATCCGATTCACGTAGGGAAATGTTAAGGACTTCTACAGCTATGCGCAATGTGGCAGGGGGCCGGGCAGGTCCTGCCCAT 1980
1981 GTGTCCCCTCAcTCGTCAGCCAGCCGCCTGCTGTCTCCAGCTATCTGTCATCTCC CTGGGCCTCAGTTCAACCT 2070
2071 GGTGGCACCAGATGCAACCTCACTATGGTATGCTGGCcAGCACCCTCTCCTG GCAGGCACACAGCAGCCCCCCAGCACTAAGGC 2160
2161 CGTGTCTCTGAGGACGTCATCGGAGGCTGGGCCCCTGGGATGGGACCAGGGATGGGGGATGGCCAGGGPACCCAGTGGGACAGAGGA 2250
2251 GCAAGGTTTAAA G A G T GTTTT;TAACTGGACAGG CCTCCCCCTTCC 2340
2341 CCTTCTGTACTTGGGACTGTCCCACCGGAGCCTCCCCCTCAGATGATCTCTCCACGGTAGCACTTGACC-i MGACGCTT 2430
2431 AACCTTTCCG2TGTCGCCCCAGGCCCTCCCTGACT5CC20CCATCCCTGGGCCCCTCCACGCCTCCTGGCCAGACGCTGCC2520
2521 GCTGCCGCTGCACCACGGCG TTACAAcATTCAACTTTAGTAT TTTACAATAATATAATATGGAACCqTCCCTCCAArT 2610

FIG. 1. (A) cDNAs encoding human rac protein kinase isolated from MCF-7 and W138 libraries. Schematic representation of the rac kinase
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 AWl38rac7l.

Northern Analysis of rac Protein Kinase Expression in (Fig. 3), although the level of expression varied greatly.
Human Cell Lines. The pattern of expression of rac protein MCF-7 cells had the most abundant rac kinase transcript-
kinase was analyzed in several human cell lines. A single '300 times more mRNA than found in A1146 cells, which
transcript of 3.2 kb was expressed in all cell types analyzed had the lowest level of expression.



Proc. Natl. Acad. Sci. USA 88 (1991)

A

C F R

kDa

934 -

68 - 3

42 __

3 I

C F R

kDa

- 94
68

C i 3 4 6 7 S

FIG. 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 35S-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. 4A shows that each cell type
expressed a protein of Mr 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

2 7 r^,

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.

__0

FIG. 4. Identification of rac protein and kinase activity in human
cells. (A) Western (immuno)blot analysis of rac protein expression in
A431, HeLa, 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 Mg 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 jig, 1.0 Mg, 1.5 Mg,
2.0 Mig, 2.5 Mg, and 3 MAg of affinity-purified antisera, respectively; 7,
3 Mg of antisera plus 2 mM immunogenic rac-specific peptide; 8, 3 /Ig
of antisera plus 2 mM nonimmunogenic peptide.

another peptide taken from the predicted rac kinase sequence
(RLPFYNQDHEKL) to 2mM 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
MCF-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. (ii) Immunoprecipitation 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

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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