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ABSTRACT Members of the cell division cycle 2 (CDC2)
family of kinases play a pivotal role in the regulation of the
eukaryotic cell cyde. In this communication, we report the
isolation of a cDNA that encodes a CDC2-related human
protein kinase temporarily designated PITALRE for the char-
acteristic Pro-Ile-Thr-Ala-Leu-Arg-Glu motif. Its deduced
amino acid sequence is 47% identical to that of the human
cholinesterase-related cell division controller (CHED) kinase,
which is required during hematopoiesis, and 42% identical to
the Saccharomyces cerewasle SGV1 gene product, a putative
kinase involved in the response to pheromone via its guanine
nucleotide-binding protein a subunit. PITALRE expression is
ubiquitous, but its expression levels are different in various
human tissues. PITALRE is an =43-kDa protein that associ-
ates with three cellular polypeptides of 80, 95, and 155 kDa.
PITALRE islad primarily to the nucleus. In addition, we
have identified a retinoblastoma protein kinase activity asso-
ciated with PITALRE Immunocomplexes that cannot phos-
phorylate histone Hi, suggesting that the target phosphoryla-
tion site of PITALRE differs from that of CDC2 kinase.
Interestingly, the retinoblastoma kinase activity associated
with PITALRE does not oscillate during the cell cycle.

The cell cycle in eukaryotes is regulated by a sequence of
restriction points. In yeast, the first restriction point occurs
during the G1 phase prior to the DNA synthesis and the
second occurs before the initiation of mitosis. In Saccharo-
myces cerevisiae, the cell division cycle 28 (CDC28) kinase
controls both restriction points through association with the
CLN cyclins in G1 and with CLB cyclins in G2/M (1). In
vertebrate cells, the regulatory mechanisms involved in cell
cycle progression are more complex. CDC2 kinase, in asso-
ciation with cyclin B, appears to be a universal regulator of
the eukaryotic entry into mitosis. However, in G1, just before
the onset of DNA synthesis, cyclin-dependent kinase 2
(CDK2), but not CDC2, is required (2, 3). Additional mam-
malian CDC2-related kinases have been isolated that share
>40% identity at the amino acid level (4-11). At least two of
them, CDK4 (previously named PSK-J3; ref. 5) and CDK5
(also called PSSALRE for its Pro-Ser-Ser-Ala-Leu-Arg-Glu
motif; ref. 9), have been shown to associate with D-type
cyclins. In vitro assembled CDK4-cyclin D complexes are
capable ofphosphorylating the retinoblastoma protein. How-
ever, the same complexes cannot phosphorylate histone Hi.
This indicates that CDK4-cyclin D complexes possess a
different phosphorylation specificity than the CDC2 kinase.
Nevertheless, no kinase activity has been detected in CDK4
immunocomplexes (12). The association of CDK5 with cy-
clins D1/D3 and with proliferating cell nuclear antigen

(PCNA) suggests a role for this kinase in the cell cycle (13).
However, the high levels of expression of cdk5 found in
neurons, cells no longer dividing, indicate a role for CDK5 in
terminally differentiated cells (11). The study of CDC2 and
CDC2-related kinases over the past few years has revealed a
key role for these kinases in the regulation of the cell cycle.
Most recently, an involvement in differentiation processes
has also been proposed (8, 11).
With the aim of isolating additional putative controllers of

the mammalian cell cycle, we performed a combination of
PCR amplification and low-stringency screening of a human
cDNA library. By using this strategy, we have isolated and
characterized a CDC2-related protein kinase,§ temporarily
named PITALRE for the characteristic motif Pro-Ile-Thr-
Ala-Leu-Arg-Glu. We have determined its subcellular local-
ization, identified several associated proteins, and demon-
strated kinase activity in its immunocomplexes. We have also
studied the regulation of this kinase activity during the cell
division cycle. These studies define an additional protein
kinase that may be involved in cell cycle control or in
differentiation of specific cell types.

MATERIALS AND METHODS
cDNA Cloning. Two degenerate oligonucleotides were

used in the polymerase chain reaction (PCR) to amplify
=500-bp fragments related to the cdc2 family of genes. A
mouse embryonic cDNA library was used as a source of
cDNA. The 5' oligonucleotide (5'-GCAGGATCCGA-
RAARATYGGNGARGGNACNTA-3') corresponds to the
CDC2 region of amino acid sequence Glu-Lys-Ile-Gly-Glu-
Gly-Thr-Tyr and the 3' oligonucleotide (5'-CGGCTGCAGAR-
NAYYTCNGGNGMNCKRTACCA-3') corresponds to the
CDC2 region of amino acid sequence Trp-Tyr-Arg-Ser-Pro-
Glu-Val-Leu (R= G or A, Y= T or C, N= G, A, T, or C, M=
A or C, and K= G or T). PCR was carried out for 25 cycles (1
min at 940C, 2 min at 550C, and 3 min at 720C, followed by a
final 8-min incubation at 720C) following manufacturer direc-
tions (Perkin-Elmer/Cetus). The nucleotide sequence of sev-
eral fragments was determined. With one ofthese cdc2-related
PCR-amplified fragments as a probe, a human CEM cDNA
library (in Lambda ZAP II; Stratagene) was screened at low
stringency (38% formamide containing 0.1% SDS, 150 Pg of
herring sperm DNA per ml, 5x Denhardt's solution (lx =
0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine se-
rum albumin), and 5x SSPE (lx = 0.18 M NaCl/10 mM

Abbreviations: PITALRE, kinase with Pro-Ile-Thr-Ala-Leu-Arg-Glu
motif; CDC, cell division cycle; CDK, cyclin-dependent kinase;
CHED, cholinesterase-related cell division controller; GST,
gluthathione S-transferase; MBP, myelin basic protein; PSTAIRE,
kinase with Pro-Ser-Thr-Ala-Ile-Arg-Glu motif; RB, retinoblastoma.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. L25676).
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phosphate, pH 7.4/1 mM EDTA). Hybridization was per-
formed at 370C for 16 h, and low-stringency washes were
carried out at 370C for 20 min in 0.30 M NaCl/0.030M sodium
citrate, pH 7/0.1% SDS. Two positives contained %1.4-kb
(PK10) and -1.5-kb (PK14) inserts. Double-stranded DNA
sequence determination was performed by using Sequenase
2.0 (United States Biochemical) and oligonucleotide primers.
Comparison of the sequences with the major data bases
showed that the clone of 1.4 kb corresponded to the PSK-J3/
CDK4 (5) and the clone of 1.5 kb encoded a previously
unknown CDC2-related putative kinase.

Biological Reagents. The coding region of clone PK14
starting at nucleotide 65 was PCR-amplified and subcloned in
pGEX-2T (Pharmacia) linearized with BamHI/Sma I. Ex-
pression of the fusion protein was performed as described
(14, 15). Bacterially expressed glutathione S-transferase
(GST)-PITALRE fusion protein was used to immunize rab-
bits. Positive rabbit serum was affinity-purified essentially as
described by Koff et al. (16) with GST and GST-PITALRE
columns. Preparation ofanti-C-terminal peptide antibodies to
CDC2 (G6) and CDK2 has been described (17, 18).

Cell Culture and Biological Assays. Cells were obtained
from the American Type Culture Collection. Cell culture, cell
labeling, and centrifugal elutriation were performed as de-
scribed by Giordano et al. (17, 19). HeLa cells were syn-
chronized by serum deprivation and hydroxyurea treatment
essentially as described by Ashihara and Baserga (20). Flow
cytometric analysis was performed with an Epics Elite sys-
tem (Coulter). Nuclei from HeLa cells were obtained essen-
tially as described by Li et al. (21). Immunoprecipitations
were performed as described by Harlow and Lane (22).
Immunoprecipitation-reprecipitation experiments were done
as described (3). V8 partial digestion mapping was performed
as described by Cleveland et al. (23). Enhanced chemilumi-
nescence (ECL; Amersham) was used in immunoblot exper-
iments. Kinase assays from immunoprecipitated complexes
were performed at 30°C for 20-30 min in 20 mM Hepes/10
mM magnesium acetate/1 mM dithiothreitol/10-100 ,pM
ATP/5 pCi (1 ,uCi = 37 kBq) of [y-32P]ATP (DuPont)
containing 1-5 jg of the following substrates: myelin basic
protein (MBP) and casein (Sigma), histone H1 (Boehringer
Mannheim), p56 retinoblastoma (RB) bacterially expressed
protein, and several GST fusion proteins (total volume, 25
Al).

RESULTS AND DISCUSSION
Isolation of a HumancDNAE ing an Additional Member

of the CDC2 Family of Protein Kinases. With the aim of
isolating new members of the CDC2 family of serine/
threonine protein kinases, cDNA from a mouse embryonic
library was PCR-amplified by using degenerate oligonucleo-
tides. Next we used a unique PCR clone as a probe to isolate
two human cDNAs (see Materials and Methods). One of
them was PSK-J3, previously isolated by Hanks (5), which
recently has been renamed CDK4 because of its association
with the D-type cyclins (12). The second cDNA was found to
be 1461 bp long and contained an open reading frame of 1181
bp (Fig. 1). A putative start site for translation was found at
nucleotides 65-67 (24). Starting at this methionine, the pre-
dicted translation product is a 372-amino acid protein with an
expected relative molecular mass of =43 kDa (Fig. 1). The 3'
noncoding region does not contain a poly(A) tail. The de-
duced amino acid sequence contains the 11 conserved regions
characteristic of the protein kinase catalytic domain (25), and
the putative ATP-binding site is identical to that of SGV1
(Fig. 2), a putative kinase required for a guanine nucleotide-
binding protein a subunit-mediated adaptive response to
pheromone in S. cerevisiae (26). A PSTAIRE (Pro-Ser-Thr-
Ala-Ile-Arg-Glu)-like motif, PITALRE, is found at residues
60-66 that is also closely related to the motifs of SGV1 and

cgggacccgagcaggagcggcggcacgagcagctgggggcggcggcggcgcgttggaggc
ggccatggcaaagcagtacgactcggtggagtgccctttttgtgatgaagtttccaaata

M A K Q Y D S V E C P F C D E V S K Y
cgagaagctcgccaagatcggccaaggcaccttcggggaggtgttcaaggccaggcaccg
E K L A K I G O G T F G E V F K A R H R

caagaccggccagaaggtggctctgaagaaggtgctgatggaaaacgagaaggaggggtt
K T G Q K V A L K K V L M E N E K E G F

ccccattacagccttgcgggagatcaagatccttcagcttctaaaacacgagaatgtggt
P I T A L R E I K I L Q L L K H E N V V

caacttgattgagatttgtcgaaccaaagcttccccctataaccgctgcaagggtagtat
N L I E I C R T K A S P Y N R C K G S I
atacctggtgttcgacttctgcgagcatgaccttgctgggctgttgagcaatgttttggt
Y L V F D F C E H D L A G L L S N V L V
caagttcacgctgtctgagatcaagagggtgatgcagatgctgcttaacggcctctacta
K F T L S E I K R V M Q M L L N G L Y Y
catccacagaaacaagatcctgcatagggacatgaaggctgctaatgtgcttatcactcg
I H R N K I L H R D M K A A N V L I T R

tgatggggtcctgaagctggcagactttgggctggcccgggccttcagcctggccaagaa
D G V L K L A D F G L A R A F S L A K N

cagccagcccaaccgctacaccaaccgtgtggtgacactctggtaccggcccccggagct
S Q P N R Y T N R V V T L W Y R P P E L

gttgctcggggagcgggactacggcccccccattgacctgtggggtgctgggtgcatcat
L L G E R D Y G P P I D L W G A G C I M

ggcagagatgtggacccgcagccccatcatgcagggcaacacggagcagcaccaactcgc
A E M W T R S P I M Q G N T E Q H Q L A
cctcatcagtcagctctgcggctccatcacccctgaggtgtggccaaacgtggacaacta
L I S Q L C G S I T P E V W P N V D N Y

tgagctgtacgaaaagctggagctggtcaagggccagaagcggaaggtgaaggacaggct
E L Y E K L E L V K G Q K R K V K D R L

gaaggcctatgtgcgtgacccatacgcactggacctcatcgacaagctgctggtgctgga
K A Y V R D P Y A L D L I D K L L V L D
ccctgcccagcgcatcgacagcgatgacgccctcaaccacgacttcttctggtccgaccc
P A Q R I D S D D A L N H D F F W S D P

catgccctccgacctcaagggcatgctctccacccacctgacgtccatgttcgagtactt
M P S D L K G M L S T H L T S M F E Y L
ggcaccaccgcgccggaagggcagccagatcacccagcagtccaccaaccagagtcgcaa
A P P R R K G S Q I T Q Q S T N Q S R N
tcccgccaccaccaaccagacggagtttgagcgcgtcttctgagggccggcgcttgccac
P A T T N Q T E F E R V F

tagggctcttgtgttttttttcttctgctatgtgacttgcatcgtggagacagggcattt
gagtttatatctctcatgcatattttatttaatccccaccctgggctctgggagcagccc
gctgagtggactggagtggagcattggctgagagaccaggagggcactggagctgtcttg
tccttgctggttttctggatggttcccagagggtttccatggggtaggaggatgggctcg
cccaccagtgactttttcccg...
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FIG. 1. Nucleotide sequence of PITALRE cDNA and deduced
amino acid sequence (in single-letter code). The ATP-binding site,
the PSTAIRE-like motif, and the putative nuclear localization signal
are underlined and appear in this order. Nucleotides and amino acids
are numbered on the right.

CHED. We tentatively named this protein "PITALRE,"
until more functional information allows for more precise
classification. PITALRE has the two regulatory threonine
residues corresponding to positions 14 and 161 in CDC2, but
as in SGV1, the residue corresponding to Tyr-15 of CDC2 is
not conserved, thus suggesting an alternative mode of regu-
lation. Table 1 shows the percentages of identities among
different members of the family of CDC2-related protein
kinases. PITALRE is 47% identical to CHED, a human
homolog of CDC2 required in hematopoiesis (8). PITALRE
shares =41-43% identity (61-65% similarity) with the S.
cerevisiae SGV1 kinase and the human CDC2, CDK2,
CDK3, and CDK5 kinases, but, as mentioned above, certain
amino acid clusters are better conserved in relation to SGV1
(Table 1 and Fig. 2). The protein also contains short exten-
sions at the amino- and carboxyl-terminal ends that may have
specific regulatory functions, such as substrate recognition or
subcellular localization.

Expression ofPITALRE in Human Tiues. Recently, CDC2-
related protein kinases whose expression is limited to certain
tissues or cell types have been isolated (9-11). To determine
whether PITALRE is also a tissue-specific kinase, we per-
formed RNA (Northern) blot experiments (Fig. 3). At least
two transcripts of =2.8 kb and =3.2 kb are observed in all
tissues tested, which indicates that PITALRE expression is
ubiquitous (see below). However, PITALRE expression is
highest in liver and placenta, which suggests that PITALRE
may be involved in specialized functions in certain cell types.
Similarly, high levels ofCDK5 have been detected in neurons,
cells no longer in the cell cycle (11); on the other hand, CDK5
associates with the D-type cyclins and with proliferating cell
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I tt II III 67
PITALRE MAKQYDSVEC PFCDEVSKYE KLAKIGQGTF GEVFKARHRK TGQKVALKKV LM ... ENEKE GFPITALREI
CHED 77aa.EKDID WGKLCVDKFD IIGIIGEGTY GQVYKARDKD TGEMVALKKV RL ... DNEKE GFPITAIREI
SCV1 46aa.SEKVY GCTVFQNHYR EDEKLGQGTF GEVYKGIHLE TQRQVAMKKI IV... SVEKD LFPITAGREI
cdk5 MQKYE KLEKIGEGTY GTVFKAKNRE THEIVALKRV RL..... DDDDE GVPSSALREI
cdc2 MEDYT KIEKIGEGTY GVVYKGRHKT TGQVVAMKKI RL..... ESEEE GVPSTAIREI
cdk2 MENFQ KVEKIGEGTY GVVYKARNKL TGEVVALKKI RL ... DTETE GVPSTAIREI
cdk4 MATSRYE PVAEIGVGAY GTVYKARDPH SGHFVALKSV RVPNGGGGGG GLPISTVREV

IV V 127
PITALRE KILQLL.. K HENVVNLIEI CRT..KASPY NRCKG SI YLVFDFCEHD LAGLLSNVLV K..FTLSEIK
CHED KILRQL. .T HQSIINMKEI VTDKEDALDF KKDKG ... AF YLVFEYMDHD LMGLLESGLV ..HFYENHIK
SGVI TILKRL...N HKNIIKLIEM VYDHSPDITN AASSNLHKSF YMILPYMVAD LSGVLHNPRI N..LEMCDIK
cdk5 CLLKEL ...K HKNIVRLHDV LHSDKK . L TLVFEFCDQD LKNFDSC... NGDLDPEIVK
cdc2 SLLKEL ...R HPNIVSLQDV LMQDSR....N. L YLIFEFLSMD LKKYLDSIPP GQ)YMDSSLVK
cdk2 SLLKEL ... N HPNIVKLLDV IHTENK . L YLVFEFLHQD LKKFMDASAL TG.IPLPLIK
cdk4 ALLRRLEAFE HPNVVRLMDV CATSRTDREI K........V TLVFEHVDQD LRTYLDKAPP PG.LPAETIK

VI VII 1861
PITALRE RVMQMLLNGL YYIHRNKILH RDMKAANVLI TRD ... GVLK LADFGLARAF ........ SL AKNSQPNRYT
CHED SFMRQLMEGL DYCHKKNFLH RDIKCSNILL NNR GQIK LADFGLARLY ........ SS E ... ESRPYT
SCV1 NMMLQILEGL NYIHCAKFMH RDIKTANILI DHN ... GVLK LADFGLARLY YGCPPNLKYP GGAGSGAKYT
cdk5 SFLFQLLKGL GFCHSRNVLH RDLKPQNLLI NRNGELGELK LADFGLARAF ... GI .... PVRCYS
cdc2 SYLYQILQGI VFCHSRRVLH RDLKPQNLLI DDK ...GTIK LADFGLARAF........GI PIRVYT
cdk2 SYLFQLLQGL AFCHSHRVLH RDLKPQNLLI NTE ... GAIK LADFGLARAF .NV .... PVRTYT
cdk4 DLMRQFLRGL DFLHANCIVH RDLKPENILV TSG..... GTVK LADFGLARIY ........ SY Q... MALT

VIII IX X 255
PITALRE NRVVTLWYRP PELLLGERDY GPPIDLWGAG CIMAEM.WTR SPIMQGNTEQ HQLALISQLC GSITPEVWPN
CHED NKVITLWYRP PELLLGEERY TPAIDVWSCG CILGEL.FTK KPIFQANQEL AQLELISRIC GSPCPAVWPD
SGV1 SVWVTRWYRA PELVLGDKQY TTAVDIWGVG CVFAEF.FEK KPILQGKTDI DQGHVIFKLL GTPTEEDWAV
cdk5 AEVVTLWYRP PDVLFGAKLY STSIDMWSAG CIFAELANAG RPLFPGNDVD DQLKRIFRLL CTPTEEQWPS
cdc2 HEVVTLWYRS PEVLLGSARY STPVDIWSIG TIFAELA.TK KPLFHGDSEI DQLFRIFRAL GTPNNEVWPE
cdk2 HEWVTLWYRA PEILLGSKYY STAVDIWSLG CIFAEMV.TR RALFPGDSEI DQLFRIFRTL GTPDEVVWPG
cdk4 PVVVTLWYRA PEVLLQST.Y ATPVDMWSVG CIFAEM.FRR KPLFCGNSEA DQLGKIFDLI CLPPEDDWPR

XI 325
PITALRE VDNYELYEKL ELVKGQKRKV KDRLKAYVRD PYALDLIDKL LVLDPAQRID SDDALNHDFF WSDPMPSDLK
CHED VIKLPYFNTM KPKKQYRRKL REEFVFI. .P AAALDLFDYM LALDPSKRCT AEQALQCEFL RDVEPSKCLH
SGV1 ARYLPG. .AE LTTTNYKPTL RERFGKYL.S ETGLDFLGQL LALDPYKRLT AMSAKHHPWF KEDPLPSEKI
cdk5 MTKLPDYKP. YPMYPATTSL VNWVPKL ..N ATGRDLLQNL LKCNPVQRIS AEEALQHPYF SDFCPP
cdc2 VESLQDYKNT FPKW.KPGSL ASHVKNL. .D ENGLDLLSKM LIYDPAKRIS GKMALNHPYF NDLDNQIKKM
cdk2 VTSMPDYKPS FPKW.ARQDF SKVVPPL .. D EDGRSLLSQM LHYDPNKRIS AKAALAHPFF QD'VTKPVPHL
cdk4 DVSLP .. RGA FPPR.GPRPV QSVVPEM. .E ESGAQLLLEM LTFNPHKRIS AFRALQHSYL HKDEGNPE

372
PITALRE GMLSTHLTSM FEYLAPPRRK GSQITQQSTN QSRNPATTNQ TEFERVF
CHED QISLYGKIVM SYGVKSEEDR SRWA
SCV1 TLPTEESHEA DIKRYKEEMH QSLSQRVPTA PCRHIVEKGE SPVVKNL. 234aa
cdk2 RL

FIG. 2. Comparison of the predicted amino acid sequences of
PITALRE and other CDC2-related kinases: CHED, SGV1, CDK5,
CDC2, CDK2, and CDK4 kinases. Brackets indicate the ATP
binding site and the PSTAIRE-like motif. The conserved phosphor-
ylation sites of CDC2 are indicated (*). Amino acids are numbered
on the top-right of the PITALRE sequence. The 11 subdomains
conserved in the catalytic domain of the protein kinases are indi-
cated.

nuclear antigen (13), which paradoxically suggests a G1 cell
cycle function. Moreover, other transcripts of higher molec-
ular mass can be detected in some tissues. This may be due to
the presence ofpartially processedRNA or alternative splicing
or to the existence of related genes. The difference in size
between the RNA transcripts and the -1.5-kb PITALRE
cDNA is probably due to the presence of long 5' and/or 3'
extensions and/or the poly(A) tail.

Affinity-Purified Antibody Recognizes a Ceilular Protein of
-43 kDa. To identify the cellular protein encoded by the
PITALRE cDNA, we performed immunoprecipitation/
reimmunoprecipitation experiments. Fig. 4A shows that af-
finity-purified anti-PITALRE antibodies recognized directly

Table 1. Percent amino acid sequence identity of
PSTAIRE-like kinases

PITALRE CHED SGV1 CDK5 CDC2CDK3 CDK2 CDK4
PITALRE 47 42 43 42 41 41 38
CHED - 40 41 42 44 43 39
SGV1 37 42 41 39 36
CDK5 57 62 61 45
CDC2 - 66 66 44
CDK3 - 76 47
CDK2 47
CDK4
The percentages have been obtained by comparing the deduced

amino acid sequences corresponding to the catalytic domain of cdc2
among the PSTAIRE-like kinases. All of the sequences used are from
human kinases except SGV1, which was from S. cerevisiae.
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FIG. 3. Expression pattern ofPITALRE in various human tissues
(Clontech human tissue blot). Each lane contains 2 /ig of poly(A)+
RNA. The size of molecular markers is indicated on the left.
Nick-translated EcoRI full-length fragment or a random primer Sca
I/EcoRI fragment (380 3' nucleotides) were used as probes for the
blot-hybridization that followed manufacturer directions.

a single polypeptide of =43 kDa, and no other cross-reacting
bands are observed. The -43-kDa band was detected in
immunoprecipitates of lysates from many cell lines at similar
levels, including ML-1, CEM, HeLa, WI38, Col38, 293,
SAOS-2, and WERI cells, which is consistent with ubiquitous
expression (see above). Immunoblots of affinity-purified
anti-PITALRE immunoprecipitates also showed a band of
43-kDa (Fig. 4 B and C). To determine whether or not the
PITALRE cDNA encodes a full-length protein, we tran-
scribed in vitro the cDNA and translated the cRNA in a rabbit
reticulocyte lysate in the presence of [35S]methionine. The in
vitro synthesized polypeptide had the expected molecular
mass and was immunoprecipitated specifically by the affin-
ity-purified antibody (Fig. 4D). To demonstrate that the in
vitro translated product and the protein immunoprecipitated
by the antibody from 35S-labeled cell lysates were, in fact, the
same polypeptide, we performed partial digestion with V8
protease from the excised bands. The pattern ofthe V8 partial
digestion was identical (Fig. 4E).
We tested the ability of the PITALRE antisera and the

affinity-purified antibody to recognize related polypeptides
by using in vitro translated proteins. PITALRE antibodies
were not able to immunoprecipitate in vitro translated CDC2,
CDK2, CDK4, and CDK5 (data not shown). This observa-
tion, together with the immunoprecipitation/reimmunopre-
cipitation experiment, indicates that the anti-PITALRE an-
tibodies are specific and suitable for the biological charac-
terization of PITALRE function. On the other hand, to
immunoprecipitate in vitro translated PITALRE we used
several antibodies raised against members of the CDC2
family of protein kinases: G6, G8, anti-PSTAIRE, and anti-
CDC2-CT antibodies against CDC2; C-terminal CDK2,
CDK3, CDK4, and CDK5 anti-peptide antibodies; and anti-
ERK1 and anti-ERK2. Only anti-PSTAIRE antibodies were
able to immunoprecipitate this polypeptide (data not shown).

Subcellular Loalization of PITALRE. To gain additional
circumstantial evidence as to the physiological role of PI-
TALRE in cells, we determined its subcellular location by
subcellular fractionation followed by Western blotting. Fig.
4F shows that PITALRE is primarily, if not exclusively, a
nuclear protein. The PITALRE primary sequence contains a
putative nuclear localization signal (Fig. 1), which agrees
with the consensus sequence Lys-(Arg or Lys)-Xaa-(Arg or
Lys) present in many nuclear proteins (27). Similar signals
were found in the CHED- and PCTAIRE-type kinases (8, 10),
but their subcellular localization is still unknown.
PITALRE-Associated Proteins. The activity of the CDC2

and CDC2-related protein kinases is regulated by phosphor-
ylation and by association with cyclins. The kinases that
interact physically with cyclins are called CDKs. Some of
these kinases are also known to associate with the tumor
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FIG. 4. Characterization of the PITALRE protein kinase by
means of anti-PITALRE antibodies. (A) [35S]Methionine-labeled
ML-1 cells were immunoprecipitated/reimmunoprecipitated by af-
finity-purified (AP) anti-PITALRE (a-PITALRE) (lane 1) or affinity-
purified anti-PITALRE precleared by using GST-PITALRE-treated
beads (lane 2). (B and C) ML-1 cells were immunoprecipitated with
affinity-purified anti-PITALRE precleared with GST-PITALRE-
treated beads (lanes 1), nontreated beads (lanes 2), and GST-treated
beads (lanes 3). The immunoprecipitates were analyzed by SDS/
PAGE and immunoblotted with affinity-purified anti-PITALRE (B)
or with affinity-purified anti-PITALRE precleared with GST-
PITALRE (C). (D) In vitro translated PITALRE was immunopre-
cipitated by anti-PITALRE (lane 1) but not by preimmune serum
(lane 2). (E) Partial Staphylococcus aureus V8 proteolytic mapping
of in vitro translated PITALRE (lanes 1, 2, and 3), in vitro translated
PITALRE immunoprecipitated with anti-PITALRE (lanes 4, 5, and
6), and PITALRE from [35S]methionine-labeled ML-1 cells (lanes 7,
8, and 9). The amount of V8 protease used is indicated in each lane
(expressed in ug). (F) Subcellular localization. Protein (60 pg) from
the cytoplasmic and membrane fractions (lanes 1 and 3) and the
nuclear fraction (lanes 2 and 4) were separated by 1o SDS/PAGE
and immunoblotted by affinity-purified anti-PITALRE (lanes 1 and
2) or affinity-purifiled anti-PITALRE precleared by using GST-
PITALRE (lanes 3 and 4). Relevant proteins are indicated.

supressor gene product pRB or the related protein p107. To
search for known or unknown proteins that associate with
PITALRE, we performed immunoprecipitations of 35S-
labeled cell lysates. Three proteins with molecular masses of
~'155, =95, and -80 kDa were coimmunoprecipitated with

PITALRE (Fig. 5). The absence of these proteins in the
immunoprecipitation/reimmunoprecipitation experiment
(Fig. 4A) and in the immunoblot (Fig. 4B) indicates that they
are associated and are not cross-reacting proteins. These
associated polypeptides are not any of the known cyclins
including cyclin X (28). It is conceivable that one of these
associated proteins is a regulatory subunit related to the
cyclin family.
PITALRE-Associated RB Protein Kinase Activity. To in-

vestigate further the function of this putative kinase, we
determined the kinase activity associated with its immuno-
complexes. PITALRE immunocomplexes showed a strong
p56RB kinase activity (Fig. 6A). The immunocomplexes also
phosphorylated MBP (Fig. 6B) and casein (data not shown),
but at a lower level than when the p56RB was used as a
substrate. Interestingly, histone H1 was not phosphorylated,
which suggests that the site of phosphorylation is different
from that recognized by CDC2 and CDK2. This observation
suggests that all three of these kinases may regulate target
molecules through phosphorylation in non-overlapping signal
transduction networks. Other exogenous substrates, includ-
ing CDKs and cyclins, were not phosphorylated (data not
shown). The associated kinase activity was also able to
phosphorylate PITALRE and its associated proteins (Fig.
6C), which suggests that these proteins may be substrates of
the PITALRE kinase. The identity ofPITALRE, which runs
slightly slower in the SDS polyacrylamide gel, was confirmed
by reimmunoprecipitation (data not shown). This fact sug-
gests the possibility that PITALRE may autophosphorylate,
but we cannot be sure that PITALRE is the only kinase
present in the complex.
CDC2 and CDK2 kinases have a cell cycle-regulated kinase

activity that can be monitored by using different exogenous
substrates. To examine whether or not PITALRE shares this
cell cycle-modulated behavior, we performed in vitro kinase
assays ofPITALRE immunocomplexes during the cell cycle.
After serum deprivation and blocking with hydroxyurea, cells
were allowed to progress through the cell cycle in a synchro-
nous fashion (Fig. 6D). Cell fractions were lysed, and the
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FIG. 5. PITALRE-associated proteins. [35S]Methionine-labeled
HeLa cell lysates were immunoprecipitated with affinity-purified
anti-PITALRE precleared with untreated beads (lane 1), GST-
PITALRE-treated beads (lane 2), and GST-treated beads (lane 3).
Relevant proteins are indicated.
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FIG. 6. Kinase activity associated to PITALRE immunocom-
plexes. (A and B) HeLa cell lysates were immunoprecipitated with
affinity-purified anti-PITALRE (lanes 1 and 3) and affinity-purified
anti-PITALRE precleared by using GST-PITALRE (lanes 2 and 4).
PITALRE immunocomplexes were assayed for their ability to phos-
phorylate bacterially expressed p56RB (1-hr exposure) (A) or MBP
(8-hr exposure) (B) as exogenous substrates (0.25 pig of p56IW or 2.5
jig of MBP per lane; 2 pg of antibody in lanes 1 and 2 and 0.25 pAg
in lanes 3 and 4). (C) Either [35S]methionine-labeled HeLa cell
lysates (lanes 1, 2, and 3) or nonradioactive HeLa cell lysates (lanes
4 and 5) were immunoprecipitated with affinity-purified anti-
PITALRE (lanes 2, 3, and 4) or affinity-purified anti-PITALRE
precleared by using GST-PITALRE (lanes 1 and 5). Kinase assays
were performed with nonradioactive ATP (lane 3) or [v.32PJATP
(lanes 4 and 5). (D) Percentage of HeLa cells in each phase of the cell
cycle is indicated. Lysates of HeLa cells corresponding to each
fraction were immunoprecipitated by affinity-purified anti-
PITALRE, and kinase activity was assayed in vitro by using p56lB
as exogenous substrate. Relevant proteins are indicated.

protein extracts were immunoprecipitated with affinity-
purified anti-PITALRE to determine the kinase activity to-
wards p56RB exogenous substrate. Fig. 6D shows an invariable
pattern of phosphorylation of p56RB. Similar results were
obtained with lysates of ML-1 cells separated by centrifugal
elutriation (data not shown). Phosphorylation of RB protein
during the G1 phase ofthe cell cycle occurs at several different
sites. The presence of specific sites for different kinases
suggests a multifactorial regulation of this protein. The lack of

regulation throughout the cell cycle when RB protein is added
as exogenous substrate does not necessarily mean that PI-
TALRE is not involved in the mechanisms controlling cell
cycle regulation of RB protein. CLN3, a G1 cyclin from S.
cerevisiae does not change in abundance during the cell
division cycle, and its associated kinase activity also remains
invariant (29). Recently, a MBP kinase activity has been
described associated to mcs2, a fission yeast cyclin. This
activity is also constant throughout the cell cycle (30).

Several CDC2-related kinases have been identified during
the last few years. The physiologic role of some of these
kinases is now becoming clear. Many of the members of the
CDC2 family of kinases control different points of the cell
cycle. The tissue-specific expression ofsome ofthe members
of this family also indicates the involvement of these kinases
in specialized cell functions. Further investigation of the
function of PITALRE and other CDC2-related kinases will
help to understand better the mechanisms of cell cycle
control, cell growth, and differentiation.
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